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1 mmunotherapy 

Prophylactic potential of defensins and 
L-isoleucine in tuberculosis household 
contacts: an experimental model 

Aim: Patients with pulmonary tuberculosis (TB} are the most important so urce for TB 
infection, being the risk of infection determined by the so urce case infectiousness and 
the contact doseness. Currently, the ·administration of isoniazid is used to prevent the 
infection to sorne extent in household contacts. At experimental leve!_ defensins are 
efficient mo!ecules for the treatment of TB and other ínfectious diseases. Materiais & 
methods: In thls work, we u sed a model of Mycobacterium tuberculosis transmission 
by long cohabitation of infected and noninfected mice, and treated the latter 
group with antimicrobial peptides in order to determine the potentia! capacity of 
defensins to prevent the i.nfection. Results: Our results showed that the intratracheal 
administration of human neutrophil peptide-1, human ¡3-defensin-2 alone or in 
combinatíon and the use of L-isoleucine signiflcantly prevents bacteria[ transmission, 
diminishing pulmonary lesions and bacteria! loads. Conclusion: Data suggest the 
potential use of L-[soleucine as prophylactic for TB household contacts. 

Keywords: antimicrobial peptides " defensins • household contact tuberculosis • L-isoleucine 
"' Mycobacterium tubercuiosís • prophylactic 

J'ubcrculosis (TB) is onc of rhe mosr impor­
t~wr infectious diseases worldwide; it causes 
:1bour 1 A mili ion dcarhs ycarly. Alrhough 
TB incidcnce has declincd in the past years. 
mulridrug-rcsisranr srrains, AIDS and high 
1:ontagious rares are revcrsing the trend. To 
<..:ounter-atrack rhis rec:merging and expand­
ing diseasc:, ir is complctdy nece:-·sary to find 
new approaches to uear and prevenr ir [1]. 

1 n rhis comexc anrimicrobial pcptidcs su eh 
;¡s dcfensins and cathelicidins are a promise 
IOr ncw trcatment and prevcntion. Anti­
microbial pcptides (AMPs), a diverse group 
Df small molecules. are classified imo severa! 
orcgnries based nn rheir primary .~rrucrures 
:1nd topologies i2-'f[. In humans, one impor­
um carc:gory of Atv1Ps are deftnsins. This 
category is characrerized by cationic and 
amphipathic peptides. usually comprising 
•;ix invariant cysrcinc rcsiducs forming disul­
tidc bridgcs thar assumt: a conserved struc­
rural fold. Bascd primarily on rht spacing 
hervveen Lhe cysteine residues and rhe ropol-

ogy ofrhc disulfide bridgcs, human defcnsins 
are organized inro three classes, Ch ~- and 
8-dcfcnsins [2]. Ir has bccn dcmonsuared 
thar defensins have antimicrobial effect on 
My'cobacterium tuberculosis (MTB) borh 
in vitro [5.6] and in vivo [7]. Morcover, our 
group showed rhat (3-defensins are needed 
for an dhcient bacilli control in pulmonary 
experimental TB ;s~. and lung epirhelial cdls 
use rhis anrimicrobial peptide ro eliminare 
cither imracdlular and extracellular myco­
bacreria [9i. Recc:ntly, our group showcd that 

induction of defensins rhrough inrrarracheal 
insrillation of L-isoleucine in MTB-infecred 
mice reduccd drasrically pnlmonary hacilii 
loads, either in m ice infecred with the refer­
ence drug sensible strain H37Rv or with a 
mulridrug-resisram srraín (MDR) rhrough 
the inducrion of defensins [JO]. Sorne other 
groups havc proposcd thc use of dcfcnsins 
in combinarion wirh classic anrimycobacrc:­
rial drugs for rrearmcnr, ar least in vitro havc 
shown remarkahle results [11]. 
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TB infcctcd pcoplc wirh acid-fast bacilli in their 
spurum are rhe mosr ínfectious group in rhe com­
muniry; chis specific group spreads infection among 
their household contacts. Household conracrs mainly 
children exposcd ro adules with smear-positivc pulmo­
nary TB have a high risk for infecrion, and chis rísk 
in creases \Vith rhe degree of conract [12J3]. lsolared 
pulmonary TR cases from household contact infection 
would be rhc ideal strarcgy to imcrrupt transmission 
and subsequcnr TB devdopmenr; howevcr rhis is a 
drastic approach rhar is not always possible. Although 
vaccinarion is the unique known way ro prevent TR, ir 
is also acccptcd rhar BCG docs not prcvcnt cfficicmly 
pulmonary TB parricularly in adules bccause irs effi­
cacy vvanes with time [14]. Administrarion of isoniazid 
is another form ro prevent infection in household or 
healrh workers rhat ha ve el ose contacr wirh TB patíents, 
but rhis approach has rhe inconvenience of potential 
heparoroxiciry ~l5]. Thus, novel srraregies are needed in 
order ro prevent household conracrs infecrion. In chis 
study, we used an experimenral mouse model of myco­
bacterial uansmission and tcsted the potencial use of 
~-defensins and L-isoleucine as prophylacúc treatmem 
for household conracrs infection. The resulrs showed 
that m ice rreated with defensins and L-isoleucine had 
lesser bacilli loads and histopathological damage rhan 
nonrreared animals. 

Materials & methods 
Experimenta! modef of progressive pulmonary 
TB 
All animal work was performed in conformity wirh 
the institucional Erhics Committee for Experimema­
tion in Animals. M ice were acclimarized for at lcast 
2 weeks befon:: experiments. The laborarory drug­
sensitive Mtb srrain H37Rv (ATCC number 25618) 
and MDR strain (clinical isolare, resistant ro all first­
line antibiotics) were grown in Middlebrook 7H9 
broth (Difco Laboratories, ML GSA) supplemented 
with 0.2% (vhr) glycerol, 10% oleíc albumin dexrrose 
caralase enrichmenr (Difco) and 0.02% (v/v) Tween-
80 ar 37"C. M id log-phasc cultures were used for all 
cxpcriments. 

Mycobacteria were coumed and srored ar -sooc unril 
use. Bacteria! aliquots were thawed and pulse-sonicated 
ro removc clumps. The experimental modd of progres­
sive pulmonary TB has becn previously described in 
detail ;161. BrieBy, male BALB/c mice, 6-8 weeks of 
age, were anaesthetized in a gas chamber using 0.1 ml 
per m ice of sevoflurane and infected rhrough endotra­
chcal insrillation with 2.5 x JO' livc bacilli. M ice wcrc 
mainrained in rbc vertical posirion until sponraneous 
rccovery. Infecred mice were mainrained in groups of 
five in cages fitted with micro-isolarors. 

lmmunot:herapy (.?015) 7(3) 

Household contact m ice model 
We tríed ro reproduce rhe dose-conract living condirion<. 
berween TB parienrs and their household comacrs ¡¡-;. 

Parhogen-frec malr: BALB/c mice were used at 6-K 

wceks of agc; six noninfr.:cted healrhy m ice wr.:re placcd 
in the same m icroisolaror \Vith six m. ice with 60 day~ 
ofMTB infection as described above for 30 days, •vith 
consram physical contact among tbem and with hed­
ding, urinc and fcccs. Housc:hold contact micc \ven: 
euthanized by exsanguinarion ar 30 and 60 Jays afn:r 
living rogethcr wirh MTB-inttcrcd m ice. Twclvc lungs 
were prepared for histopathological sru.dies. After di mi­
naring hilar lymph nodcs and rhymic tissucs, 1 2 lung.-. 
were frozen and kept ro -70°C for counring CfUs. 

Groups & prophylactic treatment 
In total there were four different groups of 18 m1c(;, 
each group was consüturc:d for six MTB-inf"t:cted 
mice (60 days postinfection), six healrhy mice rhar 
co-housed 'Nith MTB-infected mice and \Verc trcated 
with defemin or L-isoleucine as prophylactic ;Jnd six 

healthy untrcatcd m ice (mock-concro]). 
In che hrst group. six healrhy mice were treated 

with 10 ¡..¡.g/100 ~d of recombinam HNP-1 {intc:rna­
tional peprides, Osaka, );:¡pan), in tht second group 
six healthy mice were treared wirh 10 ¡..¡.g/100 fll o( 

recombinant HBD-2 (Inrernarional Peptidcs), and 
in the third group six healthy m ice wcre treated with 
5 ¡..¡.g/100 pl of recombinant HNP-1 in comhinarion 
wirh S ~lg/100 ).1.1 of rccombinant HBD-2. ThcsL· 
groups were m.:ared tbree-times a we¡_;k for 4 wecb 
wirh rhcir respective pepridc. 

For the case of L-isoleucine-treated mice group, 
six m ice wcrc trcatcd \Vith 250 )J.g/1 00 fll of LPS-frcc 
L-isoleucine thrice a \Veek for 1 and 2 momhs, ov .. ·ins 

tbat rhis conccmration "\vas reponed by our group 
previously as a therapeuric dese [lO]. Treatments w...:n.: 
applied via imrarracheal insrillarion ro assure rhar pcp­
tides reach lung, for mock-conrrol m ice, isotonic salinc 
solurion was insrilled. 

The treatment was applied 24- h before placing. 
healthy micewith MTB-infecrcd m ice. Once m ice \Vt:n..: 

living togethcr wirh MTB-infecred m ice, trcarmcnl \Vas 

applied rhree-rimes a week for 4 and 8 weeks and thcn 
animals were eurhanized by exsanguinarion. T•velvc 
lungs from treared m ice were prepared for hisroparho­
logical stud ies. Afcer eliminaring hilar lymph nodt.:s and 
rhymic rissuus, reo lungs more wcre frozen and kcpt ro 
-70°C for couming colony-forming unirs (CFUs). 

Preparation of lung tissue for histology & 
automated morphometry 
Righr or lcfr lung from rbree diffcrenr animals per time 
poinr and group were perfused intratracheally wirh 

future sc:ence group ~ 
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:.¡bsolutc cthyl alcohol (J :T: Baker, Mexico CiLy, Mex­

ico). Lungs were dehydrared and embedded in paraffin 
{0xf0rd Labware, MO, USA), sectioned and srained 
\Virh hemaroxylin and eosin. The percenrages of rhe 
lung sudaces a(fccred by pncumonia \vcre detcnnined 
using an auwmarcd imagc analyzcr, and rhe inflam­
mator}r response in rhree specific areas of rhe lung was 
invesrigared due rheir importance in pulmonal)' TB: 
pcribronchial, pcrivcnular and alvcolar-capillary intcr­
~ririum, measuring >Virh auromatc:d murphometry as 
prc:viously reponed [18]. Briefly, ar lcasr five airways 
wirh a diamerer of 150-200 microns and the same 
numbcr of vcnulcs 80-100 microns in diamcrcr wcrc 
~dccred per lung and rhc: arca in squarc: microns occu­
~)icd by the inflammawry cells was mcasured using rhc 
c:quipment of automared morphomt:rry Lcica Qwin 
{Milron Keynes, UK); rhe area in square microns of 

len randomly sdecred alveolar-intersririal spaces per 
lung were also measured using rhe same equipmem. 

Determination of CFU in infected lungs 
RighL or kft lungs from rhrec mice in each rime 
poinr in rwo independenr experimems were used. 
Lungs \Vtre homogenized with a polyuon (K.inemar­
ica, Lucerne, Swirnrland) in sterile rube.s conraining 
1 ml PBS, Tween-80 at 0.05%. Five dilutions of each 
homogcnate were sprcad omo duplicare platcs contain­
ing Bacro Middlebrook 7H10 agar enriched wüh oleic 
,lcid, albumin, catalase and dexuose-enriched medium 
(Bccron Dickinson, MD, USA). Thc platcs wcrc incu­
harcd at 3/"'C vvirh 5% C0

2
• Thc: numbc:r of culonies 

was coumed 21 days afrcr placíng. 

Statistics 
Rc:sulrs are cxpressed as rhe mean ± SEM and mean± 
'\D. Data were analyzed by one-way A NOVA followed 
by Ronferroni's mulriple cornparisons using rhe soft­
ware Prism 5.02 (GraphPad, CA, USA). p:::; 0.05 was 
cunsidered statistically significam. 

Results 
Percentage of pneumonia in different lung 
areas in treated m ice 
/\rea.s wirh pntumonia were characrerized by abun­
dant imra-alveolar vacuolared macrophages wirh 
<;ome mulrinucleared gia~r cclls and numerous alveo­
lar and intersritial lymphocyres surrounding perivas­
cular and peribronchial arcas. Only control infccrcJ 
.mimals wirhom treatmem showed this abnormality 
{Figure 1A), while control nonrreared animals showed 
»cant inflammarion (Figure 18 & C), and trcatcd micc 
cxhibíred mild infhmmatory in6\rrare (Figure 10-F). 

In rhc peribronchial arc.a. all rream~enrs reduced 

rhe inflammation in comparison wirh control mice 

~ fJture science cr::Jup 

(p < 0.001), among treatments there wcrc not sig­
ni6canr differences. Peribronchial infl.ammarion 
in control infected mice was abundant (mean-SE, 
2282.90-251.87 f.!m 2). while ir was le.sser in mice 
treared with HNP-l (35\.50-39.22 ;cm'), HBD-2 
(157.76-20.26 J...Lm 2) orincombination (HNP-1/HBD-2 
[168.52-32.95 f.!m 2]; Figure 2A). Perivenular infiam­
mation in control mice (342.54-34.60 f..lm 2

), and in 
rhosc micc rrcarcd with HNP-1 (343.42-49.24 f.!m 2), 

HBD-2 (438.13-37.62 f.!m 2) or defcnsins combioation 
(HNP-1/HBD-2 [192.50-14.3468 f.lm']) did notshow 
difference (Figure 2B). The trearmem increased infiam­
mation in rhe alveolar-capillary intcrstirium whcn 
compared wirh control mice (p < 0.001). lnrersritial 
inflammation in control m ice (180.82-24.20 f.!m 2

) was 

significantly lower than in mice trcared with HNP-1 
(310.73-2\.94 ;cm'), HBD-2 (277.41-54.16 flm'), or 
in combination (HNP-1/HBD-2 [300.04-8.\~ fCm']; 
Figure 2C). 

Regarding the use of L-isoleucine as prophylacric. 
resulr.s showed rhar rrearment significatively decreased 
[he inBammatory arca either wirh drug-scnsirivc srrain 
(Figure 3A) or with MDR srrain (Figure 38) in exposed 
m ice. 

Lung live bacilli loads in treated m ice 
MTB-infecred mice hada mean of2.66log

10 
ofC:FU 

after 90 days of intratracheal infection. According 
ro the calculated interda.ss correlation coeffi.cienr of 
rhc log

10
-rransformcd CFU, thcrc was a good con­

cordance of rhese valucs among micc defensin or 

Figure 1. Histopathologic analysis of lungs from 
recombinant defensin-treated mice. Histology analysls 
showed characterístic tuberculosis pneumonic areas 
!n infected mi ce {A), whereas control mock-treated 
m ice show scant infiltration areas in the alveolar 
capillary interstitium (B), and in the períbronchial 
and perivascular areas (C). Treated m ice showed mild 
inflammation areas in the alveolar capillary interstitum 
(D}, and in the peribronchíal and perivascula: areas 
(E & F). 
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Figure 2. Recombinant defensins decrease inflammation around bronchi and co!ony forming units. Mke were 
treated pdor to infection wíth recombinant defensins and after infection three-times a week for a month. 
Treatment reduced peribronchial inflammation (A), whereas around ven u les there are not statistical differences 
when compared with mock-treated mice (B), while a significant¡y higher irrflammation in the alveolar-capillary 
intertitium was observed in the treated m ice (C). A significative reduction in CFU counts was seen in al! treated 
groups when campa red with mock-treated mi ce (control) or infected nontreated mi ce {D). Data are represented 
as mean and standard error. n per group = 6. 
*p < 0.05 when compared with control. 
CFU: Coiony-forming unit; TB: Tuberculosis. 

L-isoleucine-treated in rhree independent experi­
menrs. All defensin-treared micc.: showed lowc:r CFU 
counrs compared with those of rhe comrol group 
showing a mean of 1.0360 logw afrer 30 days living 
togerher wirh MTB-infecred mice. Those treated 
wirb HNP-1 showed lowcr CFU (mean, 0.1875 
log

10
) compared wirh rhe other groups, followed by 

che group created wirh a combination ofHNP-1 and 

HBD-2 (mean, 0.2375log
111

). The group ueared wirh 
HBD-2 alone, showed higher CFU counts (mean, 
0.3800 log

1
) in comparison wirh che orher crcarcd 

groups (Figure 20). 

Similar resulrs were shown in the group of prophy­
lacric ucarmcm wirh L-isolcucinc; CFUs from micc 

infc:cted wirh drug-sc:nsirive and MDRs srrains showc.:d 
an cvidcm j¡:creasc, which was maimained evcn after 
2 months (Figure 3C & D). 

immunotherapy :)015) 7(3) 

Discussion 
TB is a very contagious disease; about a rhird of 

che world's popularion is infecred Yvith MTB ~1.1:1[. 

Patienrs wirh pulmonary TB are che most impor­
tant sourcc of infection. The risk of infccrion ¡, 
being determincd by thc infcctiousncss of thc sourcc 
case and rhe closeness of comact. Infection occur' 
by inhalarion of droplers which are spread into rhe 
air hy spumm-posirive parients when rhey cough, 
sneczc, tal k. spit or sing [I ¡. The closcst Larget for 
droplers are rhelr household contact, ofrcn chil­
dren :::.oj. Few straregies are available w avoid infcc­
tion in TR household Conracts; they are limited 
to rhc use of BCG vaccinc and prophylactic drup. 
adminisrrarion. Defensins as proposed before ["'.11] :J.:> 

rhcrapeutics for lung TB. We sought ro detcrminl· 
whtther this effect could be achieved in a prophylac-

fut¡;re sc.2"nce group (IJ 
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tic '\Vay. We look for HNP-1, sirrce its anrimicrobial 
cffects on MT B has been reponed both irz vitro [7] 

;tnd út vivo [ll.:?.L22] and HBD-2 \1/hich has been 
,k·scrihed as an importanr molecule for pulmonary 
TR control [K9.23]- Both defcnsins werc applicd intra­
tracheally wíth a dosc 10 f.lg/mousc cach applicacion. 
This dose has been reponed as sufficiem ro give a 
rherapeutic effecr [::;,9.23]. One limitation of our study 
is thar antimicrobial pcpridcs or L-isolcucinc wcrc 
.1dminisrcn:d t() the comaccs 1 day before rhe exposi­
rion ro infccted micc. and conracrs are likdy ro be 
expnsed or infected before they are idenrified for 
potencial trcatmcnt. Flowcvcr, ir is possiblc that rhis 
kind of trc:atmcnt could be also efficient in animals 
aln:ady infecred afrer being exposed wirh tubercu-
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lous animak in a similar way rhan in mi ce rrcatcd 
during hce progressive disease [24]. 

Our results show thar mice rhar were living 
togerher wirh MTB-infecred mice and were treated 
wirh HNP-1 or HBD-2 or HNP-1/HBD-2, showed 
smaller infiammacory arcas around bronchi, while 
in venules, similar values were observed benveen 
treated mice and control group. In conrrasr, alveolar­
capillary intcrsúr:ium showcd highcr inflammarion 
when compared wirh conrrol. This response: could 
be duc w highcr migration of infiammawry cells via 
capillaries and venules, considering rhat amimicro­
bial pepridcs are porent chemotactic factors [2s:. In 
general, lungs from micc rreated wirh rhe differem 
rypes of defensins showed smaller areas of inflamma-
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m1 NoTx 

L-iso 

Figure 3. L-lsoleudne reduces inflammatory areas and colony-forming units when used as prophy!actk:. The 
prophylactic use of L-isoleucine significatively reduces inflammation in bronchus either in drug-sensitive {A} and 
multídrug-resistantMinfected m ice (B}. Similar results were observed for CFU countíng, treatment with L-ísoleucine 
reduced CFUs after 1 and 2 months oftreatment in drug-sensitive strain (C), while contact mice co-housed with 
multídrug-resistant-infected m ice only showed signlfícant!y lower bacllli loads after 2 months of treatment (D). 
Data are represented as mean and standard deviation. n per group = 6. 
*p < 0.05; **p < 0.01; ***p < 0.001. 
CFU: Colony-forming unit; L-iso: L-isoleucine; TB: Tubeculosis; Tx: Treatment. 
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tíon. For all treatments, CFU coums showed bacte­
ria! load rcducrion in defensin-rreared mice compared 
wirh control mice. HNP-1 induced rhe highest lung 
hacrerialload reduction. 

It is evident rhat rhough the use of recombinant 
<.lefensins as prophylactic is effccrivc, owing to -rhe 
high cost of production beco me into and a nonviable 
option, mainly in developing counuies where TB rates 
are rhc highcsr and incomc is low. Thus, wc dccidcd ro 
use an effecrive and innocuous defensins inducer su eh 
as L-isolcucine. previous studics by our group showed 
rhat L-isoleucine induces ~-defensins effectively and 
that rhis induction prometes MTB eliminarían in TB 
m ice modd [10~. In the pn.:scnt srudy, wc rcstcd L-iso­

leucinc as prophylacric in our uansmission modd, 

results sho·wcd rhar thc use of rhis a mino a cid reduced 

CFU counrs and infl.ammarion in treared m ice. 

Rccendy, other antimicrobial pepridcs su eh as cat­

helicidin have shown to have potent effect for MTB 
killing ~2G-2S]. The carhelicidin eff~cr and thc possi­

ble synergy with defensins for trearment and prevcn­

tion of TB necd to be clucidated. For funher srud­

ies, ir would be imeresting to evaluare insrallarion of 

L-isoleucine in BCG-vaccinated mice co-treated to 

prevenr MTB. 

Conclusion 
Alrogether our results suggest the potential use of 

L-isoleucine as prophylactic in household contacrs. 

Thc cfficacy shown in this smdy and rhc low cost 

indicare a suitablc approach ro avoid pulmonary TB 

in household contacLs, howcvcr, fur.ther srudics <Hl· 

needed ro evaluare irs use in humans. 

Authors' contributions 

8 Eil.:as-S;;¡n-r_i,;.grJ perfor~ned the E:xpe.rime-nts, rJ~~srgncr-J t~h 

study and l.·vrote the; paper. C Rivas-Santtaf;O p·2rbm1~'d ~¡-1', 

expenments. E: Sed.:; ~r·iticaliy r·evievved tht: :nanuscr.p; d'lrJ 

provided finar·•i.:;l "-;.ipprt. R Herná:-,j:~z-P;,ndc cri'ltcal!¡r rf·~ 

vte1;.;cd thc mant;script, dc>igm:d -he St'J:ly and pro·,trd('d 

financ:i;:,l su¡:;¡1or: 

Financia! & competing interests disclosure 

Thrs work '.vas suppo¡··teJ by the :'vlexic¿¡n l:1stllut-2 cr· Sc.~:,;l 

S<::curily (IMSS, FIS//]i·vtSSíPROT/G14í1318), the ív1t::xi·~an l<io­

r.ioncd Council of Science and Technclcgy (CONACyT co:'ltril(' 

84456) ar1d by the Eu~opean Comrnuntty r.JNCO DC, 9r.'lll'. 

ICA4-CT-2002-10063). The authors have :-10 other r·etevanl 

afíiliation~: u ftn.:nKial invol··;emenl \·VIth drl'¡' or,~anizatir:,n C·r 

enlrty vvith a iir1,;; ·,u¡;¡l ir'Ler::::~l in or ·r1nancia! confl1<:t \VIÜ1 th· 

subject m;:ltter· cr rnate:·icds discussed 1n th:-: m<mLEUtpt ópar 

frorn those di:;closecL 

No vvrlting aSSIS~:ar:ce 'Na:. :_rtiliz,2d ir·\ the r::mduction uf ·tht 

rnanuscrtpt. 

Ethica! conduct of research 

The cuthcrs st.o;te that they have obta1nE:d ar:Jpropriat::· m::t.ITL.·· 

tional revie1.·v board aprJt·ovcl or IH·JE: foliov.:ed ~he pr·irlctr.-lr·~ 

out!ined tn ·lhE- Decí,;raticn of Helsinkt for ,,¡¡ hun1an or ani1·r .-'1 

experimentallnv.:·;trq.~.l;ons. !n .:¡ddi1ton. 'for invE:s·t::Jal;cn:-, w­
volvtng human subjcc:s, infon1ed ccr:sc;;nt has bE:eii obt,;rtrw,1 

trcm the p(lrttcípar:ls invDI"·J:::c1. 

Reporting a household contact experimental model with transmission. 
The use of recombinant antimicrobial peptides decreases colony-forming units fron1 household contact m ice 
but pro motes inflammation. 
The use of L-isoleucine as prophylactic in tuberculosis household contact mice reduces colony-forming units 
and inflammation. 
Prophylactic use of L-isoleucine can be used in reference Mtb strains as with mu!tidrug-resistant Mtb strain. 
The use of L-iso!eucine is a 1 i 1 method to decrease transmissíon in household contact m ice. 
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Abstract 

Tuberculosis (TB) is a world-leading infectious disease caused by Mycobacteríum tubercutosís (Mtb). The current 
treatment lasts 6 months and has contributed to the development of multidrug resistant (MOR) strains that nowadays 
cause a!most half a million deaths around the globe. Forty years of research have rendered only 1 new drug to treat 
the new MOR strains. In the current review we present emerging trends to treat TB particularly focused on natural 
and synthetic peptides. The ability of some of these peptides to display multifunctional roles in TB treatment, 

1 

particularly immune system modulation through autophagy and direct anti.microbial a:tivity again~t Mtb, may present 
advantages to control the impact of this disease. We rev1ew the mechan1sms of act1on relevant m the development 
of multifunctional peptides that may Jead to evaluate new ways to treat TB, a disease that has accompanied human 
society for centuries 

Epldemiology and current treatment of tuberculosis 

Tuberculosis (TB) is a chronic infectious disease caused by the 
bacillus Mycobacterium tuberculosis. TB is usualiy a pulmonary 
disease but can affect other sites as well (extrapulmonary TB). The 
disease is spread in the air and in general a relatively small proportion 
of people infected for the first time with M Tuberculosis will develop 
active or progressive disease. TB is more common among men than 
women, and affects mostly adults in the economically productive age 
groups from developing countries. 

TB is a world""ide health problem. Reports by the World Health 
Organization (WHO) indicate that there were 8.6 million new active 
cases and 1.3 million deaths during 2012 [1], equivalent to 125 active 
cases per 100,000 population. Indeed, TB ranks as the second leading 
cause of death from an infectious agent worldwide, after the human 
immunodeficiency virus (HIV). Moreover JVJ. Tuberculosis is highly 
infectious: nearly one third of the world's population is latently 
infected and 10% of this population will develop active disease. An 
additional significan! problem is the association with HIV infection, 
from 1.3 million deaths caused by TB in 2012, 0.32 million deaths 
where in HIV positive people [1]. These epidemiological observations 
hightligths the relevance of the immune system to control TB (see 
below). Thus, the HIV and TB epidemics create a public health 
problem of enormous proportions. 

TB is an endemic disease in the developing world. The majority of 
TB active cases world\v:ide in 2012 were in the South-East Asia (29%), 
African (27%) and Western Pacific (19%) regions. India and China 
alone accounted for 26% and 12% of total cases, respectively. A smaller 
proportion of cases occurred in the Eastern Mediterranean Region 
(7.7%), the European Region (4.3%) and the Region of the Americas 
(3%). The TB incidence rate at country leve! ranges substantially, with 
around 1000 or more cases per lOO 000 people in South Africa and 
fewer than 10 per 100 000 people in parts of the Americas, severa! 
countries in Western Europe, Japan, Australia and New Zealand [1']. 
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Without treatrnent, TB mortality rates are high. In studies of the 
natural history of the disease among sputum smear-positive and HIV­
negative cases of pulmonary TE, approximately 70% died ,,,..ithin 1 O 
years; among culture-positive cases (but smear-negative), 20% died 
within 10 years. Fortunately there are effident antibiotics to treal this 
disease. Treatment for new cases of drug-susceptible TB consists of a 
6-month regimen of four first-line drugs: isoniazid, rifampicin, 
ethambutol and pyrazinamide [2]. 

The World Health Organization (WHO) declared TB a globo.! 
public health émergency in 1993. In the mid-1990s, WHO developed 
the DOTS strategy (direct observed therapy) to improve TB care and 
control at internationallevel DOTS strategy conforms a short-courst" 
of chemotherapy, which comprises an intensive period of tvw months 
administering the four primary drugs followed by a period of four 
months of treatment with isoniazid and rifampicin. Within a decade, 
almost all countries had adopted this strategy and there was 
considerable progress; for example, in 2005 the numbers of TB cases 
reported were over 5 million and treatment success rates reached 85%. 
However and although TB can be controlled and cured by 
chemotherapy, treatment usually requires four specific drugs and 6 
months of therapy, which produce significant compliance problems. 
The consequence of this is disease recrudesces and more important the 
arising of multidrug resistant (MDR) strains (see below). 

In the last year MDR strains have increased in frequency afflicting 
around 450,000 people worldwide and producing 170,000 deaths [1 J. 
In fact, MDR-TB has been identified as a significant problem in every 
region under the WHO coverage [1]. Treatment of MDR-TB disease is 
resoUrce intensive and usually requires combination of second line 
drugs that are more expensive, more toxic, and less effective than 
drugs used in standard therapy. This problem has accelerated the 
efforts for new TB drug development and during the last decade has 
been an intense work in the development and evaluation for regimens 
to shorten the duration of treatment and reduce the likelihood of th<.: 
development of resistance [3]. Currently, there are lO new drugs in 
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dinical trials and after more than 40 years 1 new anti-TB drug has 
been approved by the FDA at the end of 2012, this drug is bedaquiline 
a selective ATP-synthase inhibitor [4]. 

Regarding protection conferred by vaccination, the Bacille 
Calmette-Guérin (BCG) vaccine was developed a century ago and is 
one of the most v-,idely used vaccines globally. Vaccination at birth 
with BCG is widely applied as part.of the Expanded Programme on 
lmmunization of the WHO and billions of people have been 
vaccinated since 1921 [5]. Except for tuberculous meningitis in 
children, the capacity of BCG to protect against TB is debated, because 
randomized clinical trials have provided estimates ranging from 80% 
ro no protection [6]. Severa! explanations have been suggested for 
these variations in the protective efficacy of BCG, such as antigenic 
differences among vaccines, interaction with environmental 
mycobacteria, nutritional or genetic differences in trial populations 
..tnd differences in trial methodologies [7-9]. However, there is a lack 
of compelling evidence in favour of any of these proposed 
mechanisms. Yet, recent developments in nano-carriers might provide 
~ome improvements in the developing of effective vaccination 
.;trategies against tuberculosis [ 10]. 

Multidrug-Resistant Tuberculosis 

The WHO defines MDR to TB caused by strains resistant to at least 
isoniazid (INH) and rifampicin (RMP), the two most common first 
line-anti-TB drugs used worldwide. 

The mechanisms involved in the development of MDR and 
L'xtensively drug-resistant (MDR~ TB) are complex and determined by 
the mycobacterium, the host, and iatrogenic factors. Considering that 
:---1DR-TB rates are increasing, especially in low-income countries and 
in high-populated cities, it is importan! to develop and apply public 
health programs in TB endemic areas and a comprehensive 
management structure, including drug management. To increase 
Lreatment success of MDR-TB, there are severa! areas that must be 
~mphasized, for instance, the development of new drugs to reduce the 
Lime of treatment and at the same time increase the effectiveness to 
reduce bacillary loads; furthermore, it is needed the proper follow up 
ofthe patients, including monitoring and evaluation [11]. Although in 
the last decade fluoroquinolones have been used for the treatment of 
!VlDR strains, It is likely that M Tuberculosiswill develop resistance to 
this antibiotic, therefore fluoroquinolones and new upcoming drugs 
must be protected, and their use in the treatment of non-MDR-TB 
cases must be strongly discouraged and preferably strictly regulated 
rl2,13]. The current rising epidemic of fluoroquinolone-resistant 
MDR-TB fuelled by careless and indiscriminate use of 
lluoroquinolone must be used as an experience to both eliminate this 
practice in current TB treatmenls and in the controlled administration 
of novel anti-TB drugs. 

In the last few years a new sort of strains has emerged due to the 
antibiotics evolutive pressure: extensively drug-resistant TB (XDR­
TB). XDR-TB strains are defined as any multidrug-resistant strain that 
is also resistant to any fluoroquinolone and any of the second-line 
injectable drugs, such as capreomycin, kanamycin, or amikacin. From 
2006, when the first report on XDR-TB was published, until the end of 
2012, 92 countries had reported the presence of at least one case of 
XDR-TB. Recently the term totally drug-resistant TB was proposed to 
define TB cases with a resistance profile beyond XDR-TB, in which the 
strain would be virtually resistant to all available first- and second-line 
drugs; however, epidemiological studies are still not abundant on these 
new dass of resitant strains [14]. More recently, it has been shown that 
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resistance to antibiotics may emerge from the natural competition 
between strains of bacteria that share a niche, such as in the case of 
Staphylococcus aureus [15], highligthing an additional source of 
pressure for the emergence of natural drug resistance in bacteria. 

Alternative treatment for tuberculosis: antimicrobial 
peptides 

Beca use of the grovvi.ng and spreading of new MDR-TB strains and 
its co-evolution with HIV, an urgently need for developing novel 
compounds and drugs with direct antimicrobial activity and 
immunomodulatory properties has emerged. Although many 
proposals have arisen in the last decade, antimicrobial peptides 
(AMPs) remain to be the best option because of their versatile activity; 
promoting both direct M. Tuberculosís killing through severa! 
mechanism and immunomodulation. AMPs are small cationic 
molecules of a variable length mainly composed by polar-hydrophilic, 
nonpolar-hydrophobic and positively charged amino acids. This 
special conformation gives the molecules amphipathic and cationic 
properties providing them with a partial positive charge; these features 
are key factors to provide antimicrobial activity [16]. AMPs a_re 
broadly distributed in nature. They are an important part of the innate 
immune response of severa! living organisms induding humans. For 
instance, it has been observed that either deficiencies or over 
production of these peptides lead to severa! infectious and non­
infectious diseases which has been reviewed elsewhere [17]. There are 
more than 40 AMPs in human and two groups ( defensin and 
cathelicidins) are relevant for TB. 

The antimicrobial mechanisms of AMPs are conserved among 
families; when the peptides are ata high concentration, they can insert 
into the bacteria! membrane, causing alterations in the lipid bilayer 
and making it permeable, hence triggering bacterial death [18,19]. 
However, this is not the only mechanism of action known for AMPs; it 
has been sho"Vm that members of the buforines and cathelicidins 
family are able to cross the membrane and, in the cytosol, they can 
bind to DNA and RNA by electrostatic charges, interfering with vital 
processes [20]. On the other hand, there are peptides such as 
mersacidin that inhibits cell wall synthesis by interacting with 
peptidoglycan precursors [21]. Sorne other peptides, such as PR 39, 
HNP 1 and 2, inhibit the synthesis of very important proteins for 
bacteria! viability [18]. Hepddin, on the other hand, besides damaging 
the bacteria! cell membrane, also decreases the iron levels and down­
regulates both protein and mRt\A expression of the iron-response 
element [22] (Figure 1). 

lt is not clear yet whether AMPs are produced by hosts infected 
with Mtb in an attempt to eliminate the bacilli during primary 
infection, but _severa! approaches have been implemented to 
under~tand how these innate immunity molecules participate during 
progressive and latent TB. Although this is not the scope of the present 
review, it is noteworthy to summarize the studies that catapult the use 
of AMPs as candidates for TB treatment. 

Several antimicrobial peptides from different species have been 
tested for their activity against M Tuberculosís and so far human 
neutrophil defensins, synthetic rabbit defensin, and porcine protegrin 
had the ability to kili M Tuberculosis including clinical isolates [23]. 
These in vitro observations were consistent with results obtained in 
animal models of TB: the AMPs tested (HNP-1 and HNP-3) had 
potent antimicrobial activity against JvL Tuberculosis in vivo [24,25]. 
Although these findings encourage translating the use of these 
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peptides in humans as therapeutics, researchers found two importan! 
limitations on these peptides. First, the massive production of the 
peptides was very costly and second, there is not enough knowledge to 
determine any secondary effect derived from the physiopathological 
role of AMPs during TB. Since then, many importan!- studies have 
emerged answering keystone questions that backup the use of 
antirnicrobial peptides for the treatment of pulmonary TB. For 
instance, now it is known that defensins are over-produced by lung 
epithelial cells during M Tuberculosis infection prornoting its 
elimination [26]; this was confirmed through the use of a well­
documented TB experimental animal model where susceptible animals 
that developed TB showed poor expression of defensins whereas 
resistan! mouse strain showed a high and efficient productiori of 
defensins [27]. Defensins were the first group described in M 
Tuberculosis infection and soon after the only cathelicidin in humans, 
LL-37, was evaluated. This peptide is necessary for M Tuberculosis 
elimination in infected macrophages [28,29]; irnportantly, the proper 
production of LL-37 by macrophages depends on the presence of 
vitamin D [30]. These observations add to the fact that overexpression 
of LL-37 eliminates M Tuberculosis during in vitro infection [31]. 
Now is knmvn that many other molecules besides vitamin D might 
induce AMPs prornoting M Tuberculosis elimination such as L­
isoleucine or butyrate and these findings have been reviewed elsewhere 
[32]. 

Hence, natural AMPs from humans held the promise to be effective 
therapeutics to fight TB and other infectious diseases, yet the 
production of these peptides is cumbersome and expensive. In the last 
few years severa! groups worldwide have searched for alternatives to 
simplify their production; one of these strategies aims to develop 
synthetic peptides derived frorn natural AMPs, with the purpose of 
increasing amphiphacity or by increasing their net positive charge. 
These modifications have increased the efficiency of these AMPs 
against bacteria and fungi [33,34]. Recently our group has tt;sted these 
semisynthetic peptides as promising antimycobacterial compounds in 
a m o use TB model. Sorne of these peptides showed good activity to 
eliminate mycobacteria both in vivo and in vitro [35,36]. Another 
alternative is the use of antimicrobial peptides produced by bacteria 
such as the lantibiotics, which are AMPs synthetized by Gram-positive 
bacteria that are characterized by the presence of post-translationally 
rnodified amino acids in their structure, such as lanthionine and 
methyl lanthionine. The most studied lantibiotic is nisin A. The 
mechanism of action of this AMP involves the joining of a cell wall 
precursor to lipid 11, allowing pare formation and at the same time 
inhibiting biosynthesis of the bacterial cell wall. Nisin A and its 
synthetic derivatives nisin S and nisin T are efficient lantibiotics 
against ;\1. Tuberculosis and non-TB bacteria, and they constitute 
interesting cornpounds for dinical studies [37]. 

AMPs are known mainly because of their antimicrobial activity, 
however AMPs are not limited to this function. In fact, severa! authors 
claim that instead of antimicrobial sorne of these peptides are 
immunoregulators, promoting pro-inflamatory and/or anti­
inflammatory cytokines, imrnature dendritic cells maturation through 
TLR4, chemotaxis [32] and apoptosis (see below). Based on this 
information sorne antimicrobial peptides have been modified to 
increase or decrease immunoregulatory activities, whereas 
antirnicrobial effects remains the same and next we review sorne recent 
findings. 
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Innate Defense Regulator Peplides (IDRs) 

IDRs are synthetic immunoregulatory and anti-infective peptides 
that are based on the sequences of natural human and non-human 
AMPs [33,34]. These synthetic peptides were designed to selectively 
modulate the innate immune response to infection, without th¡; 
potential side effects (mast cell degranulation and enhancement ol 
apoptosis) observed for certain AMPs. In recent studies, it has been 
demonstrated that the protective activ:ity of IDRs could be solely based 
on their immunoregulatory properties and that this protection is 
efficient even in animals infected ·with MDR strains [35,38]. Resides 
this immunoregulatory property, the low potential of microblal 
resistance, lower toxicity and requirement of fewer doses, suggest that 
IDRs could be used as a treatrnent and as an adjuvant, as well as for 
conventional drug-sensitive, but mainly MDR. Severa! in vitro and in 
vivo experiments have tested the efficacy of IDRs in experimental TB 
with pathogenic and MDR strains. In a murine model of progressive 
pulrnonary TB, the intratracheal administration of the IDR peptides 
E2, E6 (peptides modified from a bovine antimicrobial peptide, 
bactecin) and CP26 (a synthetic peptide comprising the amphipathi..: 
'region of cecropin A and the hydrophobic N-terminal of the bee 
venom peptide melittin), during late disease in mice infected with 
drug-sensitive M Tuberculosis or MDR strains significantly reduced 
lung bacillary loads; however, there was no reduction in the 
inflammatory infiltrate (pneumonia) compared with control non­
treated mice [36]. Further experiments showed that the use of other~ 
IDRs, such as HH2 or 1018, not only decreased bacillary loads but also 
pneumonic areas. Conversely, the use of recombinant antimicrobial 
peptides such as human ~-defensin-2 and/or human neutrophil 
peptide led to an evident reduction in the bacillary loads but a marked 
pneumonia caused by the non-controlled immune-stimulatory activity 
of these peptides [35]. Therefore the creation of new synthetic 
peptides, which rnodulate specifically immune function, represents ¡¡ 

new venue to explore in the treatment ofTB. 

In this sense, understanding the mechanism to induce regulation of 
the imrnune system to fight TB may be relevant to target the action o( 

new compounds. Recent reports have shown that autophagy may be 
relevant in fighting bacteria] infections, particularly TB. The relation 
between autophagy and immune systems has been reviewed elsewhere 
[39-41] and in the next section we will review the role ofpeptidic and 
non-peptidic compounds in autophagy and their association in TB. 

Autophagy: a new mechanism to treat tuberculosis 

Autophagy is a highly conserved process occurring inside cell~ 

where cytoplasmic constituents including long-lived proteins, protein 
aggregates, organelles and invading pathogens are sequestered within 
double-membrane bound compartments that are delivered to the 
lysosomes for degradation and the products are recycled [42]. 

Autophagy is importan! for the innate immunity and pathogen 
clearance since bacteria and viruses are vulnerable to degradation by 
this process [43]. Yet, sorne pathogens have developed strategies to 
evade autophagy. For instance, Mycobacterium infects permissiYe 
macrophages while evading microbicidal ones; this is accomplished by 
using cell-surface-lipids to hide underlying pathogen-associated 
molecular patterns and at the sarne time related phenolic glycolipid . .; 
induce the recruitment of permissive rnacrophages [44]. The death is 
avoided by preventing the normal rnaturation of the autophagosome 
into a degradative and microbicida! compartment, and transforming it 
into a compartment that resembles an early endosorne [44,45]. 
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?ürricularly. M. Tuhercuiosís remains intact in the autophagosome of 
mr.c::ophages by :nterfering with a.utophagolysoso~e biogenesis ~46}, 
which involves tbe ir.hihirio:-1 of the fus!on betwcen the 
:mtophagosome and the lysosome mediated in part by mycobac:erial 
lipids that mimic mammalian phosphatidylinosito1s and inh:bit 
phosybatjdylinositol 3-phospháte (PBP)-depencienr mem'E'írane 
rrafikking mechanisms. This blockage can be overcome by '±te 
Jct:vation of cel1ular autophagy by different ways,. inc:uding 
-.;:arvati-on, d::ugs, m:croRNA and peptides [47]. 

Non-peptidic inducers of autophagy 

Gutie:rez and coUnborators dcmor:stnm:d that stimulation of 
,\utophagk pethways by starvation in m:acrophages causes the 
maturation of :he mycobacterial autoph.agosomes into 
~t:tophagoiysosomes inducing the:r acidification, overcoming the 
w&cking block imposed bt iv!. Tuberculo$Ís and culminari.ng in 
bacteria! death [48!. S::nilar lysosomal mediated killing has also bee:1 
reported :for Streptococcus. Shigella,. Legione:la, and Salmonella 
:49-52;; note tha~ in these cast:-'1', autophag;: may be ir:.ci:.::ced by the 
boc:eria itself. 

VitaminD 

rt is knO\\'TI that the active fo:m of •ritamin D {i, 25-
dihydroxy.i:amin D3) activares a direct antimicrobial pathway ir. 
huoan macrophages induc:ing a:1:ophagy [53:. This autophagíc 
pathway involves lfíe generatío:. of the peptides cathelicidin a:1d 
defe-nsin B4, which exert ciirect ant:mkrobud actlvlty agai:1st ]l.;f 
Tubercuíosis [29,54,55). 

míR-155 

The rr:!croRNA m:R-155 accelerat.os the autophagic response in 
macrophages, '!:bus promoting the maturation of mycobacterial 
phagos.omes and reducing the number ofintrat:ellulat bacteria [56], 

Statins 

Thes::e molecuies are cholesterol~lowering drogs but they also can 
,~wdify immur.ologic responses. The _use of statins in murine TB 
;nfectloc studies shov:ed an increased host protection, 'IAith reduced 
't:ng burdens and improved histopaúologic features. These resul~s 
hase been explained <:onsídering that statins roight counteract Jvf. 
:ubercu/o,:í<"-induced inhibition of au!ophagosoroal maturation Md 
promore host-induced autophagy, increasing the host pmtectlon 
again:H TB :57 l. 

ATP 

Stimulation of h~.:man macrophage$. with ATP promotes the 
Jddifkation of Mycobacterium-containing autophagosomes <t-'1d 
;.ubseguent kllling of lv.f. tuberculosis. Tht: acidificat:ion oi 

. :lutophágosomes is. rnediated by ATP stimulation of P2X7, a plasma 
membrar.e receptor for ext.raceliclar A TP, whích is upregulated on 
mat-..:re macrophages [58], 
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Rapamycin 

This drug has bee::1 used to induce autophagy and enhance vaccine 
efficacy agains: TB in a mouse modeL Raparnicyn-i:1duced autophagy 
enhar:ccd the presentation of ilie immunodomin:ant mycobacte:'iai 
antigen AgS5B by macrophag:es infected with JVf. tuberculosis. 
Furthennore, rapamydn increased loca!ization of the rnycobactcria 
within autophagosomes and lysosomes [59]. 

Peptidic inducers of autophagy 

Reports of p9:ides that induce autophagy ar:d sorne of them with 
activity agabst M Tube-rculosis are describOO neAi. 

Apoptosis inhibitor of macrophages (AlM) 

AIM is a scavenger prote:in secreted. by tissue macrophage:s, wt::ch 
enhances macrophage mycobactericidal activity, upregulates the 
production of reactive oxygen specíes, iacreases mR.),'A lewls of the 
antimicrobial peptidet:. cathelicidin and defens:n 4B and acidifies the 
mycobacterial au:ophagosomes, leading to bacterial death i60). 

DRAM 

Damage-Regulate~ Autopbagy Modulator is a lysosomal prote1n 
tbt ls ind:.lced duri.'lg DNA damage by p53; in this co;,<:ext, the 
expression of DRA:\1 leads to macroautophagy and fs r~qulred for 
p53·me-diated death [61}. 

FLIP derivated peptídes 

DEDL ar: a:-helix ten amino-ac:¿ (a2) peptlde and DED2, an a­
heHx twelve amino acid («4) pepjde, are nvo domains ofthe protein 
FUP (FLICE~like inbibitor) capabl.:: oi bindir:g FUP itsdf and Atg3, 
effectiv-ely suppressing Atg3-FLIP interaction without affecting Atg3· 
LC3 inte:-action, resul:ing in robust mamc:alian cel: death 1vi:h 
au~ophagy f62]. 

Muramy!dipeptide 

This peptide acts over :he nudeotide-bic¿ing oHgomerization 
domain-conta.inlng-2 (NOD2) proteln in dendritic celis indudng 
autophagy [63:. 

Tat-beclín l 

levine and coHeagues designed a peptide (Tat-bedin 1) compos,;d 
with a reg:{)n from :he proteiL Be.:lin 1 which is necessary to induce 
autophagy. To promote cell pcrmeability of this 13edi.t1 l peptide, it 
was lirJ::ed to the HIV~l Tar proteic via a G2 linker 
(YGRKKRRQRRRGGTNVF~ATFEIW). In vltro experiments shmved 
Tat-bec:in 1 induced a 10-SO"fold reduction títers in Hela cells 
infected with 'the Sindbis vin.:s (SINV), Chíku;:1gunya virus (CHIKV), 
West 1\"i:.e virus (\\').:"V) and tbis was no~ dueto the cvtotoxidtv of the 
peptide. HIV ~ 1 replication i:n human monocyte-deri~ed macrÚphages 
was also substantially inhibited: increased autophagosome and 
autclysosome numb.ers, 2.s well as enhanced pro:ein degradation, were 
seen in Tat-Bedin >t:reateci HeLa celk Tat-bedin l i:1!eracts with a 
previously unkno\vn negative regulator of autophagy, GAPR-1 falso 
knowr. as GLIPR2). Thls con:lrmed that -::·ar-bedi:l 1 is an. ind:.1ce: of 
a'..ltóphagy, Finally, Tat-~clin 1 showed anlibacterial activit; in an in 
vltro model of Llsteria monocytog~ncs infectinn; yet, the reduction of 
bacteria counts was reported only :'or a L monocytogenes strain th:rt 
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lacked :he autophagy evasion protein, ActA, thus the realadvantage of 
such peptide in treating bacteria! infections remains to be elucidated 
[64]. 

Non-Peptidic inducers of autophagy 

N ame Mechanism of action 

Starvation mTOR is inhibited and ATG13 is dephosphorilated 
during autophagy. 

Vitamin D Activates '" antimicrobial pathway (cathelicidin 
ood defensin B4) ;, human macrophages that 
induces autophagy. 

miR-155 Prometes the maturation of autophagolysosomes. 

Statins Stop the inhibition of autophagosomal maturation 
and promete host-induced autophagy. 

ATP Stimulates receptor P2X7 ood induces "' acidification of autophagosomes to kiJJ bacteria. 

Rapamycin Enhances !he presentation of the mycobacterial 
antigen Ag858 by macrophages ood induces 
autophagy. 

Peptidic inducers of autophagy 

N ame Mechanism of action 

Apoptosis inhibitor of Upregulates lho production of reactive oxygen 
macrophages (Al M) species, increases mRNA Jevels of antimicrobial 

peptides (cathelicidin ood defensin 48) ood 
acidifies lho autophagolysosomes, leading lo 
bacteria! death. 

Damage-Regulated p53 target; expression of DRAM induces 
Autophagy Modulator macroautophagy and is required for the cell death 
(DRAM) induced by p53. 

FLIP-derived peptides Bind FL!P itself and Atg3, suppressing Atg3-FLIP 
interaction without affecting Atg3-LC3 interaction. 
resulting in cell death with autophagy. 

Muramyldipeptide Acts over !he nucleotide-binding oligomerization 
domain--containing-2 (NOD2) protein in dendritic 
ce!!s inducing autophagy. 

Tat-beclin 1 lnteracts with ' previous!y unknown negative 
regulator of autophagy, GAPR~1, lo induce 
autophagy. 

lndolicidin, SPFK ood These peptides induce ionic interactions wilh 
27RP lipophOsphoglycans on lho parasite's surface, 

inducing dissipation of membrane potential and the 
balance of intracellular pH. Cells treated with these 
peptides show signs of autophagy. 

Table 1: Inducers of autophagy relevant to TB treatment 

lndolicidin, SPFK and 27RP 

These antimicrobial peptides were tested against Leishmania 
donova.ni, exhibiting a SO% antileishmanial activity. Their mechanism 
of action involves ionic interactions '\'.r:ith lipophosphoglycans on the 
parasite's surface, inducing dissipation of membrane potential and the 
balance of intracellular pH with extracellular environment. By the use 
of transmission electron microscopy, extensive intracellular damage 
including cytoplasm vacuolization and degeneration of cellular 
organization v-.r:ithout disruption of the plasma membrane was 
observed. Indolicidin and the two peptides derived from 
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Seminalplasmin, SPFK and 27RP, induce cell death in L donovanivia 
a non-apoptotic process by activating the pathway(s) of autophagk 
cell death [65]. 

Extrace!lular 

+++++++++ 

Cytoplasm 

Figure 1: Mechanisms of action on membranes of antibacterial 
peptides. Biological membranes from both eukaryotes and 
prokaryotes separate the intracellular from the extracellular spaces: 
the image represents a biological bilayer membrane by h'IO yellow 
archs delinated with red lines. A property of these membranes is 
the presence of an electrochemical potential that it is usually larger 
for bacteria! cells than for eukaryotic cells; the image represents this 
electrochemical potential by the + and - symbols on both sides of 
the membrane. Antibacterial peptides are cationic and amphipatic 
molecules; in the figure antibacterial peptides are represented as 
cylinders with two colors, red indicates the cationic and blue the 
hydrophobic charges that in combination with the cationic 
character renders amphipathicity to these peptides. Antibacterial 
peptides show sorne specificity to kili bacteria! cells by making 
pares on their membranes (represented in the image by a blue 
explosion at the membrane), presumably because these maintain a 
large chemoelectrical potential at their membrane that is sensed by 
the cationic peptide. Yet, in membranes with low chemoelectrical 
poten tia! such as eukaryotic membranes, these peptides m ay be able 
to penetrate into them disrupting the membrane. Furthennore, 
sorne antibacterial peptides are ligands to the chemokine receptor 
CCR6 and TLR-4, promoting mobUization and activation of IDC. 
This multi-functionality may allow antibacterial peptides two kili 
bacteria and elicit intracellular response on eukaryotic cells, 
particularly immune system cells. 

Mechanisms of action· of pro-autophagy and antimicrobial 
peptides 

The use of peptides have sorne advantages over other molecules 
decribed above, among others beca use sorne peptides besides inducing 
autophagy also provoke the expression of antibacterial peptides (e.g. 
AIM), or are antibacterials themselves (e.g. Indolicidin, SPFK and 
27RP) which increase their activity in one single molecule. 
Particularly, small peptides such as indolicidin, SPFK or 27RP arl· 
potentially useful therapeutic molecules because they have two 
activities in a small number of amino acids {13, 12 and 27, resp) 
overcoming the difficulties of production and displaying 
polypharmacologic properties. 
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Figure 2: Mechanisms of autophagy inducers. A) In normal cells 
autophagy is regulated by mTOR. When mTOR is active, 
phosphorilates and inhibits ATG13 stopping the autophagic 
process. After having been phagocited by a rnacrophage, M. 
Tuberculosis detains the first autophagic stimuli stopping the 
maturation of the phagosome and preventing its fusion with 
lysosomes; it also limits the acidification of this vacuole (pH 
6.2-6.3), allowing it to reside and multiply inside of the 
macrophage. B) lf a second autophagic stimulus is sensed the 
autophagic process is restarted and M. Tuberculosis is killed. In the 
case of starvation or treatment v.ith rapamycin, mTOR is inhibited 
and ATG13 and ULKl/2 are dephosphorUated starting the 
autophagic machinery. The microARN: miR-155 diminishes the 
translation of protein Rheb that together with mTOR inhibit 
autophagy. Statins induce the incorporation of LC3 proteins to the 
autophagic membrane improving the fusion with the lysosomes. 
ATP induces the acidification of phagosomes by the stimulation of 
the receptor P2X7. Vitamin D and AIM induce the synthesis ofthe 
antibacterial peptides: cathelicidin and defensin B4 and AIM 
acidificates the mycobacterial phagosomes. DRAM induces the 
expression of p53, which inhibits mTOR. DEDl/2 inhibits the 
protein FLIP that normally prevents the interaction of ATG3 with 
LC3 for the elongation of the phagosome. Tat-beclin 1 inhíbits 
GAPR-l, an activator of mTOR. In the case of muramyldipeptide 
and the antibacterial peptides indolicidin, SPFK and 27RP it is 
know that they induce autophagy but the mechanism is unknown. 
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Beyond natural sources of pro-autophagyc peptides, it is possible to 
tinker with these to add antibacterial activity to them [66], rendering 
in this way peptides potentially useful in the treatment of 
mycobacterial infections. A challenge in these designed peptides is to 
target specific cells in an organism, avoiding undesired secondary 
effects. In the case of TB, a possible target would be macrophages. In 
the case of the peptide Tat-beclin l addition of the Tat peptide only 
improved the penetration of the Beclin peptide into cells in a non­
specific way; such design may be targeted by Jinking the Beclin peptide 
to a ligand peptide, like Ellerby and collaborators did with their 
Hunter-Killer peptides [67]. However, it seems that the autophagy­
induced by Beclin l was not efficient to treat bacteria! infections (se e 
above). Thus, it is also important to take into account in these designs 
the pathway used to induce autophagy (Figure 2). 

On the other hand, we have recently pointed out that sorne cell­
penetrating peptides (CPPs) may display direct antimicrobial acthity 
[68] and such peptides may be used to improve the chances of pro­
autophagyc peptides such as Tat-Beclin l, to treat antimicrobial 
infections. In such case, it is important to consider that sorne specificty 
may be lost if the penetrating mechanism is not mediated by receptor­
mediated endocytosis or by the emergence of new activities observed 
when multiple activities are combined into a single peptide [68]. That 
is, in designing new synthetic peptides useful in the treatment of TB 
and/or MDR-TB the direct antibacterial mechanism of action of these 
peptides has to be taken into account as well as the penetrating (Figure 
1) and the pro-autophagyc mechanisms (Table 1 and Figure 2). Future 
research in this direction may provide new tools for the treatmenl of 
TB in the developing world. 
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ABSTRACT 

Background and objectives: Tuberculosis (TB) is one ofthe deadliest infectious diseases and compn~es a 
global public health concern because co-infection with Human immunodeficiency virus (HIV) and. in 
particular, the continuous isolation ofnew Multidrug-resistant strains (MDR), rendering the discovery of 
novel anti-TB agents a strategic priority. One of the most effective first-line mycobactericidal dru_gs is 
lsoniazid (INH). Previously, we reported in vitro anti-mycobacterial activity against sensitive and MDR 
Mycobacterium tuberculosis strains of a new oxadiazole obtained from the hybridization of INH and 
pa!mitic acid. The present study evaluated the therapeutic poten tia! of liposomes including Phosphcni­
dylcholine (PC) and L-et: Phosphatidic acid (PA) or PC and Cholesterol (Chol) containing 4-(5-pentadE>cyl-
1,3,4-oxadiazol-2-yl)pyridine in BALB/c male mice infected by intratracheal (i.t) route with drug-
sensitive or MDR M. tuberculosis. · 

Methods: The lipophilic 4-(5-pentadecyl-1,3.4-oxadiazol-2-yl)pyridine was obtained to mix INH and 
palmitoyl chloride. The in vivo anti-TB effect of this oxadiazole derivarive contained in two different li­
posomes was tested in BALB/c mice infected with a sensitive strain of M. tuberculosis, initiating treatmenr 
2 months post-infection. by i.t. route, of 50 ¡.tg of oxadiazole derivative for 1 month. In a second stage. 
mice were infected with an MOR (resistan! to first-line drugs) and treated with 150 )lg of an oxadi,Eole 
derivative carried by PC + Chol liposomes for 2 months. The effect of the oxadiazole derivative in vivo 
was determined by the quantification of lung bacilli loads and histopathology. 
Resulrs: In comparison with control animals. drug-sensitive. strain-infected mice treated for 1 month 
with SO )lg of this oxadiazole derivative contained in the liposomes of PC + Chol showed a significant. 
80% decrease of live bacilli in lungs. which correlated with the morphometric observation. and the group 
of MOR clinical isolate-infected m ice treated with 150 ¡.tg of the oxadiazole derivative contained in thc 
same type of liposome showed significantly lower lung bacilla¡y loads than control mic:e. producin,e: 90~' 
of bacilli burden reduction after 2 months of treatment. 

Abbreviations: anti-TB, anti-Tuberculosis; CFU, Colony-forming units: Chol. cholesterol; FDA, U.S. Federal Drug Administration; H&E. Hematoxylin and Eosin: HIV. human 
immunodeficiency virus: INH. isoniazid: MDR. multidrug-resistant: MIC, minima! inhibitory concentration; PA, t.-a-Phosphatidic add: PBS, phosphate-buffered salillL' so­
lution; PC, t.-a-Phosphatidylcholine; Pre-XDR. pre-extensively drug-,resistant; SD, standard deviation; TB, tuberculosis; WHO. World Health Organizarion: XDR, eXter1"rvely 
drug-resistant. 
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Conclusion: These results conftrm and extend the reported highly efficienr anti-mycobacterial activity of 
this \ipophilic oxidazole derivative when it is carried by liposomes in mice suffering from late progressive 
pu!monary TB induced by drug-sensitive, and most prominent!y by, MOR strains. 

1. ln.troduction 

Tuberculosis (TB) is an infectious disease that affects millions of 
persons each year, ranking in second place after the Human im­
munodeficiency virus (HIV) infection. Reports by the World Health 
Órganization (WHO) indicate that there were 9.0 million new TB 
active cases and 1.5 million deaths during 2013 ["!]. The epidemi­
o!ogical panorama of TB is aggravated with the emergence of 
Multidrug-resistant strains (MDR. resistant to at least the first-line 
drugs lsoniazid (INH) and Rifampin), eXtensively drug-resistant 
(XDR. resistant to lsoniazid, Rifampin, one fluoroquinolone, and 
one of three injectable, second-line drugs: Amikacin, Kanamycin, 
and Capreomycin), and pre-XDR strains (resistant to INH and 
Rifampin and either a fluoroquinolone ora second-line injectable 
agent. but not both) [2,3 ]. In addition. there are several problems 
with the currently available treatment for TB, such as non­
adherence due to its long duration, complexity [4], adverse 
events [5 _1, and the toxicity pro files of anti-retroviral and anti-TB 
drugs in patients co-ínfected with TB and HIV [6]. Thus, there is 
c!early an urgent need for potential new agents that should reduce 
the rreatment duration, possess an acceptable tolerability profile, 
ancl be active against patients with MDR/XDR TB and HJV infection. 

In recentyears, there has been enhanced activity in the research 
and development of novel drugs for TB. Severa! compounds are 
now under development, while others are being investigated in an 
effort to discover new molecules for target-based treatment ofTB 

. At the time of this writing, there are currently at least 21 
drugs at different stages of preclinical or clinical evaluation 

n 1::: ]. Moreover, after >40 years without a new anti-TB drug, the 
mycobacterial selective (ATP)-synthase inhibitor Bedaquiline was 
approved by the U.S. Federal Drug Administration (FDA) at the end 
of 2012 [14]. and several new targets are being identífied and 
valiclated for their practica! usefulness [15-19]. 

One ofthe mosteffective first-line mycobactericidal drugs is INH 
( :-is· :).Severa} analogues bearing the structure of isonicotinic acid, 
the central scaffold of INH. have been synthesized and tested as 
anti-mycobacterials [20]. The conversion has been reported ofiNH 
to 1,3,4-oxadiazolone derivatives [21 ]. The compound 1,3,4-
oxadiazole (Fíg. J) is a heterocyclic scaffold containing one oxy­
gen atom and two nitrogen atoms in a five-member ring [22,2:3]. 
Compounds containing the 1,3.4-oxadiazole core have a broad 
pharmacological activity spectrum including anti-diabetic [24], 
anti-hypertensive [25], anti-inflammatory [26], analgesic [27], anti­
convulsant [28]. anti-cancer [29], anti-bacterial [30], anti-fungal 
·~-¡ and anti-viral properties ]32]. In addition, 1,3,4-oxadiazole 

has beco me an important construction motif for the development 

lson!azid Oxadiazole derivatlve 

ID 2015 Elsevier Ltd. Al! rights reserved. 

of new drugs, such as Raltegravir''0• an anti-retroviral, and Zibote­
natan{l!;, an anti-cancer drug [22]. ln previous studies, we designed 
diverse 4-(5-substituted-1,3,4-oxadiazol-2-yl)pyridine using INH 
as central scaffold and severa! short- and long-chain fatty acids. 
Diverse compounds were synthesized and tested in vitro, deter­
mining their anti-mycobacterial activiry in several sensitive and 
MDR Mycobacterium tuberculosis strains, as well as their cytotox­
icity against the V ero cell line, and primary cultures of human pe­
ripheral blood mononuclear cells. Our results showed that the 
high-lipophilic derivative obtained from the hybridization' of lNH 
and palmitic acid exhibited highest in vitro selective antibiotic 
bioactivity in the low micromolar range [33]. The influence of 
lipophilic substituents on anti-TB activity coincides with the results 
reported for different chemical entities, such as 1.5-diphenylpyrrole 
and 1,4-dihydropyridines derivatives against MDR [34--36], and 
pentacyclo-undecane-derived cyclic tetra-amines on XDR strains of 
M. tuberculosis [37]. 

The present study had the aim of evaluating the therapeutic 
potential of liposomes containing 4-( 5-pentadecyl-1,3,4-oxadiazol-
2-yl)pyridine (Fig. 1) in a murine model ofprogressive pulmonary 
TB produced by drug-sensitive and MDR-TB strains. Due to the 
highly Jipophilic activity of this compound. it exhibited very low 
solubility and it was necessary to deliver it in liposomes. 

2. Materials and methods 

2.1. Chemical material 

The lipophilic derivative of 1,3,4-oxadiazole was obtained as 
described previously [33]. Briefly, the mixture ofiNH (0.0036 mol) 
and the 1.1 equiv of palmitoyl chloride in 10 mL of dime­
thylformamide was heated to reflux for 3-4.5 h. Thin !ayer chro­
matography was used to monitor the reaction. After cooling, the 
mixture was neutralized with saturated NaHC03 solution and the 
precipitare formed was filtered by suction. The eructe product was 
purified by recrystallization from adequate solvent and the com­
pound 4-(5-pentadecyl-1,3,4-oxadiazol-2-yl)pyridine was identi­
fied by spectroscopic eH- and 13C Nuclear Magnetic Resonance) 
and spectrometric data (Mass Spectrometry) !33"]. All reagents and 
laboratory materials were purchased from Sigma-Aldrich (St. 
Louis. MO, USA). 

2.2. Liposome preparation 

The phospholipids L-a-Phosphatidylcholine (PC) and L-a-Phos­
phatidic acid (PA), both from egg yoll< and Cholesterol (Chol) (all 

or
N-~ 

N O 
~ 

4~(5-pentade<:yl-1 ,3,4-oxadlazol-2-y!}pyrldl ne 

Fig. 1. Chemical structures of lsoniazid (INH), 1.3,4~oxadiazole and 4-{5-pentadecyl-1,3.4-oxadiazol-2-yl)pyridine. 
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from Sigma Aldrich, St. Louis, MO, USA), were used to prepare two 
different types of liposomes wíth the following formulations: PC/ 
PA/4-( 5-pentadecyl-1.3.4-oxadiazol-2-yl)pyridine and PC/Chol/4-
(5-pentadecyl-1,3,4-oxadiazol-2-yl)pyridine, both at a 0.3:0.7:1 
molar ratio. Each molar ratio was the optimal one for the fonnation 
of the liposomes. To prepare the liposomes, 1.4 ~mol of the phos­
pholipid mixture plus 1.4 ~tmol of the oxadiazole compound were 
dissolved in 1 mL diethyl ether; we then added 330 ~L of sterile PBS 
buffer (1 mM NaH2P04jNa2HP04, 1 mM NaCI, pH 7) mixed in a 
Vortex and sonicated three times (5-s sonication followed by a 30-
s resting period). in a Lab Supply G112SPI sonicator (Laboratory 
Suppiies, Hicksville, NY, USA). Then. the diethyl ether was removed 
under a stream of oxygen-free dry nitrogen at reduced pressure, 
employing a rotary evaporator at 37 oc [38]. The volume of the 
liposome suspension was completed to 1 mL with sterile PBS buffer 
and the liposomes were filtered through MF-Millipore (Millipore, 
Billerica. MA, USA) membranes with 0.45¡.tm pores to homogenize 
their size; these liposomes were utilized during 1 week. The 
phospholipids were at least 97% pure and were negative for lipo­
polysaccharide contamination, as assessed by the LAL Gel Clot 
method (Charles River Endosafe, Charleston, SC, USA). 

Either the PC/PA or the PC/Chol liposome was centrifuged at 
350,000 x g for 30 min in the Optima TM MAX/XP Ultracentrifuge 
{Beckman Coulter, Brea, Cal, USA), and the supernatants were 
analysed by Mass spectrometry in ajeo! JMS-SX102A spectrometer 
in order to quantify the amount of the oxadiazole compound 
outside of the liposomes. 

2.3. Mycobacterium tuberculosis strains 

Evaluation of in vivo anti-TB activity was carried out using two 
strains of M. tuberculosis, H37Rv AITC 27294, susceptible to all five 
first-line anti-TB drugs (Streptomycin, INH, Rifampin, Ethambutol. 
and Pyrazinamide), and a clinical isolate that is resistant to all of 
these drugs, CIB!N 99 (MOR), which was isolated, identified, and 
characterized in the Mycobacteriology Laboratory of the Centro de 
lnvestigación Biomédica del Noreste (CIBIN), Instituto Mexicano del 
Seguro Social (IMSS) in Monterrey, Nuevo león. Mexico [39"]. 

2.4. Experimental model of progressive pulmonary tuberculosis in 
BALBjc mice 

The experimental model of progressive pulmonary TB has been 
described in detail. Briefly, M. tuberculosis strains H37Rv and MDR 
(CIBIN 99) were grown in 7H9 medium and harvested when they 
raised the Jog phase, adjusted to 2.5 x 105 ce lis in 100 ~l of PBS. 
aliquoted, and maintained at -70 oc until their use. Befare use. 
bacteria were recounted and viability was checked [40]. Pathogen­
free maJe BALB/c mice, 6-8 weeks of age. were anesthetized 
(Sevoflurane; Abbott Laboratoríes, Il, USA) and ínfected by endo­
tracheal (i.t.) cannulation, administering 2.5 x 105 viable bacteria 
suspended in 100 ¡.tl of PBS. lnfected mice were maintained in 
groups of five in cages fitted with microisolators connected to 
negative pressure. All procedures were performed in a biological 
security cabinet ata Biosafety level III facility. All the animal work 
was carried out according to the guidelines and approval of the 
Ethical Committee for Experimentation in Animals of the National 
lnstitute of Medica! Sciences and Nutrition (JNCMNSZ) in Mexico 
City, permit number CJNVA 224. ' 

2.5. Oxadiazole administration 

To evaluare the therapeutic effect of 4-(5-pentadecyl-1,3,4-
oxadiazol-2-yl)pyridine. two different experiments were per­
formed. In the first, animals surviving 60 days after infection with 

drug-sensitive strain H37Rv were randomly allocated into two 
treatment groups: 1) animals treated every other day with 50 pg or 
this oxadiazole derivative carried by two different types of lipa­
sornes (PC/PA or PC/Chol) suspended in 50 ¡.tL of PBS and admin­
istered vi a i.t. route under anesthesia with Sevoflurane. and 2) 
infected mice that only received empty Iiposomes under the Sc"lme 
procedure as a control group. Groups of six animals were eurha­
nized on day 30 after treatment. 

In the second experiment and considering the results ofthe first 
experiment, mice surviving 60 days after infection with the MOR 
strain were randomly allocated into two experimental groups. The 
first group was treated with 150 ¡.tg of 4-(5-pentadecyl-1.3.4-
oxadiazol-2-yl)pyridine carried by liposomes constitutecl by 
PC + Chal, administered every other day by i.t. cannula, ancl the 
control group, which was solely treated with empty liposomes. 
Mice were sacrificed by exsanguination under terminal anesthesia 
after 30 and 60 days of treatment. To detennine the effect of 
treatments, we quantified lung bacilla-¡y loads by Colony-forming 
units (CFU) and the extension of tissue damage by histopatholo­
gy(automated morphometry as described la ter. 

2.6. AssessmentofColony-fonningunits (CFU) in infected lungs and 
preparation of tissue for histology and morphometry 

Immediately after the animals were euthanized by exsangui­
nation under anesthesia with intraperitoneal (i.p.) Pentobarbital. 
the lungs were removed; the r:ight lung was immediately frozen by 
immersion in liquid nitrogen and employed for CFU, while the left 
lung was perfused with 10% formaldehyde and utilized for hi<>to­
pathology analysis. For CFU determination, frozen lungs were dis­
rupted in a Polytron homogenizer (Kinematica: · Lucerne. 
Switzerland) in sterile 50mL tubes containing 3 ml of isotonic sa­
line solution. Four dilutions of each homogenate were spread onto 
duplicate plates containing Bacto Middlebrook 7H10 agar (Oifco 
BD, Sparks, MD, USA) enriched with OADC (Difco). The incubation 
time of the plates was 21 days, and data points are the means of six 
animals. 

For the histological study, after 2 days of fixation. parasaggital 
sections were taken through the hilum. and these were dehydrated 
and embedded in paraffin, sectioned at 5 ¡.tM, and stained with 
Hematoxylin and Eosin (H&E). The percentage of lung affected by 
pneumonia was measured using a Leica Q-win Image Analysi.s 
System (Cambridge, UK). Measurements were performed in a 
blinded manner, and data are expressed as the mean of l"our 
animals ±Standard deviation (SO); tvvo independent experimt'nts 
were performed. 

2.7. Statistical analysis 

One-way Analysis ofvariance {ANOVA) and Student t test were 
used to compare CFU and morphomet-¡y determinations in infected 
mice treated with the oxadiazole-derivative compound and control 
anirnals that received empty liposomes. A difference ofp < 0.05 wa.s 
considered significant. 

3. Results 

3.1. Effect of oxadiazole derivarive in vivo on lung mycobacterial 
load and histopathological analysis 

liposomes containing PC/PA or PC/Chol loaded with the oXa.­
diazole derivative ata 0.3:0.7:1 molar ratio was <450 nm wiclc in 
size. The drug loading efficiency of either liposome was between 80 
and 90%, which is in relation to its high lipophilicity. 
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In comparison with control mice, an.Lmals infected with the 
drug-sensitive H37Rv strain treated every other day with i.t. doses 
(50 pg) of the oxidazole derivative as the single drug demonstrated 
a significan! 80% decrease oflive bacilli in the lungs after 1 month of 
trearment, the therapeutic effect similar with either of the tvvo 
types ofliposomes (Fig. 2). The following experiments were carried 
out using either liposome formulation. The result ofbacillary loads 
correlated well with the morphometric observations, showing a 
signiñcant decrease ofthe lung area affected by pneumonia after 30 
el ay:; of treatment with the oxidazole derivative when compared 
with those of the control group (Fig. 3). 

Due to the emergence of MDR strains and given the good 
therapeutic effect of our oxidazole deriva ti ve in mice infected with 
the drug-sensitive H37Rv strain, we studied this compound in mice 
infected with a clinical isolate resistan! to al! ofthe first-line anti-TB 
drugs during late-active disease, tripling the dose because this 
strain is resistan! to INH and this compound is a derivative ofthis 
clrug. In ,comparison with control animals, MDR (CIBIN 99) clinical 
isolate-infected mice treated with 150 ¡.tg of this oxidazole deriva­
tive showed significantly lower lung bacillary loads than control 
mice. producing 90% lower bacilli burdens after 2 months of 
trearment (Fig. 4). These treated animals exhibited lesser but not 
significan! tissue damage than control mice (Fig. 5). 

4. Disrussion 

lNH comprises one of the most efficient primary anti­
rnycobacterial drugs; it acts as a bactericida! agent with an MIC 
(Minimal inhibitory concentrarían) of 0.01---0.2 J.Lg/mL for fast 
replicating mycobacteria [41 ]. lNH is also bacteriostatic to slow­
growing or non-dividing mycobacteria; thus, it is also used to 
treat latent TB. INH is a prodrug that is activated by the mycobac­
terial enzyme catalase-peroxidase (KatG), which catalyzes the 
production of the isonicotinic acyl-nicotinamide adenine dinucle­
otid~: complex that binds ro the enoyl-acyl carrier protein reductase 

2 

o 

InhA, which block the natural substrate enoyl-AcpM and fatty acid 
synthase, preventing the synthesis of mycolic acid, an essential 
cornponent ofthe mycobacterial cell wall[42]. 

More than 3000 INH analogues have been synthesized and 
tested as anti-rnycobacterial agents [43 j. In this regard, it has been 
reported that conversion of INH into oxadiazoles produces the 
corresponding 5-substituted 3H-1,3,4-oxadiazol-2-thione and 3H-
1,3,4,-oxadiazol-2-one and their 3-alkyl or azyl derivatives; these 
compounds possess high activiry against M. tuberculosis strain 
H37Rv [44.21]. We synthesized sorne 4-(5-substituted-1,3,4-
oxadiazol-2-yl)pyridine derivatives and tested their activity 
in vitro on two first-line drug-sensitive and on three MDR clinica! 
isolates and the H37Rv strain [33]. Compound 4-(5-pentadecyl-
1,3,4-oxadiazol-2-yl)pyridine exhibited similar in vitro activity to 
thar of INH against M. tuberculosis reference strain H37Rv (0.33 and 
0.44!-LM. respectively), and more activity against sensitive and MDR 
clinical isolates, being ten-fold more active than JNH [33]. Thus, it 
appears that this oxadiazole derivative is not a prodrug because 
INH derivatives cannot be expected to overcome INH-resistance, 
due to that the molecular action mechanism is identical. 

Anti-mycobacterial drugs are partiaUy effective beca use of the 
impermeable nature of the Mycobacterium cell wall [ 45]. One 
important point that could be related with their high efficiency and 
specifi.city is that 4-{5-pentadecyl-1,3A-oxadiazol-2-yl)pyridine is 
highly lipophilic. This property could facilitare their enrrance 
through the lipid-enriched mycobacterial cell wall but, on the other 
hand, this lipophilicity was associated with high insolubility, which 
was a significan! inconvenience for its adrninistration by the con­
ventional oral route. In arder to overcome this problem, liposomes 
were used as carriers, employing the aerial route for their admin­
istration in tuberculous BALB/c mice infected with a high dose of 
drug-sensitive H37Rv or MDR strains. Our experimental model of 
progressive pulmonary TB is highly suitable for exploring the effi­
ciency of novel drugs or immunotherapy, beca use it is based on the 
airway route of infection. most common way that disease reaches 

pe.,.?A+Ox.adiazole 
derivative 

PC+CHOL...Ox.adiazola 
derivative 

Uposome admlnlstred 

PC+CHOL 

D"ig. 2. Effect of 4-!S-pentadecyl-1.3,4-oxadiazol-2-yl]pyridine on the bacteria! loads in the lungs from mice infected with the Mycobacterium tuberculosis H37Rv strain. This 
uxacliazole derivative compmmd was incorporated into liposomes constituted by L-o:-Phosphatidylcholine (PC) and L-o:-Phosphatidic acid (PA) or liposomes constituted by PC and 
Chobterol (Chol), starting the treatment at 60 days after infection and administering, every other day and during 1 month. 50 ¡tg by intratracheal (i.t.) route. There is a decrease of 
pulmonary bacterialloads when compared with control mice that received empty liposomes. Each bar correspondS to the mean± Standard deviation (SD) offour mice per group. 
Astensks represent statistical significante ('P < 0.05). 
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Fig. 3. Representative histology and morphometry of the lungs after 1 month of treatment with 4-!5-pentadecyl-1,3,4-oxadiazol-2-yl]pyridine. BALB/c m ice were infectecl w1th 

Mycobacterium tuberculosis H37Rv strain by intratracheal (i.t.) route and. after 2 months, the oxadiazole derivative incorporated into liposomes constituted oft-a-Phospl1<1!ictyl­
choline (PC) and Phosphatidic acid (PA) were administered every other day and during 1 monrh. The upper right panel depicts the lung of control mouse that received L'lllpty 

liposomes (PC + PA) with extensive areas of pneumonia (asterisk), while the upper left panel presents the lung of mouse treated with the oxadiazole compound, exhibiting ¡,,sse1 
lung consolidation (Hematoxylin and Eosin [H&E] staining, 25x magnification). Lower panel shows lung area affected by pneumonia detennined by automated morphonwrry, 
confirming lesser rissue damage in treated animals than in control mice (PC + PA). Each point corresponds to the mean± Standard deviation (SD) offour mice per group. A<ani~k' 
represent statistical significance ¡•p < 0.05). 
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Fig. 4. Effect of 4-[5-pentadecyl-1,3.4-oxadiazol-2-yl]pyridine on bacterialloads in lungs from mice infected with the Multidrug-resistant (MOR) strain. The oxadiazole comp<luncl 
was incorporated into liposomes constituted of L-:.:-Phosphatidylcholine ( PC) and Cholesterol (Chal), starting the treatment at 60 days post-infection and administering 150 ~1g \·ve1)' 
other day and cluring 1 and 2 months by intratracheal (i.t.) route. At both time points, the oxadiazole compound (black bars) decreased pulmonary bacterialloads when comparecl 
with control m ice that received empty nposomes (white bars), only being significant after 2 mcinths of treattnent. Data are presented as the mean ± Standard deviation (SO) of fout 
mice per group. Asterisks represent statistical significance CP < 0.05). 
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hurnans. and the highest rate of bacteria! multiplication in the lung 
corre lates with the extent oftissue damage (pneumonia) and death 
of infected animals [46,47). We started the treatment 2 months 
post-infection, because at this time point, infected animals are 
suffcring frorn ongoing progressive disease with high amounts of 
Ji ve bacilli and lung consolidation. Selection of the appropriate dose 
was calculated according to the MIC deterrnined in-vitro (drug 
conrentration sufficiently efficient to ldlll x 106 bacilli), adjusting 
rhe clrug concentration wirh the estirnated nurnber of bacilli in 
m ice lungs after 2 months of infecrion. Our resulrs showed thar in 
comparison with control anirnals (treated with ernpty liposomes), 
afrer 1 month of treatrnent with this oxadiazole derivative, m ice 
infected with H37Rv demonstrated a significant 80% decrease of 
pulrnonary bacilli counts, while animals infected with the MDR 
strain exhibited, after 2 months of treatment, a significan! 90% 
reduction of bacilli burdeos. Thus, 4-(5-pentadecyl-1,3,4-
oxadiazo\-2-yl)pyridine is highly efficient for treating mice with 

PC+CHOL 

late, progressive pulmonary TE produced by drug-sensitive or MOR 
strains. However, dueto their insolubility, it was necessary to carry 
this out by liposomes. These findings also show the high drug­
release profile of these liposomes in the cytoplasm of infected 
cells. an important point, considering that mycobacteria are intra­
cellular facultative organisms. In fact, despite the emergence of 
new antibiotics, TB treatment remains difficult because the ma­
jority of bacilli are localized within phagocytic cells, and the ma­
jority of antibiotics, although highly efficient in vitro, do not pass 
through cellular membranes. avoiding the achievement of efficient 
concentrations within the infected cells [48]. Thus. one importan~ 
point comprises the design and development of carrier systems for 
ántibiotics that should be efficiently endocytosed by phagocytic 
cells, and that, once inside the cells, can rapidly eliminare the or­
ganisms due to achieving high antibiotic concentration and pro­
longing its release, permitting the reduction ofthe number of doses 
and drug toxicity [49].ln this regard, liposornes are well suited as 

PC+CHOL +Oxadiazole derivative 
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Fig. S. Representative histOiogy and morphometry of the lungs after 1 and 2 months of treatment with 4-[5-pentadecyl-1.3,4-oxadiazol-2-yl]pyridine in animals infected with the 
Mull1drug-resistant (MDR} strain. BALB/c mice were infected by intratracheal (i.t} route and. after 2 months. the oxadiazole compound incorporated into liposomes constituted or 
1-:t-l'hosphatidylcholine (PC) and Cholesterol (Chol) were administered every other day during 1 and 2 months. Upper left panel shows the lung of control mouse that received. 
dunng 2 months. empty liposomes (PC + Chol), exhibiting extensive areas ofpneumonia, while the upper right panel depicts the lung of mouse treated during 2 months with the 
oxaciiJwle de1ivarive, exhibiting lesser lung consolidation (Hematoxylin & Eosin [H&E] staining, 25x magnification). Lower panel presents the lung area affected by pneumonia 
cletermined by automated morphometry, confirming lesser, but not significant, tissue damage in treated animals (black bars) than in control mice (white bars). Each point cor­
respu11cls to the mean ±Standard deviation (SD) of four mice per group. 
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vehicles for the delivery of antimicrobial agents because they 
usually provide sustained drug release effect, minimize the toxicity 
associated with encapsulated drugs, and increase overall drug ef­
ficacy. Moreover, liposomes also protect the drug from premature 
immuno!ogical and enzymatic degradation and could act syner­
gistically with sorne bactericida! rnechanisms ofmacrophages, such 
as the production of intracellular reactive oxygen intermediares 
[49 j. Our results clearly illustrate another liposome attribute, which 
is their use as efficient vehicles of insoluble drugs. Another 
important poínt is the drug-administration route. considering that 
beca use >80% cases of TB affect the lungs, it is reasonable to pro­
pose the a erial drug-administration route, which is very efficient in 
obtaining high antibiotic concentrations in the lungs and in directly 
targeting infected alveolar macrophages, maximizing its effect and 
reducing the number of doses and systemic side effects. 

5. Con.dusions 

Our results confirm and extend the reported highly efficient 
anti-mycobacterial activity of oxadiazole derivative 4-(5-
pentadecyl-1,3,4-oxadiazol-2-yl)pyridine. which showed a signifi­
can! therapeutic effect when it is carried by liposomes and 
administered by i.t. route in BALB/c mice suffering from progressive 
pulmonary TB induced by drug-sensitive or MOR strains. 

Conflict of interests 

The authors declare that they have no competing interests. All 
authors read and approved the final paper. 

Acknowledgmen.ts 

This work was supported by Consejo Nacional de Ciencia y 
Tecnología (CONACyT; contract 84456). GMM-S wishes to thank 
IMSS for this collaborative work. 

Referem:es 

[1] WHO. Global Tuberculosis Repon 2014. Geneva. Switzerland: World Health 
Organization; 2014. Available at: http:,i,lapps.who.int/iris;'bitStl"r.<Jmfl 0665/ 
1 ~::7094/1/97,<:;9241 S64809_eng.pdf?IIJ-l (last accessed 05.12.14.). 

[2] Be-cenit-Montes P. S,Jiri-fFrn;ínctc•? S, !.un.;¡-Herrera j, Caballero-Oiín G, Enciso­
¡,,t;o;eno JA, Marr.ine:é-Rodrigue_;: HG. Paclill.;-Rivas G, Garz,¡-T¡·eviúo NE, 
P/:o!ir;ot-S,Jiinds Gtví. (', po¡ndacion-biiSt'CI stucly or fl¡·s; and serond-líne drug­
re>sisrant tuberculosis in 2.. lligh-burden area of rhe iVlexico,IUnited States 
burder. f\'lern.lnst. Os<valcln Cruz 2012:108:160-6. 

[3] Banerj<:""e R, Pdkn A, Vv'esknhousc J_ Oh P, Elms W, Desmond E. Nitta A. 
Roycl" S. Flood S. Extensivl"l)' clrug-resistant tuberculosis in Cllifornia. 
l:.l~l3<WOG. Clin. lnfc:-ct. Dis. 2008:-17:.<150-7. 

!4] P,1sipa110dya JG, Cumbo T. A mcta-analysi~ of sc-lf-administc-n:d l'S dir0ctly 
obscn:c·d thcra.py <'ffcct on microbolo¡;ic failure, rclapse, and acquircd dmg 
¡·csi~t2nce in tuberculosis p2ticnts. Clin. lnfect. Dis. 20-13:57:21-31. 

!S] S,Jg'.·\'<1 E. Ru~v>hl N. 1\f:usa~,l jP. ManrC'l Tc·euwi~se Al<. Adwrsc· t:·V(~nrs during 
tTC'<ltment of drug-r,:~i~tanr tuben·ul•_,~i~: a cornparison bé'tVIit"<"l1 patk·nts with 
o·· wilh•xlt numan immunockfl:tc71Cy virus cn-infection. Fxpert. Opin. Drug 
SaL 201:~:3G:I087-9G. 

[6) V.-111 der \Valr ¡'.!!, l~OJJ\\.ú~kr _i, Ockncl,lill R. Davis jG. SheM1 K. Fadey j. Se-rious 
ITlc.:JI'llkl11' ro'l.li'<Cd ,1dver'~' drug rt",lc·tions ,lmongsi' ,JJ11'Í··retrovir,ll niti've MDR­
TB paLients. 1:.-'lb:;lract). PCoS One :::013:S:e58817. 

[7] Cros'd JH, SingerTG. Bish<li \·1/R. N,·w d1·ug$ íor the treatmenr oftuberculosi~: 
hope ,llKI re<llity. in t. J. Tuberc. Lung Di~. 2012; 16:1005·· .. 14. 

[S] S2.lomon CE. Schmidt LE. N«tu>di products as l1:ads for wberculosis drug. 
ckwlopment. Cur~. Top. Mecl. Cilem. 2012:12:735-"65. 

[9] U:1 X. Ch~:n C, J--10 W, l·lu211!; P, Uu J\,·1, Wang2 Q, Guo H. Bolla K Lu Y, Song F, 
Dai 1-i, Liu i'v1, Zhang L E;.;¡Jiorin:; ,o¡mi-TB lcads from natural producrs libr,try 
oríginJt~·d from marine míuobcs and medicinal plants. A Van Lecuw. J. 
l'v1\crobroL 2012:102:447-61. 

(10] Zur.dJ A, N.cthicl 1'. Cele' ST. Adv,;r¡c.;•s Íll tlw develop1wmr of IWW tuberculosis 
d;·ugs ;md treatrnt.:nt rcgimcns. N,tr. Rcv. Drug Discov. 20'13:'12:388-404. 

[ 11 j Eng•.Jh:mg-Ndong J. ,\nrimyrobactcrial drugs CIJI'l\'ntly in P\"i,15c' JJ clinic.al trials 
,lntl pn:clit1icaJ p\nsc íor· tube1·culosis tl"C',11m<:·nt. Expcn. Opin. Jnvcsr:. Drugs 
2012;21: 1 789-300. 

[12] Villenh>gne 8. Crau.St(' C. flipn [1:1, BauiMd /iR., Déprez R V/ili<~nd N. 1:1' 
,losis: tht" drug dewbprnent pipeline al a 1,l.ince. Eur. j. Mcd. Clwrn. · 
1-16. 

[13] STOP TB Partnership, Working Group on New TB Drugs, Available at: 
www.newrbdrugs.orgtpip-0line.php (last accessed 05.12.14.). 

!14] WHO. The use of Bedaquiline in the Treatment of Multidrug-Res1stant 
Tuberculosis. lnterim Policy Guidance. Geneva, Switzerland: World Healrh 
Organization; 2013. Available <lt: http:/_,',>pps.\·Vho_inr/iris¡'bitnrc",tll1 
S4879fl/97892"t 15054S2_c:·ng.pdf"?ua-1 (last accessed 05.12.14.). 

[151 Mukhopadhyay $_ i-.Iair S. Ghosh S. Pathogencsis in tubucuk,~IS 
scriptomic appmachc,.; w unravt:ling vitL1h.OilCC:· mr:·ch<misms Jncl fincl'! 
drug targ0ts. f'EI\:IS i\:liri'Obiol. llev. 2012:36:463-85. 

!16] jJI1S$el1 S, jayach,-:m,1r,1n R.. l<h,lthi L. Zinsst,lg j, Grobusch rvl!'. 1' 
Exploring pn;spect> of novel d1·ugs for tuberculosis. Drug Des J)c, 
20'12:6:217-24. 

[171 Si!v.1 r'\P. T,1bernero!. New ~lr2.tegies in flghting TB: targering 
W!Jerculo,;is-st'netdl phosphatases i'vlptpf\ & ;\~ptpB. Future 
2010:2:1325-37. 

[18] l<umar 1( AW,l~thl [•. Bt'r:J,(:'f \AIT. Tonge Pj, Siaydr:n RA .. Ojirn,l J. tn~u;-. 
anti-TB dl:::ents th<lt !dC?,d. the cell~clivision pwtein FtsZ. Futur,, :v1ul. 
201 0;2: 1305---23. 

[19] RoclriguE.-s l. Aín$a JA. Ama!\~! l. \:i~·eiros f\..'1. lnhibition o:· clru,¡; L'ir 

[20[ 

!21 1 

[22[ 

[23[ 

[24[ 

[25[ 

[26[ 

mymbackri.a \·Vith ph~·notll ia.zirles a 11d Pthcr putativ~· efflux inhibir,'~'"- ¡, 

f'at.llnrimr~·ct Drug Piscov. 201!:():1'18-:n. 
Kuma¡· D, l>cena, kh.l!"C C, Kidw:d S. Tyagi ;,1<. Singh 1\, Rawnt DS_ S~'l1r!o, 
novd 1.23-tr"i,12<)k dcrtV<Jrive' of i~uniazid ,ond rh<:'ir iu virru .lllil 
.mtimycob,)cn:•rial .~ctn:ity ev,1lu<J.tion. Eu:-. J f\.·1cd. Chem. :CO 14:;-; l: ;o 1 
lvlamolo rvtc. L01mpien D_ Vio '. Fcrmegli,e M. Fcr1·on" M, Pr:rl s. Sci,1 
B.:wfi E. /l.ntimycob,lckriJ.l activity~ oflW\V >substitutcd 5-::pyndinc~.~-' 
1 .3.4-oK,Jdi,,zol-2-oJk ,)nd 2-::hioné' cleriv,Jrivtes. Prelimin,,ry 111· · 
modelinz investig.,ltiono.. Bioorg. Med. Cllem. 2005:13:3797-.SIJ~I. 
ele Oliveir¿:¡ CS. Lir<1 BF, Bdrbos<:-Pi!ho JM, Lürenzo jG, dé AtilCI','(Ü:-F•! 
Synthetir. appro~r.h•os and phMmarologic,,! .activit;,' M 1,3.4-o~,ldi,o·/ 
r·e,•iew l'f ¡-he likrarure from 2000-2012. lvlokculrs 2012:17:101 ~1::- · 
Khalilull.ilh H. Ahs¡¡n \·1j, 1-ic::daitullah l\/1, [(hdn S, ."'.hmed B. 1.3.4-o:~,lciJ, 
bio!ogically active scaffolé1. !Vlini Rev. rvt:::d. Chcm. L012;12:7S9···S01. 
Jüm S, Nagy GZ. róth M, Czeczc; L. V<m Nhien AN. Docs.1 T. C.r:!-­
Charavgi MD. Skourti i''V. Chry5ina ED. P,1tonay T. Som-;.ák L 
variously cr,uplcd mnjvgatt·s oí D-glucOS(', 1 ,3.-<1-!Jx,ldiazolt·. and 
for inh1hition of glycogcn phosphorylase. C!riJ,;hydr_ Kc$. 2011 :3,b: ¡,.; 
B<mka1· GK Nandakum;tr 1{, r~ayak PC_ Ttlal<ur A. Ch,:unal\,y,lll• 
Nampur,;th GIC V,1s<>rel<lXMtt elrcct Íi1 ¡-,u aorti<: ¡·ings rhwu:-;h 
ch,;nnel block,lg,•: a preiimin,lry in virro :rS5d$nKnl. of " \ .3.-+-o'!-'' 
dt'l"ivative_ Chcm. B:oi. \;¡teract. 2009:1SL:,77-82. 
Akh<er 1'-v·J, Akht·e¡· N. c\iam M:\l Z,<m<ln l\·15. S,Jh,1 R. Kurnar P.. Synrh;'' 
bi(Jiogic,ll ev,tlthlti,_•li ,,r 2.5-di~ubvitukd -¡3.4-•.•'<adi.a::olc· ckri'.',lliv· 
borh COX J.nd lOX inhibitory aclivity.j. f.)t;:~rme lnhib. \kd. Cl1c·11l- 21' 
767··"·75. 

[27! Ja;,;ash;mkar B. Lokandth R,1i I(M, B,15kM.ll) N. Scithish HS. S_I-T1i!H_", 
pharmacologicctl C>Vdlu2.tion of 13.4~oxadi"1ZOie bec1rin¡:: bi~.: hetl'r•XY•: 
rivatives as anti-inflamnlaton.-' ancl analgesk 2.¡;cnts. EUI·. J. \-kd 
2009;4•l:3S98---Y02. 

[28] Zarghi A Faizi rvJ. Sh<it"aghi B. r\hadian A, Khojastehpoor HR, L<1:1;~, 

Tabatal)ai St\, Shatke:· Pt. D0sig:1 3.nd synthc-sis \'r ncw 2-sub;:tirutr.-. 
benzylthiophc•tlJd ¡. J .:i.<-1.- ox,<di,nolr.s as bc-nzodi,ucpinl" recepror .l:c 
Bioorg. Med. Chem. Lo'tt. 2005: \ 5::~-120i-9. 

[29] Tu G, Van Y, Citen X. Lv Q. WangJ, l.i S. Synrhesi> ,wd anriprolifer,1tiv\' ,·.,, 
1,3,4-o:<<ldi,'l.:>:ole ;m¡j \,2,4Htr·i,E<Jic d<ét·ivatives in canccr cel!s. Dru:~ 

TheT. 20 13:7:58-GS. 
[30] Jha KK. S<mJ,1d A. KurnM Y, Sh,lhctrydl" i\·1. J..:hos,t Ri .. jainj, !(¡¡mar V,"" 

Design. ~yn::he'i' <tnd bioiogic,Jl o'v,llu,Jt·i,-·11 0Í 1.~,4-m:<tdi,u,-,\e dc-1<· 
F:ur.j. (l:kd. Ch,·m. 2010:45:4053-7. 

[31 1 5,1ng;shdti JN. Sltind.c DB. Syntlte~is o( sorne novel 3-11 
sl'il'utedpiperidin-4-yl :-1 H-1.2,3-l'fiazol-4-¡·1 1-5-sul,stituted 
oxadiamk~ .:~s antif'tmg.al agcnts. Eur. J. i\·kd. Che m. 2011:116: 

[321 Li Z. Zhan P, Liu :~. 1.3.+o:<.'ldiazolc: a privilegccl st:ruct1.1rc m ,Jntiv!r;il 
lvlini Rev. lvlcd. CiJcm. 2011:11:11 :10··-4:2. 

[33] N.avarrctc-Vázqucz G. Molina-S.alina' GM, Ou,lrtc-Faja¡·clo Z\1. 
Vill,irrcal J, Esrrada-Soro S, Gonzalr.z-Saiazdr F, l--Jcrn:ind0Z-O',h1úcx 
Fernandez 5. Synthcsi5 Jnd anr'lmycobac~('rial activit:-,' of 4-(5-5ub~:· 
13,4-oxadi,nol-2-yl;pyridilW$. Bior;rg. iVlt't"i. Cbl:m_ 2007: 15:55()2-~'-

[34] Biava i\-1. l'orrerta GC. PClcc C, De Logu t.... Saddi M. Me\o,idu !-':., M,1J1L'l · 
Rossi E, Botta \-1. \ ,5-Diphenylpyrrole deriva ti ves as antimycobacrl· ricd 
Probing the intluE'IK•'- on antimyc-ob,lcl\'ri,l1 x·tivit:_: of lipophi!i< ~ub>l 
,11· tlw phenylr·in;;s. j. rvied. ChE-m. 2008:51 :::5-14-S. 

[35] Siava M, Porren,¡ GC, Püü' G, De Logu A Mekddu R. De Ro~si E, .VLt• 
Bott.a M. 1,5-[tidrJ:'l-2·-c'tlwl py1-rol~' dt:riv..:~rive:s ¿¡s antimyec•b:Jcren..\1 
desipt, synthe~is. ,J1l(j microbiologiczl ~'V<l\t:.ition. Eur.J i\lkd. Che::ITI. ;¿,· 
4734·-.. S. 

[36] Khoshnc:viszackll l\'1. Edraki N,_!2vidni2 K. Alllor:d A, Pourabbas B. !Vl,-ml 
Miri R. SyJltl1es15 ::tnd b1oh.,gical evaluation o~· so m <O" nc'N 1 ,4-d 1hyclrop•,--, 
containing diiTcrenL csLer sullstilute and diethyl carbamoy\ gT<'UP ,;' 
rubr:r~'tll.ar agc-nt~. 8it\IJrg. 1\ilQ·d. Che m. 200~~: 17: \ 57~-J-···36. 

[37] Ondjolc OK. Covcno·er 1..:. c~wci~d.cr P. van Heldcn PD. Krugc1·1 tC. r ... ~,lp::o; 
MuthUSJill}' K, i>iliay rvl, VViid L CO\'C'ndcr '1'. l·'ent,1Lytlo-undcc·2nC' " 



14 

1381 

[59] 

140] 

[41] 

[421 

143] 

D. Mara-Espinosa et aL¡ Pulmonary Pharmacology & Therapeutics 32 (2015) 7-14 

,·:;.- 1\·i·¡,)-,tnLÍlWS: -;ylll.hc;~is ,¡ncl (-valuin:ion ,~, pnl<'l11 ,m¡i-tuberc·ulo~is 

c·•:ts. fu1._j. Mt·cl. Clwrn. 2009;44:4297-::;05. 
1:1g-Flaua C. Hern:mck;:-Pando R. Restndi; A. lescucano h Bustc,s 1, 

. Jl\c'l \'1, VVrJng C. B<"ttZ,l l. Molecular ~•rganization o( rho:: non-bilayer pilos­
l'lipid ,trrans;ements tb<J.t iitduce an dutoimmutw clisease fCc"scmbling hu­

·'" lupu~ in mice. r>lol. Membr. Eiol. 2012:29:52--·67. 
c·JitlJ-.S.<Jinas CM. R,'lrnos-Guerra MC. Vargas-\lilldrrQ·all. Mata-Carden as BD, 
·; r,rrii-Monrr:-s P, Said-Fcrnccíndez S. 8actc:rícidal JctivirY of organic extracts 
.nn ¡:¡..,urc:rtsia cermw DC against strains. of Mycobar:tenum wbercuiosis. Arch. 
'c'cÍ. Rt·S. 2006;37:45-9. 

_11 .. Lttchsingc'l' DW. The use of fluon:·srein CíaO''fdtc' and e-rhiclium 
J~ a ~t.1Ín for ev,:;luating vi,1billry of mycobJcteri.'l. Srain Tc;c.hnol. 

;.':0:55:.?:53~8. 

;··:;h B. rvrfrchi.son DA s,_¡ct.;ricid:,¡ actilfity of 8treptomycin and isoniazid 
·;,m>t' tubercle bacmi. BMJ Rr. Mecl. j. 1954:1: J:~o-2. 
nHnins GS. Deretic 1/. Mecr~anisms or actio¡·, d' :sonLEid. )li1t>l. Microbio!. 

, ·,¡r; YL .1\mi•:uberculosi:; drug~: ten y¡:Jf:> ,.,f re>t'o\\'Ch. Bioor~,. \1ed. Chern. 
;1, 17: 1 5:.?:-17!1 ... 5]3. 

[44] \'1/ilde-r-Srnlth AE. Some n•cently ~ymlwsi~t>d t·ub<crcuJosl·,l\ic 4-~ul;s,•·:tt;kd 

oxadiazolone5 ami o:.;adiilzol-tbione~. \11. Ar;;neiln. For:;ch. 1956:15:1 o::A-3. 
[45] Warner DF. Ml;.rahi V. Tuberculosis chemmher,1py: llk ml1uence al· b.1·:il1.ar~­

s-treó's .and damd_;:e r·e~pcmse:- patllwa_vs c·n dru,g efí"lcacy. Clin. Micrcbir .. J f\ev. 
2006;19:558~70. 

[46] Hemández Panda R. Orozco EH. Maidonado H. Aguilar LD. \/i[~·his 
Lmderos MM, Mata E>pinoza D. Mendoza V, Lopez Casilla> F. !1 combina:ion 
of transforming grov,,tb f21ctor-G antagonists ,md <111 inhibitor of cyclo­
OX)'genase inhibitor~ is an cffective treatment for murine pulmon.:ny tubc::r·­
culosis. Clin. Exp. lmmunol. 2006:l-14:2G4-72. 

[47] Hernand0z P,1ndo !\, .. lguil,~r León D. Om::co H. Ser-r;mo t\. /\hlcrn C. T¡·,lr.:g,~r R. 
Schramm B. Reading C, Frincke J, Rook G/L 16-o:-Gromoepi:mdrr;src;rork re­
stares T he!per ce[] typc ·¡ activity ,;ncl accekrat..:·s chL·mothetJ.py-induced 
b,lctel'ial clearance in a modeJ ofprogressiv,, pu!rnonary t·uben:uJusls.j. lnfe,:L 
Oís. 2005:19l:299-30G. 

[48] Eriones E, Colino CL J...anao jfvl. De-livery sy~terrb to incr"e<lse the s<'lec·ti·viry or 
antiiJiotics in phag~cytic cells. J. Control Rei~:-?.se ~:008: 125:21 0-::7. 

[49] [Jube D. Agrawai GP. Vya:; SP. Tubt:'rculosis: t'rom molecular parl1or;en2~i5 to 
effecciw clrug canie-r desig;n. Drug Disco\:. TNlily 2012:17:760---73. 



18 

Towa.rds a. New Cha.llenge in TB Control: 
Development of Antibody-Ba.sed Protection 

Armando Acostal·, Yamile Lopezl, 
Norazmi Mohd Nor2, Rogelio Hemández Pando3, 

Nadine Alvarezl and Maria Elena Sarmientol 
1Instituto Finlay, La Habana, 

2School of Health Sciences, Universiti Sains Malaysia, Kelantan, 
S Experimental Pathology Section, National Institute of Medical Sciences and Nutrition, 

Mexico City, 
1Cuba 

2Malaysia 
3Mexico 

1. lntroduction 

Throughout history tuberculosis (TB) has been a health problem for humanity. In the 
beginning of civilization when human population densities were sparse, this disease may 
have been fairly harmless. However, with the increase in population densities, probably 
from the 17tl' to 19th centuries, TB took epidemic proportions [1]. 

Bacille Calmette Guérin (BCG), the only licensed vaccine against TB, has been shown to be 
effective in preventing meningeal and miliary TB in children. However, the efficacy of this 
vaccine in preventing adult pulmonary TB is questionable. Despite widespread vaccination 
with BCG, nearly 2 million people die each year from TB. Furthermore, the World Health 
Organization no longer recommends BCG vaccination of children with HIV or HIV -positive 
mothers due to safety concerns, leaving many infants without any protection against this 
disease. While drug therapies exist to combat TB infection, the implentation of suitable 
treatment is often difficult in the countries hardest hit by the disease and a fact complicated 
by the limited effectiveness of the current therapeutic schemes at treating drug resistant 
strains ofTB [2-4]. 

Nowadays there is an increasing realization of the need of new animal models to test 
vaccine efficacy in more realistic scenarios overcoming the lirnitations of the current models 
in use. In addition, the elucidation of the significance of humoral defense against 
intracellular pathogens, in particular against Mycobactenúm tuberculosis, constitutes an 
exciting new approach to improve the rational design of new vaccines/ therapies and 
diagnostics. 

~ Corresponding Author 
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2. Reshaping the classical paradigm 

In order to develop improved vaccines and new methods for the control of TB, an important 
element is the discovery of markers to measure the effector mechanisms of the protective 
immune response against M. tuberculosis. For many years Cellular Mediated Immunity 
(CM!) was attributed as the exclusive defence mechanism against intracellular pathogens. 
The Th1 /Th2 classical paradigm prevailed for a long time and directed the development of 
vaccines according to this theory [5]. 

Based on this point of view, only intracellular pathogens could be effectively controlled by 
granulomatous inflanunation induced by a Thl response whereas a Th2 response induces 
antibody production that control extracellular pathogens and parasites. However, the 
question arises of what real! y constitutes the true demarcation between "extracellular and 
intracellular"? In the infectious cycle of severa! intracellular pathogens, they could be found 
in the extracellular space and vice versa. In the specific case of M. tuberculosis, it can be 
localized extracellularly at the beginning of the infection in the upper respiratory tract as 
well as in advanced stages of the disease after the rupture of granulomatous lesions [6]. In 
the case of Erhlichia spp specific antibodies could mediate protection against [7], possibly by 
blocking cellular entry or promoting the expression of proinflammatory cytokines [8;9]. It 
has been demonstrated that this obligate intracellular pathogen has also an extracellular 
phase that may include replication which could be targeted by specific antibodies [10]. 

For certain viral pathogens, the induction of Antibody Mediated-Immunity is sufficient to 
prevent infection, as has been clearly demonstrated by the almost complete eradication of 
smallpox with the use of vaccines that elicited antibody-mediated immunity [11]. There are 
severa! prokaryotic and eukaryotic intracellular pathogens for which antibody have been 
shown to modify the course of infection by different mechanisms, as reviewed extensively 
by Casadevall and colleagues [12-14]. Nowadays, it is well established that an efficient 
combination of both humoral and cellular immune mechanisms could be the best choice to 
control certain diseases produced by intracellular pathogens [15;16]. 

In 2005, de Valiere and colleagues reported for the first time that human antimycobacterial 
antibodies stimulates the Thl response instead of diminishing it, as was thought previously 
[17]. 

3. Protective role of antibodies: Epidemiological evidence 

There is accummulated evidence in the last few decades on the influence of antibodies in the 
development of pulmonary or disseminated TB. Children with low serum IgG against 
sonicated mycobacterial antigens and LAM, or those who cannot mount antibody responses 
to these antigens, were predisposed to dissemination of the bacteria [18]. In another report, 
Karnble and colleagues reported that M. leprae reactive salivary IgA antibodies could be 
quite important in a mucosa! protective immunity [19]. In one study carried out on the 
Mexican Totonaca lndian population, the presence of high antibody titers to Ag85 complex 
antigens were observed in patients with non-cavitary TB and in patients who were cured 
with anti-TB chemotherapy. In contrast, patients without such antibodíes had a poor 
outcome of the disease [20]. 
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4. Experimental studies 

4.1 Animal models for the evaluation of the role of antibodies in TB infection 

One important criterion for the evaluation of the role of specific antibodies in the 
protection against TB is the use of animal models. Currently, there is no optimal model to 
reproduce the infection as it occurs in humans [21]. Severa! animal models have been used 
to evaluate different aspects. One crucial aspect is the delivery of inoculums, where 
several routes of inoculation have been employed as intravenous, intraperitoneat 
intranasal, aerosol and intratracheal [22]. The geographicallocation, genetic factors of the 
host, the presence of environmental mycobacteria and other concomitant infections 
like helminthiasis, are factors that have to be considered when designing animal 
experiments [23]. 

The study of the distribution of monoclonal and polyclonal antibody formulations in 
different organs and tissues of mice after administration by different routes, including the 
use of backpack models have been reported [24-26]. Each model has its advantages and 
drawbacks. For exarnple, the backpack model is very useful for the evaluation of the 
protective role of IgA. but poses ethical problems in long term experiments due to the 
increase in tumour size over time produced by the inoculated hybridoma [27]. 

In prophylactic and therapeutic models, antibody fonnulations have been administered via 
the intranasal. intravenous and intraperitoneal routes and combined with cytokines and 
antibiotics [28,29] before and/ or after the infectious challenge. 

The administration of M. tuberculosis pre-coated with antibodies [30,31] in different models 
of infection have also contributed to understanding the interactions between host and 
micro be. 

Another approach has been the use of knockout rnice models for IgA, polyrneric 
immunoglobulin receptor (pigR) and B cells, as will be discussed later. 

4.2 Experimental studies with antibodies 

A great number of studies involving antibodies as inoculum have been conducted as far 
back as the end of the 19th century. These experirnents can be grouped in severa! categories: 
serum therapies, mouse polyclonal antibodies, human polyclonal antibodies including 
commercial human gamma globulins, secretory human IgA (hslgA) and studies with 
monoclonal antibodies. 

4.2.1 Serum therapies 

Serum therapy experiments were conducted from the second half of the 19th century. 
lmmune sera was generated by immunizing animals with different microbial fractions and 
administered either to animals or humans. The results obtained were either variable, 
inconclusive or contradictory/ due to differences in the methods of serum preparation or its 
administration, and the lack of appropriate experimental controls [32]. These controversia! 
results led to the perceived rninor role of antibodies in the defence against intracellular 
pathogens. 
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Why these results were considered ··controversiar? lmmune serum is a polyclonal 
preparation that includes antibodies to multiple specificities and isotypes; consequently, 
polyclonal sera may contain blocking antibodies [33] and antibodies of different functional 
categories fuat can affect the outcome of infection. For example, IgG3 murine monoclonal 
antibodies protects against Streptococcus pneumoniae and M. tuberculosis but fails to protect 
against C. neofonnans [34]. Moreover, results from animal studies are not always reflective of 
fue Ig isotype function in humans. Besides intrinsic factors associated to the antibody 
structure, ofuer parameters such as fue genetic background of fue microbe and the 
immunocompetence of fue host could alter fue outcome of antibody protection experiments. 
For sorne microorganisms (Legionella pneumoplzila and C. neofonnans), passíve antibody 
fuerapy efficacy depends on fue mouse strain used [35]. In fue same way, sorne microbial 
strains are more susceptible to fue effects of antibodies. The animal model used is another 
important parameter fuat varies between different experiments cited in fue literature. 
Timing, fue route of infection, fue magnitude of fue infecting inoculum and tl1e variables to 
measure efficacy are sorne of fue critica! parameters in antibody protection studies [36]. 

Despite its controversial nature, the results obtained wifu serum therapy were valuable, 
dernonstrating sorne beneficial effect of serum on fue course of TB in humans, mainly in 
cases of early or localized TB [37]. Moreover, it was demonstrated fuat long períods of 
treatlnent were necessary to achieve a sustained effect [38]. 

4.2.2 Polyclonal mouse antibodies 

A recent study re-exan1ined the usefulness of immune serum in fue context of a fuerapeutic 
vaccine against TB [39]. This vaccine, called RUTI, is generated frorn detoxified 
M. tuberculosis cell fragments fuat facilitate a balanced T helper response to a wide range of 
antigens along wifu intense antibody production. Local accumulation of specific CD8+ 
T cells and a strong humoral response after immunization are characteristic features of 
RUTI, features that con tribute to its protective properties. In fuis study, immune serum was 
generated by imrnunizing mice wifu RUTI. Severe Combined lmmunodeficiency (SCID) 
mice were infected wifu M. h1berculosis and treated with chemotherapy for 3-8 weeks. After 
chemotherapy they were treated for up to 10 weeks wifu intraperitoneal injections of 
immune serum. Mice treated wifu immune serum from RUTI vaccinated animals showed 
significant decreases in lung CFU as well as reduction in fue extent of granulomatous 
response and abscess formation in comparisson wifu controls. These results suggest fuat 
protective serum antibodies can be elicited by vaccination, and fuat antibodies may be 
usefully combined with chernofuerapy [29,40]. 

4.2.3 Human gammaglobulins 

4.2.3.1 Human polyclonal antibodies 

The first evidence of tl1e stimulatory role upon cellular immunity of specific antibodies in 
experimental mycobacterial infections was reported by Valiere and colleagues in 2005. In 
this study, serum samples containing specific antimycobacterial antibodies were obtained 
from volunteers vaccinated twice wifu BCG by fue intradermal route. Significant titres of 
IgG antibodies against lipoarabinomannan (LAM) were detected in fue volunteers. 
Moreover, BCG internalization into phagocytic cells was significantly increased in fue 
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presence of BCG induced antibodies as were the inhibitory effects of neutrophils and 
rnacrophages on rnycobacterial growth. Furtherrnore, these antibadies induced significan! 
production af IFN-y by CD4+ and CD8+ T cells [17]. 

4.2.3.2 IgG formulations 

Roy and colleagues dernonstrated that the treatrnent of M. tuberculosis-infected rnice with a 
single cycle af human intravenaus Ig resulted in substantially reduced bacteria] Iaads in the 
spleen and Iungs when adrninistered either at early ar at late stage of infection [41]. 

The effect af the administratian af a carnmercial preparatian af human gammaglobulins in a 
mouse rnodel of intranasal infection with BCG 'was evaluated by our group. We 
demonstrated the passage of specific antibadies to saliva and lung lavage fallawing the 
intranasal or intraperitoneal administration of human gammaglobulins to mice. This 
treatrnent inhibited BCG colonization of the lungs of treated mice. A similar inhibitory effect 
was observed after infection of mice with garnmaglobulin-opsonized BCG [42]. The same 
formulation was evaluated also in a mouse model of intr·atracheal infection with M. 
tuberculosis. Animals receiving human gammaglobulins intr·anasally 2h befare intratracheal 
challenge showed a significan! decrease in Iung bacilli load campared ta non-treated 
animals. When M. tuberculosis was pre-incubated with the garnmaglabulin befare challenge 
the same effect was abserved. The protective effect af the gammaglobulin formulation was 
abolished after pre-incubation with M. tuberculosis [30]. These results suggest a patential role 
of specific human antibodies in the defence against mycobacterial infections. 

Taken together these studies provide consisten! support for the potential use of 
gammaglobulins and their beneficia! immunomodulatory effects in tuberculosis. The results 
of certain knockout mouse studies and the gammaglobulin experiments indicate that B cells 
and their praducts mediate protection against M. tuberculosis [43-45]. However, the 
importan! question that remains is whether B-cell responses can be augmented ta improve 
hnmunity against M. tuberatlosis through im1nunotherapy or vaccination. 

4.2.3.3 Puri'fied human secretory IgA 

Human secretory IgA (hslgA) is the majar class of antibody associated with immune 
protection of the mucosa! surfaces [46]. Colostrum volume is above 100 mL in humans 
during the first three days after delivery [47]. The high percentage of (hslgA) in human 
colostrum [48] strongly suggests its importan! role in passive immune protection against 
gastrointestinal and respiratory infections [49]. In one study performed by our group, hslgA 
from human colostrum was obtained by anion exchange and gel filtration chromatographic 
methods, using DEAE Sepharose FF and Superase 6 preparative grade, respectively [50]. 
HslgA was administered intranasally to BALB /e mice, and the leve! of this immunoglobulin 
in severa! biological fluids was determined by ELISA. The results showed the presence of 
this antibody in the saliva of animals that received the hslgA, at all time intervals studied. In 
tracheobronchial lavage, hslgA was detected at 2 and 3 hours after inoculation in animals 
that received the hslgA [51 J. Similar studies were performed by Falero and colleagues with 
monodonal antibodies af IgA and IgG class [52]. Following demastration that hslgA cauld 
be detected in several biological secretions after intranasal administration, the protective 
effect of this formulation against M. tuberculosis challenge was evaluated. Mice challenged 
with M. tuberculosis preincubated with hslgA showed a statistically significan! decrease in 
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the mean number of viable bacteria recovered from the lungs compared to control mice and 
to the group that received the hsigA befare challenge with M. tuberculosis. Moreover, an 
increased leve! of iNOS production was also reported (Aivarez et al., mam1uscript in 
preparation). Consistently with this result, a better organization of granulomatous areas 
with foci of lymphocytes and abundan! activated macrophages were observed in the lungs 
of mice of the group that received M. tuberculosis pre-incubated with hsigA sacrificed at 2 
months post-challenge. Untreated anin1als, however, showed an increased area of 
bronchiectasis and atelectasis as well as fibrin deposits, accumulation of activated 
macrophages and lymphocytes. The pneumonic areas were more prominent in the 
untreated animals than in the groups treated with hsigA and M. tuberculosis pre-incubated 
with hsigA (Alvarez et al., mannuscript in preparation) 

4.2.4 Studies performed with monoclonal antibodies 

Since the first report on the use of the monoclonal antibody Mab 9d8 against M. tuberculosis, 
many similar studies have been reported [53;54]. This IgG3 monoclonal antibody (Mab) 
generated against arabinomam1an (AM) capsular polysaccharide, increased thesurvival of 
intratracheally infected mice when the M. tuberculosis Erdman strain was pre-coated with it. 
In this study, a longer survival associated with an enhanced granulomatous response in the 
lungs was found as compared to controls receiving an isotype-specific non-related Mab [31]. 

Another Mab, SMITB14, directed against the AM portian of LAM prolonged the survival of 
intravenously infected mice associated with reduced lung CFU and prevention of weight loss. 
In this study, the authors demonstrated that protection was independent of the antibody Fe 
portian, because the F(ab')2 fragment also conferred a similar protective effect [55]. 

In another study, mice receiving the Mab 5cll (an IgM antibody that recognizes other 
mycobacterial arabinose-containing carbohydrates in addition to AM) intravenously prior to 
Marmosylated lipoarabinomannan (ManLAM) administration, showed a significan! 
clearance of ManLAM and redirection of this product to the hepatobiliary system. This 
study strongly supports an indirect effect of certain antibodies on the course of 
mycobacterial infection, altering problably the pharmacokinetics of mycobacterial 
components and contributing to protection against TB [56]. 

Heparin Binding Hemagglutinin Adhesin (HBHA) is a surface-exposed glycoprotein 
involved in the mycobacterial binding to epithelial cells and in mycobacterial dissemination 
[57]. Monoclonal antibodies 3921E4 (IgG2a) and 4057D2 (IgG3) directed against HBHA were 
used to coat mycobacteria befare administration to mice. In this study, spleen CFUs were 
reduced while lung CFUs did not [58]. These results suggest that binding of these antibodies 
to HBHA impede mycobacterial dissemination. 

The protective efficacy of a monoclonal antibody, TBA61, IgA anti-Acr administered 
intranasally befare and after the intranasal or aerosol challenge with M. tuberculosis was 
demonstrated in a previous work [59]. In another series of experiments carried out by López 
and colleagues, the protective effect of this Mab administered intratracheally before an 
intratracheal challenge with virulent mycobacteria was evaluated. At 21 days post-infection, 
pre-treatrnent of mice with TBA61 caused a significan! decrease in viable bacteria in the 
lungs compared to control mice or those treated with the Mab against the 38-kDa protein 
(TBA84). Consisten! with the reduction of viable bacteria following treatrnent with TBA61, 
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the area of peribronchial inflammation was also statistically smaller in this group compared 
to the control group [60]. 

V\Then the lungs of mice were histologically examined, granulmnas were better organized in 
the infected animals that had received TBA61 than in controls or mice treated with TBA84. 
The reduction of CFU in lungs of the treated group was associated with milder 
histopathological changes, as indicated by the organization of the granulomas and less 
pneumonic area. The fact that this Mab promotes granuloma fonnation in mice infected 
intratracheally with M. tuberculosis strongly suggests the close interaction between antibody­
mediated immunity and cell-mediated immunity to induce protection against intracellular 
pathogens (61). Sorne of the results obtained in the evaluation of TBA61 monoclonal 
antibody under different conditions are listed in the Table l. 

MAb, delivery Days Parameter measured References 
route and 

Challenge 
selected for 

inoculation Organ CFU 
Histopathology 

re~ime Harvestinl:í reduction 

TBA61 i.n 
(-3h, +3h, 6h) Significant 

TBA61 i.n (-3h) H37Rv i.n, 
9 days 

reduction of 
nd 59 

TBA61 i.n (+3h) aerosol CFU post-
TBA61 i.n challenge 

Significant 
reduction of the 

TBA61 i.n + IFN-y Significan! granulomatous 
i.n H37Rv 9, 21 and reduction of area in the 

(-3h,_-2h, +2h, i.n, aerosol 28 days CFU post- lungs of 
28 

+7h) challenge treated as, 
compared to 

untreated mice 
Less interstitial 

Significan! and 

TBA61 i.t (-3h) 
H37Rv 24h, 72h, reduction at peribronchial 

i.t 21 days 21 days post- inflam1nation. 
60 

challenge Well-organized 
ranuloma 

Table 1. Results from different experimental approaches involving a monoclonal antibody 
against M. tuberculosis 16 kDa protein (TBA61). Note: i.n: intranasal; i.t: intratracheal 

The 16 kDa protein (Acr antigen) has been defined as a majar membrane protein 
peripherally associated with the membrane [ 62] carrying epitopes restricted to tubercle 
bacilli on the basis of B-cell recognition [63,64]. The Acr antigen is present on the surface of 
tubercle bacilli and is highly expressed in organisms growing within infected macrophages, 
allowing it to be potentially targeted by specific antibodies either inside infected cells as well 
as extracellulary. 
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A novel immunotherapy, combining treatment with anti-IL-4 antibodies, IgA antibody 
against 16 kDa protein and IFN-y, showed the potential for passive immunoprophylaxis 
against TB. In genetically deficient IL-4-/- BALB/c rnice, infection in both lungs and spleen 
was substantially reduced for up to 8 weeks. Reconstitution of IL-4-/- rnice with r!L-4 
increased bacteria! counts to wild-type levels and making mice refractory to protection by 
IgA/IFN-y [65]. 

More recently, Balu and colleagues reported a novel human IgAl Mab, constructed using a 
single-chain variable fragment clone selected from an Ab phage library. The purified Mab 
monomer revealed high binding affinities for the mycobacterial a-crystallin Ag and for the 
human FcaRI (CD89) IgA receptor. Intranasal inoculations with the monoclonal antibody 
and recombinant mouse IFN-y significantly inhibited pulmonary H37Rv infection in rnice 
transgenic for human CD89 but not in CD89-negative littermate controls, suggesting that 
binding to CD89 was necessary for the IgA-imparted passive protection. The Mab added to 
human whole-blood or monocyte cultures inhibited luciferase-tagged H37Rv infection 
altl1ough not for all tested blood donors. lnhibition of the infection by the antibody was 
synergistic with human r IFN-y in cultures of purified human monocytes but not in whole­
blood cultures. The demonstration of the mandatory role of FcaRI (CD89) for human IgA­
mediated protection is importan! for understanding the mechanisms involved and also for 
translating this approach towards the development of passive immunotherapy for TB [66]. 

In al! the studies analyzed, it is possible to assert that different mechanisms of action of 
monoclonal and polyclonal antibodies are involved in the protection against TB. Sorne of 
these mechanisms will be discussed later in this chapter. 

4.2.5 Studies performed in transgenic m ice 

Mouse models with deficiency in antibody production can be useful in understanding 
certain roles of the antibodies in protection against mycobacterial infections. However, 
knockout mouse studies can lead to premature conclusions regarding the role of a particular 
componen! of immunity, if not interpreted carefully. Additionally, experimental conditions 
can ha ve mar ked effects on the results. 

Rodríguez and colleagues reported that IgA deficient (IgA-/ -) rnice and wild type non­
targeted littermate (lgA+ / +) were immunízed by intranasal route with the mycobacterium 
surface antigen PstS-1. These authors showed that IgA-/- mice were more susceptible lo 
BCG infection compared to IgA+/+ mice, as revealed by the higher bacterialloads in the 
lungs and bronchoalveolar lavage (BAL). More importantly, analysis of the cytokine 
responses revealed a reduction in the IFN-y and TNF-a production in the lungs of IgA-/­
compared to lgA + / + mice, suggesting that IgA may play a role in protection against 
mycobacterial infections in the respiratory tract. Furthermore, these authors demonstrated 
that immunízed plgR-/- mice were more susceptible to BCG infection than immunized 
wild-type mice [67]. 

In the attempt to elucidate whether humoral immunity has a special role in the defence 
against TB, different experiments with B cell knockout mice were performed by severa! 
authors. In 1996, Vordermeier and colleagues developed an infection model of TB in p chain 
knockout Ig· mice. Organs from M. tuberculosis infected IgG- mice had three to eight fold 
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elevated counts of viable bacilli compared with those from normal mice. This result 
suggested that B cells play a role in the containment of murine tuberculous infection [68]. In 
another study, B cell gene disrupted mice (B cell KO) and controls were infected by aerosol 
with M. tuberculosis to allow the latter group to generate an antibody response in the upper 
respiratory tract. They were subsequetly given chemotherapy to destroy remaining bacilli 
and then re-challenged by aerosol exposure. The results of this study, however, revealed no 
differences in the ability of animals lo control this second infection, indicating that, in this 
low dose pulmonary infection model al leas!, any local production of antibodies neither 
impeded nor enhanced the expression of specific acquired resistance [69]. 

In another series of experiments the role of B cells during early immune responses lo 
infection with a clinical isolate of M. tuberculosis (CDC 1551) was evaluated. In this study, 
despite comparable bacterialloads in the lungs, less severe pulmonary granuloma formation 
and delayed dissemination of bacteria from lungs lo peripheral organs were observed in 
BKO mice. Additional analysis of lung cell populations revealed greater numbers of 
lymphocytes, especially CDS+ T cells, macrophages, and neutrophils in wild-type and 
reconstituted mice than in BKO mice. Thus, less severe lesion formation and delayed 
dissemination of bacteria found in BKO mice were dependen! on B cells, (not antibodies, at 
least in this study) and were associated with altered cellular infiltrate to the lungs [70]. 

This latter result differs lo the study carried out by Maglione and colleagues in which 
B cell-/- mice had exacerbated immunopathology corresponding with elevated pulmonary 
recruitment of neutrophils upon aerosol challenge with M. tuberculosis Erdman strain. 
Infected B cell-/- mice showed increased production of IL-10 in the lungs, whereas IFN-y, 
TNF-a:, and IL-lOR remain unchanged from wild type. B cell-/- mice had enhanced 
susceptibility to infection when aerogenically challenged with 300 CFU of M. tuberculosis 
corresponding with elevated bacteria! burden in the lungs but not in the spleen or liver [43]. 

Together these studies reveal that B cells may have a greater role in the host defence against 
M. tuberculosis !han previously thought. 

5. Possible mechanisms of action 

Secretions found on mucosa! surfaces contain significan! levels of lgs, particularly, IgA. This 
immunoglobin has direct and indirect functional roles to comba! infectious agents such as 
viruses and bacteria that cross the mucosal barrier. Moreover, experimental evidences 
suggest that the IgA associated with the pigR may neutralize pathogens and antigens 
intracellularly during their transport from the basolateral to the apical zone of epithelial 
cells [71,72]. In addition, as demonstrated previously, IgA may interact with Gal-3 (an 
intracellular binding ~-galactosidase lectin), and interfere with the interaction of 
mycobacteria with the phagosomal membrane, resulting in the decrease of bacteria! survival 
and replication in the phagosome [73]. 

As reported by severa! authors, antibodies may be critica!, at leas! during the extracellular 
phases of intracellular facultative pathogens. Antibodies may act by interfering with adhesion, 
neutralizing toxins and activating complement. Moreover, antibodies may be able to penetrate 
recently infected cells and bind to the intemalised pathogen, increasing the antigen processing 
(74). lt is well accepted that antibodies play a crucial role in modulating the immune response 
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by activating faster secretion of selected cytokines that in turn, contribute to more efficient and 
rapid Thl response [74,75], increasing the efficacy of co-stimulatory signals, enhancing 
Antibody Dependen! Cellular Cytotoxicity responses (ADCC) and the homing of inunune 
cells to the lungs after the respiratory infection [13,76-81]. 

Examples of relevant action mechanisms of antibodies have been discussed by Glatrnan­
Freedman [82]. 

6. Potential applications 

Future applications of antibody formulations for the control of TB may include treatrnent of 
patients infectad with Multidrug Resistan! (MDR) strains, combination with the standard 
treatrnent in arder to achieve faster therapeutic effects, and administration to recent contacts 
of TB patients with special attention to risk groups [85]. 

On the other hand, the induction of specific antibody responses by vaccination in addition 
to the stimulation of cell mediated immunity could be a novel strategy for the development 
of new generation prophylactic and therapeutic vaccines against TB. 

The prevailing dogma about the uncertain role of antibodies in the protection against TB has 
somewhat limited the study of B cell immunodominant epitopes which have been mainly 
related with the development of serodiagnosis assays [86]. Consequently, little information 
is available on B cell epitopes that could potentially contribute to protection or tl1erapy. 
With the development of bioinformatics tools for bacteria! genome analysis, it has been 
possible to predict in silico microbial regions that trigger in1mune responses relevan! for 
protection and vaccine development. 

Our group is currently developing a candidata experimental vaccine based on 
proteoliposomes from M. smegmatis. In one study, bibliographic search was used to identify 
highly expressed proteins in active, latent and reactivation phases of TB [87]. The subcellular 
localization of the selected proteins was defined according to the report on the identification 
and localization of 1044 M. tuberculosis proteins using two-dimensional, capillary high­
performance liquid chromatography coupled with mass spectrometry (2DLC/MS) method 
[88] and using prediction algoritl1ms. 

Taking into consideration the cell fractions potentially included in the proteoliposome, from 
the previously identified proteins, tl1e ones located in tl1e cell membrane and cell wall, as 
well as those which are secreted and homologous to those of M. smegnzatis were selected. 
The regions of the selected proteins containing promiscuous B and T cell epitopes were 
determined [87]. Thus tl1e M. smegmatis proteolipomes were predicted to contain multiple 
B and T epitopes which are potentially cross reactive with tl1ose of M. tubercrzlosis. It is 
importan! to note that there could be conformational B epitopes and additiona! epitopes 
related with lipids and carbohydrates included in the proteoliposomes fuat could reinforce 
the humoral cross reactivíty. 

Considering the results of the in silico analysis, proteoliposomes of M. smegmatis were 
obtained and their immunogenicity was studied in mice [89]. In addition to cellular immune 
effectors recognizing antigens from M. tuberculosis/ cross reactive humoral immune 
responses of severa! IgG subclasses corresponding with a combinad Th1 and Th2 pattern 
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against antigenic components of M. tuberculosis were elicited. These findings were in 
concordance with the in silico predictions [87,89]. It is interesting to note that differences in 
!he pattern of humoral recognition of lipidic components was dependen! on the 
characteristics of the adjuvant used, which could have relevance for the development of 
vaccines which includes lipidic components [89]. Currently studies are underway to 
evaluate the protective capacity of M. smegmatis proteoliposomes in challenge models with 
M. tuberculosis in mice. 

Bioinformatics tools for prediction of T and B epitopes were also employed for the design of 
multiepitopic constructions, which were used to obtain recombinant BCG strains. Based on 
this prediction, B cell epitopes from ESAT-6, CFP-10, Ag85B and MTP40 proteins were 
selected and combined with T cell epitopes of the 85B protein and fused to 8.4 protein [90]. 
A significan! IgG antibody response against specific B cell epitopes of ESAT-6 and CFP-10 
was obtained in mice immunized with the recombinant strain. After studying the specific 
response of spleen cells by Iymphoproliferation assay and detection of intracellular 
cytokines in CD4 + and CD8 + subpopulations, the recognition of T epitopes was also 
observed. The response showed a Th1 pattern after immunization witl1 this recombinant 
strain (Mohamud, R, et al. manuscript in preparation). In another series of experiments, 
recombinant BCG strains expressing severa! combinations of multiepitopic constructions 
were used to in1munize BALB /e mice subcutaneously and challenged intratracheally with 
the M. tuberculosis H37Rv strain. Recombinant BCG strains expressing T epitopes from 
85BAg fused to Mtb8.4 protein and BCG expressing a HSP60 T cell epitope plus different 
combinations of B cell epitopes from 85BAg, McelA, L7 /L12, 16 kDa, HBHA, ESAT6, CFP10 
and MTP40 and combinations of B cell epitopes alone produced significan! reductions in 
Iung CFU compared with BCG (Norazmi MN, manuscript in preparation). 

The cumulative works reviewed above related with the use of antibody formulations and 
vaccines suggest that antibodies if present at the right moment at the site of infection can 
provide protection against M. tuberculosis. This concept opens the way to the developinent 
of a new generation of vaccines that elicit specific IgA and/ or IgG antibodies able to protect 
at the port of entry against the infection and directed to bacteria in the infected tissues. 

An antibody-based vaccine could be in1plemented against TB. Such antibodies should 
recognize the pathogen immediately after its entry into the host, mainly at the mucosa! 
surfaces, where these antibodies must be strategically induced [91]. This vaccine has to 
induce IgA and IgG antibodies that can inactivate bacteria! components essential for t11e 
microbial survival in the host, actívate complement for direct Iysis of ti-te cells, opsonize 
bacteria to promote their capture by phagocytic cells and induce stimulation of specific 
cellular immune responses. 

Although no serological tests for diagnosis of TB are recommended [92], due to the 
generation of false results as well as incorrect treahnents, for many other pathogens, the 
availability of serological diagnostic tests has been of great value, in particular in poor 
countries. ln sorne cases, it constitutes tl1e best protection correlate [93]. 

In the specific case of TB, several studies of the antibody response have been developed [94]. 
A number of factors have been described to contribute to the variation of antibody response 
during the disease. Sorne of these factors are associated to the pathogen (strain variation, 
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micro-environment and growth state of bacteria). Not less important are the factors related 
to the host, mai.nly the previous exposure to antigen and host genetics [95]. 

On the other hand, only a small fraction of the genomic regions of M. tuberculosis encodi.ng 
protei.ns has been explored. Currently, novel immunoassay platforrns are bei.ng used to 
dissect the entire proteome of M. hLberculosis, i.ncludi.ng reacti.ng protei.n microarrays with 
sera from TB patients and controls [96,97]. These studies could lead to the di.scovery of new 
antigens that may constitute a suitable diagnostic marker as well as to the identification of 
correlates of protection. 

The study of the role of speci.fic antibodies i.n the defense agai.nst tuberculosis i.s openi.ng 
new possibilities for the future development of new vacci.nes, diagnostics and therapies 
against the disease. It is envisaged that new discoveries will arise from the ongoi.ng studies 
i.n this area that will expedite the i.ntroduction of new strategies i.n the fight against 
tuberculosis. 
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1_ Ina:mduction 

SUMMARY 

Background: The chronic nature of tuberculosis and the protracted immuno-inflammarory reaction' ar~: 
implied in a series of metabo!ic and immune-endocrine changes accompanying the disease. We explored 
components from the hypothalamous-pitultary-gonadal axis and their relationship with cytoktnes 
involved in disease immunopathology, in maJe TB patients. 
Methods: Plasma samples from 36 active untreated pulmonary TB maJe patients were u sed to determine 
TNF-et:, IFN-y. TGF-~. IL-6, cortisol, dehydroepiandrosterone, testosterone, progesterone, estradiol, lutei­
nizing honnone (LH) and follicle-stimulating hormone (FSH) by EUSA. Healthy controls corresponded to 
21 volunteers without contact with TB patients and similar age ( 40 ± 16,8 years). Testicular histolo.r:~ical 
samples from necropsies of patients dying from TB were immune-stained for IL-1 ~. TNF-et., IL-6 and IFN­
y. The TM3 mouse Leydig cell line was incubated with recombinants TNF-et.. IFN-y and TGF-B. sup~:r­
natants were collected and used to measure testosterone by ELISA. 
Results: Patients showed decreased levels of testosterone in presence of high amounts of LH, togcther 
with augmented IFN-y, IL-6 and TGF-~ levels. Testicular histological sections showed abundant presence 
of IL-1 B. TNF-et;, IL-6 and IFN-y in interstitial macrophages, Sertoli ce lis and sorne spermatogonia. In vitro 
treatment of Leydig ce!Js with these cytokines led ro a remarkable reduction of testosterone production. 

© 2015 Elsevier Ltd. All righrs -r;eserved. 

One-third of the human population is infected by 

of the host to mount an effective response [2]. In individuals 
wherein the immune response fails to clear the pathogen, a sort of 
kind of trade-off between the host and microbe takes place. tn 
many cases resulting in a misdirected response which contributes 
ro the development of different levels of tissue damage, as is the 
case of TB [3.4]. Earlier studies by our group indicare that dy"re­
gulated immune responses during human TB translate in an 
excessive production of pro-intlammatory cytokines which are 
known to stimulate the endocrine system promoting an un favor­
able environment, either for the development of a protective im­
mune response, or the clinical status of patients [5.6 j. This bears 
sorne relationship with the view that chronic stressful condittons 
may lead to protracted responses not always beneficia! [7 !. i.e.: 

M. tuberculosis, the causative agent of tuberculosis (TB). The 
development of clinical TB occurs in 5%-10% ofthem at sorne point 
in their lives, for reasons that are not completely understood [ 1]. As 
yet. the development ofTB seems to depend on a relatively inability 
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enctocrine abnormalities involving disturbances of the HP Adrenal 
(HPA) and Gonadal (HPG) axes, among others. 

In this regard, we have shown that patients with newly diag­
nosed pulmonary TB present augmented systemic concentrations 
of interferon gamma (IFN-y), interleukin 10 (JL-10), interleukin 6 
(IL-6). and Cortisol, in presence of decreased amounts of adrenal 
and gonadal androgens [ 5 j, as seen in other reports documenting 
decreased levels ofDHEA in serum [S j or urine [9j from TB patients. 

As well as moduiating each other production, adrenal and sex 
steroids have important effects on immune cell development and 
function, mainly because immune cells express diverse hormone 
receptors [10]. lt follows that interactions between the HPG and 
HPA axes with the immune system are toa great extent involved in 
rhe ultimate effects of the anti-infectious response. 

1 n expanding our knowledge into this kind of immune­
enclocrine communication, the present study was initially 
o1ddressed to explore the eventual relationship between compo­
nenrs mainly from the HPG axis with cytokines involved in the 
immune and inflammatory response, of male TB patients. One 
finding to remark was the detection of decreased levels of testos­
terone in presence ofhigher amounts ofluteinizing hormone (LH), 
suggesting that testosterone secretion may be modulated by in situ 
influences arisen beca use of the infectious process, i.e., cytokines. 
According to this assumption, testicular histological samples from 
necropsies of patients dying from TB were imrnune-stained for 
severa! pro-inflamrnatory cytokines which revealed an abundant 
presence of interleukin 1 beta (IL-1 B). tumor necrosis factor alpha 
(TNf-ct), IL-6 and IFN-y in interstitial rnacrophages, Sertoli ceils and 
some spermatogonia. 

With this evidence in hand, a mouse-derived Leydig cell line 
was rhen cultured and exposed to different concentrations of cy­
tokines relevant in TB immunopathology, those were TNF-o;. IFN-y 
and transforming growth factor beta (TGF-B). lt was found that 
in virro treatment with the three cytokines Jed to a remarkable 
reduction of testosterone production. 

Taken togerher, present results point out to a novel and inter­
estíng implication of the inflammatory response during tubercu­
losis in the disturbed production of gonadal steroids. 

2. Materials and methods 

2.1. Sample population 

Thirty six newly diagnosed active pulmonary TB patients were 
em:olled in this srudy. All individuals were HIV negative and were 
untreated at the time of blood collection. Al! patients were males. 
and aged 42 (26-55) years (median, 25-75 percentiles), and their 
sputum was positive for acid-fast bacilli. Disease severity was 
determined through the X-ray pattern and ciassified into three 
categories: mild (a single lobe involved, and without visible cav­
iries. n = 12) moderate (unilateral involvement of 2 or more lo bes 
with cavities, if present. reaching a total diarneter no greater than 
4 cm: 12 cases) and severe (bilateral disease and multiple cavities, 
12 cases). Twenty one volunteers, age-matched [ 44 (35-55) years] 
111ales with no clinical or serological evidence of an associated 
clisease and the anteceden! of contact with TE patients (healthy 
contacts -HCo-) were al so included. All individuals gave informed 
consent for participating in the study and the protocol was 
approved by the ethical committee at the Medica! Sciences School, 
University of Rosario, Argentina. Exclusion criteria comprised: pa­
thologies affecting the hypothalamus-pituitary-adrenal axis (Le., 
rumor. vascular), direct compromise ofthe adrenal gland. age under 
18, or any disorder requiring treatment with corticosteroids, 
immunosuppressors or immunomodulators. 

2.2. Plasma measurements 

Blood samples were collected from patients and healthy vol­
unteers at 8:00am. Plasma was obtained from EDTA-treated blood. 
Following addition of aprotinin (100 U/mi plasma; Trasylol, Bayer, 
Germany), samples were preserved at -20 oc. TNF-o;, IFN-y, TGF-~ 
(Pharmingen, Germany), IL-6 (Amersham, UK), cortisol, DHEA, 
testosterone, progesterone, estradiol, Luteinizing Hormone (LH) 
and Follicle-Stimulating Hormone (FSH) (DRG Systems, Gennany, 
in all cases) concentrations were determined using commercíally 
available ELISA kits. The detection limits and the Coefficient Vari­
ation% (CV) were, respectively: IFN-y: 4.7 pg/ml; TGF-~: 2 pg/ml, 
CV: 1: TNF-x: 7.8 pg/ml; IL-6 0.1 pg/ml, cortisol: 2.5 ng/ml. CV: 
8.1-5.6; DHEA: 0.1 ngfml, 0/: 3.52-2.64; progesterone 2 ng/ml, 
CV: 5.4-6.86; testosterone: 0.07 ngfrnl, CV: 4.16-3.34; estradiol: 
4.6 pg/ml. CV: 6.81-4.13; LH: 0.2 ng/ml (range assay: 
0.86-100 miU/mL), CV: 7.62-4.57; and FSH: 0.4 ~g/ di (range assay: 
1.27-200 miU/mL), 0/: 7.91-4.18. Results were expressed as the 
average of two determinations (pgfml) in an ELISA microplate 
reader at 450 nm. Cytokines were quantified using reference 
standard curves generated with human recombinant cytokines. 
Recent parallel studies by measuring cortisol or DHEAS in plasma 
(by ELISA with aprotinin) or serum (by electrochemoluminiscence 
without aprotinin) in the same blood samples, yielded quite similar 
results (the correlation coefficient was nearly to 1 in both cases). 

23. Cytokine detection by immunohistochemistry in testicular 
samples 

In order to determine the local cytokine production by immu­
nohistochemistry, · paraffin-embedded testicles from three nec­
ropsies ofpatients dying from TB with extensive cavitary bilateral 
disease and three from non-infective illness as controls ( extensive 
kidney cortical necrosis and two cases of leukemia) were studíed. 
Samples were obtained from files of the Pathology Department at 
the National Institute of Medica! Sciences and Nutrition Salvador 
Zubirán, México. Tissue samples were obtained during legally 
authorized autopsies with signed permission by a relative, who 
agreed to the donation of tissue samples for the present study. 

Tissue sections Were desparaffinized and maintained in PBS 
Tween 20, the endogenous peroxidase activity was blocked with 
peroxidase blocker reagent (BioSB, USA) during 30 min. After 
blocking with the background sniper (BIOCARE Medical, USA), tis­
sue sections were incubated with primary antibodies overnight at 
4 oc at optimal dilutions. The used primary antibodies were to 
detect: TNF-o; (mouse monoclonal antibody; Santa Cruz Biotech­
nology, USA), IFN-y (goat polyclonal antibody; Santa Cruz 
Biotechnology, USA), TGF-~ (rabbit polyclonal antibody; Santa Cruz 
Biotechnology, USA), IL-6 (rat polyclonal JgG; BD, Pharmingen, 
USA). IL-1 ~ (goat polyclonal antibody; Santa Cruz Biotechno!ogy, 
USA), and Mtb polyclonal antibody against diverse mycobacterial 
antigens (BlOCARE Medica!, USA). Mouse-rabbit immunodetector 
HRP/DAB (BioSB, USA) detection system and goat on rodent HRP 
polymer (BIOCARE Medica!, USA) were used to develop the reac­
tion. Tissue sections were counterstained with hematoxylin and 
eosin. 

2.4. In vitro production of testosterone by Leydíg cells incubated 
with cytoldnes 

The TM3 cell line, derived from mouse Leydig cells, was pur­
chased from ATCC (ATCC® CRL1714'rM). Cells were cultured in 1:í 
vol ofHam's F12 mediurn and Dulbecco's modified Eagle's medium, 
with 25 mM L-glutamine, 0.5 mM sodium pyruvate, 1.2 g/L sodium 
bicarbonate. and 15 mM HEPES (all from Corning Life Technology, 
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USA), 92.5%; Horse serum. 5%; Fetal bovine serum (both from 
Thermo Scientífic, USA) 2.5%; and 1% of Penicillin-Streptomycin 
(GYBCO, USA). Cells were maíntained at 37 oc in a hurnidified at­
mosphere (95%) at 5% C02. For assessing testosterone production. 
TM3 cells were plated in 96-well plates. After 48 h, medium was 
replaced with medium containing 2.5 Ul/ml hCG (Sigma, USA) 
kindly provided by Ora Lorenza Díaz, Reproductive Biology 
Department, INCMNSZ, and recombinants TNF-ct, IFN-y and TGF-P 
kindly provided by Dr F Lo pez Casillas form the Cellular Physiology 
lnstitute, National University of México; (TNF-a S ngjml. IFN-y 
4000 pM, and TGF-~ at 1 ng/ml). Different conditions were settled 
by triplicare. Leydig cell culture media from each treatment were 
collected 24 h la ter and used to assess testosterone by a commercial 
EUSA kit (DRG systems, USA), according to the manufacturer 
indications. 

2.5. Statistical analysis 

Unpaired statistical comparisons were performed by the Man­
n-Whitney U test or the Kruskall-Wallis followed by post-hoc 
tests, if applicable. Correlations between hormone and cytokine 
levels were analyzed by non parametric methods. Statistical sig­
nificance was inferred for p val u es < 0.05. 

3. ResuBts 

Assessment on hormones from the HPG axis showed that TB 
patients had respectively decreased and increased amounts of 
testosterone and LH respect to healthy controls (HCo ); with a sta­
tistically insignificant trend of FSH levels to be a little increased in 
TB patients (Figure 1, panels a-e). Levels of estradiol and proges­
terone in TB patients practically overlapped with those seen in HCo, 
with progesterone showing the lowest amounts in both subject 
groups (data not shown). In relation to cytokines, there were no 
gross between-group differences in TNF-o:. values (data not shown), 
whereas IFN-y, IL-6 and TGF-~ levels were found augmented in TB, 
significantly different from HCo (Figure 2. panels a-e). Tested 
compounds were unrelated to age. Further comparisons within the 

HCo TB 

TB group according to disease severity showed that patients with 
more progressive forms of TB had a further increase, statistica.Hy 
insignificant, of IFN-y and IL-6 levels respect cases with mil el ctis­
ease (data not shown). 

In line with fonner findings TB patients continued to showed 
decreased DHEA levels (3.70 ± 0.57) and augmented cortisol con­
centrations (186.61 ± 32.48) when compared with values from HCo 
(DHEA: 6.51 ± 1.56, p < 0.04: cortisol: 126.03 ± 10.36, p < 0.05 ). 

Pair correlation analysís betvveen hormones and cytokines 
revealed that levels of TGF-B correlated inversely with DHEA 
(r = -0.47; p < 0.04), as did testosterone with either COJ·tisol 
(r ~ -0.58; p < 0.003) or IFN-y (r ~ -0.32; p < 0.035). 

3.1. Histological and immunohistochemistry findings 

Tissue sections from ali TB autopsy cases showed mild testicular 
atrophy, manifested by interstitial fibrosis with focal chronic in­
flamma.tory infiltra te and detention of spennatogenesis. There was 
no evidence of local TB infection such as necrosis or granuloma 
fonnation. Immunohistochemistry detection of!L-6, lL-1 ~ and TNF­
o:. showed strong positive staining in interstitial macrophages, 
Sertoli cells and sorne spermatogonia. lnterstitial macrophages 
showed very strong TNF-o:. immunostaining, while spermatogonia. 
exhibited intense positivity to IL-6 and Sertoli cells to IL-10 
(Figure 3). Sorne lymphocytes and occasional macrophages from 
the testicular interstitium showed mild IFN-y positivity (Figu ·n. 
Occasional macrophages showed immune staining to mycobacte­
rial antigens and non immunoreactivity was seen to TGF-~. Testicle 
sections from control autopsies showed slight detention of sper­
matogenesis without infiltration of inflammatory ofleukemic cells; 
all cases were completely negative to all cytokines detection by 
immunohistochemistry (Figllíe 3). 

32. Testosterone production by Leydig cells exposed to differenr 
cytokines 

In a further experiment, the TM3 ce\1 line, derived from m o use 
Leydig cells, was cultured in triplicare and exposed to different 
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Figure 1. Circulating levels of hormones in patients with active pulmonary TB and healthy controls (I·ICo). Box plots show 25-75 percentiles of data values in each group with 
maximum and minimum values. The line represents the median values. Comparisons between groups (TB vs HCo) were performed by non-parametric methods (Mann-Whitn..:y U 
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Figure 2. Circulating levels of cytokines in patients with active pulmonatyTB and healthy controls. Box plots show 25-75 percentiles of data values in each group with maximum 
Jild minimum values. The line represents the median values. Comparisons between groups (TB vs HCo) were perfonned by non-parametric methods (Mann-Whitney U test). 

mouse recombinant cytokines (TNF-a, IFN-y and TGF-~). Assess­
ment on the levels of testosterone in culture media collected 24 h 
la ter revealed that cytokine-treated cultures produced much lesser 
amounts of testosterone when compared with cultures without 
cytokines (overall difference, p < 0.015, Table 1 ). 

4. Disrussion 

TB is a disease in which tissue pathology has an immune­
mecliated component encompassing an excessive and/or pro­
tracted cytokine production liable to affect the immune-endocrine 
communication. In this sense, a variety offactors exogenous ro the 
irnmune system itself. are likely to play a functional role in regu­
lating the leve! of immune cell activity by modifying the micro­
environment in which the immune cells reside and function. As 
pan of this bi-directional communication, products of the immune 
response can in turn alter the balance of hormone production and 
hence affecting different physiological processes. 

An interesting finding of present study was the demonstration 
that active TB patients have decreased Jevels of testosterone in 
presence ofincreased amounts of LH. Production of testosterone by 
Leyclig cells is under the control of LH, which is secreted by the 
anterior pituitary and reaches the testes via the blood stream. At 
the gonadallevel, LH binds to receptors on the surface ofthe Leydig 
cells to stimulate testosterone production by activating an intra­
cellular second messenger system 1_1·1 _1. The present LH/testos­
rerone dissociation implies sorne degree of testicular resistan ce to 
LH andjor suppression of Leydig cells steroidogenesis. Among fac­
tors implied in this regard. cytokines were reported to interfere 
with Leydig cell steroidogenesis and testosterone production [12]. 
This phenomenon may be linked to infectious stimuli. since LPS­
induced inflammation was shown to affect testicular function, 
including decreased steroidogenesis and impaired spermatogen­
esis 13,14]. 

To the best of our knowledge, the present study is the first report 
documenting the presence of pro-inflammatory cytokines in testes 
from TB patients. The in ti mate association between Leydig cells and 
accessory cells expressing such mediators suggests that they may 
be functionally linked. 

Our findings are in line with experimental studies .in testes 
revealing the presence of pro-inflammatory cytokines like ll-1 S 
and IL-6 frorn interstitial macrophages [ 15:16], Leydig ce lis !. i7 j, 
Sertoii cells [18] and TNF-et: from macrophages and spermatocytes 
[19,20]. Importantly, all these mediators were found to inhibit 
testosterone production by Leydig cells [21]. At the clinical leve!, 
patients with rheumatoid arthritis, a chronic disease exhíbiting a 
protracted inflammatory response are also known for their 
impairment in ganada! steroid production [22,231. In the same 
sense, human volunteers challenged with subcutaneous IL-6 in­
jections (leading to acute elevations in circulating IL-6 levels as 
seen in severe inflammation), showed decreased testosterone 
levels without apparent changes in gonadotropin levels [24]. lt is 
worth commenting that pro-inflammatory cytokines were found 
increased in this series of TB patients, as well as in our former 
studies in patients with this disease [5,6,25]. 

Since testes from TB patients contained increased amounts of 
pro-inflammatory cytokines, an attempt at experimentally repro­
ducing the influence of such situation on testosterone production 
was canied out. Confirming reports from other laboratories. pro­
inflammatory cytokines significantly inhibited testosterone pro­
duction by Leydig ce lis (12,21 ). In analyzing cytokine effects, we 
also wished to ascertain the effect ofTGF-S since this cytokine was 
also found increased in TB patients [26] being quite relevant in 
severa! aspects of TB immunopathogenesis [27]. Our findings 
revealed that Leydig cells exposed to TGF-S produced lesser 
amounts of testosterone. Beyond its pro- and anti-intlammatory 
effects [28], TGF-S was also shown to influence male gonadal 
function. In the testis, TGF-S regulares the secretor function of 
Leydig and Sertoli cells, as well as testis development and sper­
matogenesis [29,30]. TGF-~1 represses testosterone production in 
Leydig cells through decreasing LH/hCG receptor expression and 
the expression of steroidogenic genes such as StAR and P450c17 
[31]. As well as reducing testosterone production, our formeí 
studies also showed that TGF-~ was also able to inhibir DHEA by 
adrenal cells [32J, which bears relation with the present demon­
stration of the inverse association between TGF-S and DHEA. 
Collectively, it ímplies a broader range of inhibition of androgen 
production by this cytokine and the adverse consequences 
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Figure 3. Representative immunohistochemistry for cytokine detection in testicular tissue. Sections from TB autopsy cases (left row) and control cases from subjects dying lro111 
causes other than TB (right row), were incubated with specific antibodies to detect the indicated cytokines. Sertoli ce lis showed strong positivity in their cellular base for 1 L-111 
(arrows), spennatogonia exhibited strongimmunostaining to IL-6 (arrows) and mild reactivity in interstitial macrophages (asterisk), while strongTNF~ immunostaining was secn in 
interstitial macrophages (arrow). Occasional macrophages and lymphocytes in the testicular interstitium showed positivity to IFNy. Control tissues were negative to all rc•sted 
cytokines (TB tissues magnification 200x, control tissue magnification 100x). 

resulting frorn it; rnainly because of the anabolic and anti­
inflamrnatory effects of testosterone [33]. Within this context, 
diminished amounts of testosterone would not be suffi.cient to 
counteract the synthesis of mediators dealing with accornpanying 
inflammatory reaction. Sin ce testosterone and Cortisol display anti­
inflamrnatory effects, the negative correlation between both ste­
roids perhaps may reflecta compensatory interaction between the 
HPG and HPA axes, to assure sorne formo fa counterbalancing effect 
for the accompanying inflarnmation. Also, the inverse correlation 
between testosterone and JFN-y levels may be explained in view of 
the inhibitory effects of the ganada! steroid on Thl ce\1 differentf­
ation [34]. Another reason for the inhibition of testosterone 

production may have todo with energy conservation necessary to 
sustain the immune response. Alternatively, it rnay represenr an 
adaptive mechanism attempting to avoid the reproduction of the 
more susceptible people to illness and hence preventing the 
propagation of this defect. 

Whatever the case, it is clear that when the pathogen cannot be 
contained by defensive mechanisrns, as occurs in TB, a systemic 
response characterized by multiple metabolic and neuroendocrine 
changes develops. This will affect essential biological functions. like 
the development of protective responses, control of tissue damage 
and physiological functions, which in essence are irnplied in a 
poorer disease course. 
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Table 1 
festosterone concenrration in culture supernatants from TM3 cells 
cultured under different conditions. 

Treatments 

TNF-o: 
TGF-0 
IFN-y 
Control 

Testosterone levels (ngfml)' 

0.119 ± 0.012 
0.102 ± 0.042 
-ü.130 ± 0.026 
5.740 ± 0.026. 

R.ecombinant cytokines TNF-a: 5 ng/mL or IFN-y 4000 pM, orTGF-01 ng/ 
mi were added to TM3 cells after 2 hours with hCG ro stimu!ate basal 
restosterone production. Control cultures were stimulated with hCG. 
Testosterone concentration in the media in which Leydig ceils were 
cultured was assessed 24 h later in duplicate. 
Significantly different from the remaining groups p < 0.001. 

Data represent the mean of triplicare detenninations ± SEM of a 
¡·epresentative experiment from two independent experiments per­
rormed under similar conditions. 

S. Conclusions 

Present results point out to a novel and interesting implication 
of the inflammato¡y response during tuberculosis in the disturbed 
production of gonadal steroids. Patients with severe TB suffer a 
significan! decrease of testosterone production, which is appar­
ently the consequence of testicular production of proinflarnrnatory 
cytukines produced by diverse cells in absence of local infection. 
Testosterone is a significan! anabolic hormone and its low pro­
ducrion could contribute to affect the patient condition worsening 
the course of the disease. 
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Abstract 

Background: New alternatives for the treatment ofTuberculosis (TB) are urgently: needed and medicinal plants 
represent a potential option. Chamaedora tepejifote and Lantano hispida are medicinal plants from Mexico and their 
hexanic extracts have shown antimycobacterial activity. Bioguíded investigation of these extracts showed that the 
active compounds were ursolíc acid (UA) and oleanolic acid (OA). 

Methods: The activity of UA and OA against Mycobacterium tuberculosis H37Rv, four monoresistant strains, and 
two drug-resistant clinical isolates were determined by !VIABA test The intracellular activity of UA. and OA against 
M. tuberculosis H37Rv anda MDR clinical isolate were evaluated in a macrophage cellline. Finally, the antitubercular 
activity of UA and OA was tested in BALB/c m ice infected with M tuberculosis H37Rv ora !VIDR strain, by determining 
pulmonary bacílli loads, tissue damage by automated histomorphometry, and expression of IFN-y, i'IF-a, andiNOS 
by quant'tatíve RT-PCR. 

Results: The in vitro assay showed that the UA/OA mixture has synergistic activity. The intracellular activity of these 
compounds against M tuberculoSIS H37,iv and a MDR clínical isolate in a macrophage cell line showed that both 
compounds, alone and in combination, were active against intracellular mycobacteria even at low doses. Moreover, 
when both compounds were used to treat BALB/c m ice with TB índuced by H37Rv or MDR bacilli, a sígnificant 
reduction of bacteria] loads and pneumonia vvere observed compared to the control. lnterestingly, animals treated 
with UA andO~ showed a higher expression of IFN-y and TNF-a in their lungs, than control animals. 

Condusion: UA ar.d OA showed antimicrobial activity plus an immune~stimulatory effect that permitted the control 
of experimental pulmonat:/ TB. 

Keywords: Triterpenoids, Antítubercular activíty, Antimycobacterial activity, Medicinal plants 

Backgro!Jnd 
At present, Tuberculosis (TB) is the only infectious disease 
considered by the \V'orld Health Organ.ization (WHO) 
as a health emergency worldwide, because it causes nearly 
2 million deaths annuaHy [1]. TE is more frequent in 
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developing countries and its association vvith human im­
munodeficiency virus (HIV)/acquired immunodeficiency 
syndrome (AIDS) renders its control more difficult. In 
addition, the emergen ce of multidrug-resistant tubercu­
losis (MDR-TB, defined as those TB- strains simultan­
eously resistant at least to rifampin and isoniazid) and 
extensively drug resistant tuberculosis strains (X:bR-TB) 
threaten the success of the directly observed therapy 
short course (DOTS) and DOTS-Pius treatment programs 
established by the WHO [2]. Despite all the progress 
achieved, only one third of patients with TB receive ad­
equate treatment; in the case of I'v1DR, few patients have 

() BioMed Central 
c¡_1 20· 3 Jim¿nez-Arell2n~s ('t al.: licensee BioJ·Jled Central Ltd. 1 i'is is a~, cr,e-1 a·:'::':'s:· a--ncle cistrit>"uted U"'lde- J·e ter1'0 ::;f ¡! n: 
Crec.:ive Con1rnons f'.¡tributior ~:cense (:ltlp:;/creattvecornrnons.oroilicetlSC'S t>.-/2.0~. v,r['iCI' oerrr,rs u,-,r,.,s·r:cteC use. 
di:;tributto~-, a:1d reproductior> in an¡' mediurn. prc\tid('d th<O O'iginal ··.'-10h ,, pr-::>¡:-r,·rly ~ited 



Jiménez-Arellanes et al. BMC Complementary and Altemative Medicine 2013, 13:258 
http:J /www.biomedcentral.com/1 472-6882/1 3/258 

Page 2 of 11 

received the DOTS-Pius regimen and only about 70% of 
MDR-TB cases respond to the current treatment [1,2]. 

Since the release of rifampicin in 1976, only rifabutin 
and rifapentin have been approved ~or TB treatment; 
unfortunately, these drugs are not yet widely distributed 
[3]. At present, a number of drugs are under investigation, 
but only a few compounds are found in preclinical and 
clinical evaluation (about JO compounds) [1-4]. Thus, 
lhere is an urgent need to discover new antituberculous 
agents that are effectíve in the treatment of lviDR cases 
and also novel agents that can shorten the long conven­
tional chemotherapy in drug-sensitive TB. W'ithin this 
context, not only new synthetic drugs, but also natural 
products from medicinal plants are potential sources of 
new anti-mycobacterial products. 

Chamaedora tepejilote ( C tepejilote) and Lantana hispida 
(L. hispida) are v.idely d.istributed plants in Mexico known as 
"tepejilote, palmita or palma carnaedor'' and "cinco negritos 
or verbena'' respectively, bot.~ plants have been used in 
Mexican traditional medicine. Sorne of their common uses 
indude the b·eatment of respiratory complaints such as 
cough, bronchitis, colds and pneumonia [5]. We have 
previously reported that the hexanic fractions from these 
plants had in vitro antimycobacterial activity and their 
bioguided fractionation showed that the triterpen.ic com­
pounds ursolíc acid (UA) and oleanolic acid (OA) were the 
specific agents involved in this activity [6-8]. This effect has 
been confirmed by other authors [9-11]. These ttiterpenic 
acids also have antibacterial [12,13], antiviral [14], anti­
parasitic [13], antioxidant [15] and antitumoral activities 
[16], as well as hepatoprotector [ 17] and gastroprotector 
[18] effects. Interestingly, UA enhances the procluction of 
nitric oxide (NO) and tumor necrosis factor alpha (TNF-cx) 
by activating nuclear factor-kappaB (NF-KB) in mouse mac­
rophages [19,20] and blocking transforming grov..rth factor­
beta 1 (TGF-~1) activity [21,22]. The stimulation of NO 
and TNF-a contributes to their immunoregulatory and 
antitumoral effects, and could be significant in an immu­
notherapeutic agent against }vf. tuberculosis. In this study, 
we report the in vítro antimycobacterial activity of UA and 
OA isolated from the hexanic extract of.the aerial parts of 
e tepejilote and L. hispida, against the reference drug­
sensitive M. tuberculosis strain H37Rv, monoresistant 
H37Rv strains, several MDR clinical isolates and a group 
of nontuberculous mycobacteria. The antitubercular ac­
tivity of both compounds was then confirmed in a well­
characterized murine model of progressive pulmonary TB. 
Our results show therapeutic activity attributable to a com­
bination of bactericida!. and immunotherapeutic effects. 

Methods 
Chemical compounds 
Bioguided fractionation of the hexanic extracts from 
C. tepejilote and L. hispida aerial patts yielded UA and 

OA, respectively [6-8]. The plant material was botanically 
identified by Abigaíl Aguilar MSc and a voucher of each 
specimen were deposited at the IMSSJ\..1 Herbarium with 
code number 13402 (L. hispida) and 140321 (C. tepejilote). 
Both compounds (Figure 1) were structurally characterized 
by spectroscopic and spectrometric data as compared with 
those previously reported [23,24]. 

In vitro antimycobacterial assay 
The antimycobacterial activit}'" of the triterpenic acids 
was evaluated against the lvl. tuberculosis H37Rv (ATCC 
27294) reference strain (a pan-sensitive strain) and against 
four monoresistant strains of M. tuberculosis H37Rv 
[streptomycin-resistant (ATCC 35820), isoniazid-resistant 
(ATCC 35822), ethambutol-resistant (ATCC 35837) and 
rifampicin-resistant (ATCC 35838)]. The microorganisms 
were cultured up to log phase growth at 3TC in 
Middlebrook 7HI2 broth supplemented with 0.2% gly­
cerol and enriched with 10% Oleic acid-albumin, dextrose 
and catalase (OADC) and further diluted to 1:20. Anti­
mycobacterial activity was determined by using the 
microplate alamar blue assay (MABA), as previously de­
scribed [7,8]. ln addition, the effect of both terpenoids was 
also deterrÍüned against a MDR Jvf. tuberculosis strain 
MTY 147 (resistant to isoniazid, rifampicin, ethambutol, 
and ethlonamide) and against a drug-resistant M. tubercu­
losis strain coded as MMDO that is resistant to isoniazid 
and ethambutol and five non-tuberculous mycobacteria 
(M. avium, M. smegmatís, .lv1. simiae, M. chelonae and 
M. fortuitum). The compounds were tested at a con­
centratíon of 2 mg mL' 1 in 20% D MSO in Míddlebrook 
7H9 broth. 

In vitro determination of the synergistic antimycobacterial 
activity of triterpen ic acids 
The pharmacological synergy of UA and OA was evalu­
ated against M. tuberculosis H37Rv by a modification of 
the MABA assay [25]. Briefly, a stock solution of each 
compound was prepared in íH9 broth containing 10% 
OADC enrichment. A volume of 50 ¡.tL of the stock solu­
tion of UA (compound A) and 50 ~L of OA (compound B) 
were added símultaneously to the well, having been 

OH OH 

HO 

OA UA 

Figure 1 Chemical structure of UrsoHc acid (UA} and Olenolic 
acid (OA). 



Jiménez~Arellanes et al. BMC Comp/ementary and Altemative Medicine 2013, 13:258 
http://www.biomedcentral.com/1472-6882/13/258 

Page 3 of 11 

U'1oroughly mixed; afterwards, there were added 100 fl.L of 
th.e bacterial suspension adjusted to a· McFarland 1 tube 
and diluted in a ratio of 1:10. Controls for each compound 
were prepared by adding 50 ¡.tL of the corresponding stock 
solution, 50 f.!L of the culture medium and 100 flL of the­
same adjusted bacterial suspension. Control for bacterial 
growth included 100 ~l of 7H9 broth and 100 ~L of the 
bacterial suspension. Plates were incubated for 5 days at 
37oC; after this period, 20 f.lL of alamar blue solution (Trek, 
USA) and 12 ¡.rL of 20% Tween 80 sterile solution were 
added to the wells, leaving the plates overníght at 3TC 
A relative fluorescent unit (RFU) was determined in a 
fluorometer (Fluoroscank FL, Labsystem). Analysis of 
pharmacologicaJ ínteractions were carried out by the X/Y 
quotient analysis, where X represents the RFU value of the 
drug combination and Y, the lowest RFU value obtained 
with both pure compounds. Activity was considered syner­
gistic when the X/Y value \Vas <0.5 and addítive when X/Y 
was >0.5 and <LO. Activity was considered absent when 
X/Y was 1-2 and antagonistic when X/Y was >2. 

Cytotoxicity and intrace!lular antitubercuiar activity 
tested in vitro 
Cytotoxicity of the triterpenic acids \Vas evaluated by the 
trypan blue exclusion assay. Briefly, 24 well tissue culture 
plates were seeded with murine macrophages J774A.l 
(ATCC HB-197) in 1 ml of Dulbecco's modified Eagle's 
medium (DMEM) with 10% fetal bovine serum (FBS) with 
antibiotícs to reach a contluence of at least 80%. Cells were 
treated with four concentrations of the pure compounds, 
taking the minimal inhibitory concentration (MIC) of each 
one as reference. These dilutions were prepared ín DMEM 
\'vith 1% FBS without antibiotics (hereafter denoted wor­
king solutions). Befare treatment, the wells were 'lvashed 
three times with warm Hank's balanced salt solution 
(HBSS), and 1 mL of working solution was added to each 
of the corresponding wells. The percentage of viable cells 
was determined prior to treatment and after 24, 48, 72, 
and 96 hrs by adding trypan blue solution to reach a final 
concentration of 0.2% per well; at least 200 cells per well 
were counted. Those compound concentrations that after 
96 hrs of incubation did not affect cell viability <90% (IC90) 

were considered non-toxic 
Antimycobacterial intracellular activity was tested in 

the macrophage cell line J774A.l infected v.;ith M. tuber­
culosis H37Rv and the MDR clinical isolate MTY147, 
using hvo non-toxic concentrations: high (12.5 ¡..tg mL-1 

for OA and 6.25 ~g mL" 1 for UA) and low (1.25 and 
0.625 ~g mL'1 for OA and UA, respectively). For this 
purpose, log phase growth of lvf. tuberculosis H37Rv in 
Middlebrook 7H9 broth with 10% OADC was washed 
twice with HBSS and adjusted in DMEM with 1% FBS 
to reach a bacterial macrophage multiplicity of infection 
of 10:1. Macrophages were incubated with the bacilli for 

2 hrs and non-phagocytosed organisms were removed by 
three washes with warm HBSS. Then, 1 ml of UA or OA 
at different concentrations alone or in combination was 
added to the infected macrophages at 37oC in a 5% C02 

atrnosphere; after 24, 48, 72, and 96 hrs of treatment, the 
cells from the corresponding wells were lysed with 0.5 mL 
of 0.25% sodium dodecyl sulfate (SDS) for 3 min and later 
0.5 mL of 5% bo\1ne serum albumin (BSA) was added. 
Control cells contained only the culture rnedium. Viable 
bacteria were determíned by quantification of colony­
forming units (CFU) by plating dilutions of the macro­
phage lysates on Middlebrook 7H11 agar \V:ith 10% BSA. 

Experimental model of progressive pulmonary TB 

in BALB/c mice 
The antitubercular activity in-vivo of both compounds 
administered together was determined by using an ex­
perimental model of progressive pulmonary' TB that was 
previously described [26]. Briefly, male BALB/c mice at 

6-8 weeks of age were used. M. tuberculosis H37Rv or 
MDR clinical isolate (CJBIN/UMF 15:99, strain resistant 
to rifampicin, ethambutol, streptomycin, pyrazinamide and 
isoniazid) vvas cultured in Proskauer and Beck medium as 
modified by Youmans. After 1 month of culture, the myco­
bacteria were harvested and adjusted to 2.5xl05 cells in 
100 ~L of phosphate buffered saline (PBS), aliquoted and 
maintained at -70oC until use. Before testing, the bacilli 
were recounted and the viabilit¡r was determined. 

T o induce pulmonary TB, m ice were anesthetized with 
sevofluorane, and 2.5x 105 viable mycobacteria suspended 
in 100 ¡..tL of PES were administered intratracheaJJy (Lt.) 

using a rigid stainless steel cannula and maintained in 
a vertical posítion until spontaneous recovery. Infected 
m ice were housed in groups of five in cages fitted with 
micro-isolators. 

Ethics statement 
All procedures 'Nere performed in a laminar flow cabinet 
in bio-safety leve! 1li facilities. The study with animals 
was perforrned according to guidelines of the local Ethical 
Committee for Experimentation in Animals in Jvlexico 
(Ministry of Agriculture, NOM-062-Z00-1999, Mexicol 
modified in 2001 and was approved by the Institutional 
Animal Care and Use Committee, 236. An experimental 
protocol used in this study \Vas approved by the Comisión 
Nacional de Investigación Científica (CN!C, lMSS 2006-
785-025-028). 

Drug administration 
Animals surviving 60 days after infection \vere randomly· 
allocated to the required treatment groups. Thus, treat­
ment began 60 days after infection, and groups of these 
animals were sacrificed at 1- and 2-month intervals. Al! 
data points are the means [± standard deviation (SD)] of 
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4-6 animals for a representative experiment. The selec­
tion of the appropriate dose was calculated according to 
the l'vUC determined in-vitro (drug concentration effi.­
cient to kill1xl06 bacilli) by adjusting the drug concentra­
tion to the estimated nurnber of bacilli in the lungs of the 
m ice after 2 month.s of infection; th.is drug amount was tri­
pled, considering its dilution after absorption and systemic 
distribution after subcutaneous (s.c.) administration. As 
shown later in the results section, the pharmacological 
interaction assay demonstrated synergism of between the 
tvvo triterpenoids. Thus, 5 mg kg· 1 of each triterpenic acid 
was dissolved in ultra-pure olive oil (Sigma) anda total vo­
l u me of 100 !J.L was administered s.c.: three parts of UA 
(75 ~g) and one part of OA (25 ~g); this mixture was ad­
minístered 3 times/week for 30 and 60 days. Thís dose was 
also used to supplement conventional chemotherapy in 
order to discover whether it might synergize and shorten 
the required duration of chemotherapy. Thus, we treated a 
group of mice with conventional antibiotics (ABS): a com­
bination of 10 flg kg-1 rifampicin, 10 fJ.g kg-1 isoniazid, and 
30 fJ.g kg-1 pyrazinamide dissolved in isotonic saline solu­
tion (ISS) and intragastrically (i.g.) administered daily; 
another group was treated vvith this conventional 
chemotherapy scheme plus the mixture of both terpe­
noids. The control group corresponded to infected ani­
mals receiving only the vehicle (olive oil) s.c. and ISS by 
the Lg. route. Groups of si.x animals were euthru1ized at 
7, 14, 30 and 60 days post-treatment in two independent 
experiments. 

Assessment of colony-forming units (CFU) in infected iungs 
and preparation of tissue for histology and morphometry 
One lung was immediately frozen by immersion in Ji­
quid nitrogen and used for colony counting, while the 
remainíng lung was perfused vvith 10% formaldehyde 
and used for histopathological analysis. Frozen lungs were 
disrupted in a Poiytron homogenizer (Kinematica, Lucerne, 
Switzerland) in sterile 50 mL tubes containing 3 mL of iso­
tonic saline solition (ISS). Four dilutions of each hom­
ogenate were spread on duplicate plates containing Bacto 
Middlebrook 7Hl0 agar (Difco Lab code 0627-17-4) 
enriched with OADC also rrom Difco (code 07-22-64-0). 
Jncubation time \Vas 21 days. Four lungs per each group 
from different arúmals at each time point in two different 
experiments were studied. 

For the histological study, after 2 days of fixation, 
parasaggital sections were taken through the hilus, and 
these were dehydrated and embedded in paraffin, sec­
tioned at 5 ¡ . .un and stained with hematoxylin and eosin 
(H&E). The percentage of lung surface affected by pneu­
monia was measured by using an image analysis system 
(Q-Win 500 \\/ Leica). Measurements were carried out in 
blinded fashion and the data are expressed as the mean of 
füur animals' ± SD. 

Real time PCR analysis of cytokines [n lung hornogenates 
Total RNA was isolated from cell suspensions using four 
lungs from the same number of different animals per 
group after 1 and 2 months of treatment (3 and 4· months 
of infection). The lung was placed in 2 mL of RPMJ 
medium contaíning 0.5 mg mL· 1 collagenase type 2 
(Worthin!lton, N), USA), and incubated for 1 h at 3TC. It 
was then passed through a 70 11111 cell sieve, crushed with 
a syringe plunger and rinsed with the medium. The cells 
were centri:fuged, the supernatant was removed, and red 
cells were eliminated with a lysis buffer. After counting, 
350 flL of RLT buffer were added to 5x106 cells and RNA 
was extracted by the RNeasy Plant Mini Kit (Qiagen, Inc., 
USA) accorcling to the manufacturer's instructions. The 
quality and quantity of RNA were evaluated through spec­
trophotometry (260/280) and on agarose gels. Reverse 
transcription of mRNA was performed using 5 11g RNA, 
oligo-dt, and the Omniscript kit (Qíagen, lnc). Real-time 
PCR was perlom1ed using the 7500 Real time PCR system 
(Applied Biosystems, USA) and the QuantiTect SYBR 
Green 1víaster Mix kit (Qiagen). Standard curves of quanti­
fied and diluted PCR product as wel1 as of negative con­
trols were included in each PCR run. Specific primers were 
designed using the Primer Express (Applied Biosystems, 
USA) program for the following targets: Glyceraldeh-yde-
3-phosphate dehydrogenase (G3PDH): 5 · -catt,atggaaggg 
ctcatga-3 ', 5' -ggaaggccatgccagtgagc-3 '; inducible Nitric 
oxide synthase (iN OS): 5 · -agcgaggagcaggtggaag-3 ', 5 '-catt 
tcgctgtctccccaa-3 '; TNF-a: 5 '-tgtggcttcgacctctacctc-3 ·, 5 '­
gccgagaaaggctgcttg-3', and Interferon gamma (IFN-y): 
5 '-ggtgacatgaaaatcctgcag-3 ', 5 '-cctcaaacttggcaatactcatga-3 '. 
The follovving cycling conditions were employed: an ini­
tial denaturation at 95oC for 15 min, followed by 40 cycles 
at 95"C for 20 sec, at 60,C for 20 sec, and at 72"C for 
34 sec. Quantities of the specific mRNA in the sample 
were measured according to the corresponding gene­
specific standard. The mRNA copy number of each cyto­
kine was related to 1 million copies of mfu"'JA encoding 
the G3PDH gene. 

Statistics anaiysis 
A one-way analysis of variance (ANO VA) and the Student 
t test were used to compare CFU and morphometry deter­
minations in infected mice treated with terpenoids and in 
non-treated control animals. A difference of P <0.05 was 
considered significant. 

Results 
In vitro determination of antimycobacterial activity 
and synergism of UA and OA 
Table 1 shows the M1Cs values of UA and OA deter­
mined by the MABA assay. \Vhen the reference strain 
H37Rv was used, UA showed a l'vUC of 25 ¡..tg mL- 1 and 
OA 50 f.l.g mL-1

. Both compounds were also effective 
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Tabie 1 In vitro antimycobacterial activity of Ursolic acid 
(UA) and Oleanoiic acid (OA) tested by MABA assay 

M. tuberculosis strain MIC (~g mL-1
) 

(ATCC) UA OA UA/OA 

H37Rv (27294) 25 50 12.5 

INH-R (35822) 25 25 25 

Rlf-R (35838) 25 25 25 

E.lv1B-R (35837) 25 25 25 

STR-R (35820) 12.5 50 25 

DR cllnlcal isolates 

f\ti.MDO 25 50 NO 

r'v'rTY147 25 50 NO 

Non-tuberculous mycobacterium 

M. che!onae lOO 100 100 

iv!. avium 100 100 100 

M. smegmatis >200 iOO 100 

M. fortuitum lOO 100 100 

fVi'. simíae >200 100 100 

H37Rv; sensitive strain to INH, RIF, EMB, STR, and pyrazinamide; RIF-R: 
rifampicin-resistant to H37Rv; STR-R: streptomycin-resistant to H37RV; INH-R: 
isoniazid-resistant to H37Rv and EMB-R: ethambutol-resistant to H37Rv; 
MMDO: strain resistant to isoniazid and ethambutol; MTY 147: strain resistant 
to isoniazid, rifampicin, ethambutol and ethionamide. MIC: minímum inhibitory 
concentration. Data are means of three determinations. UA: ursolic acid; OA: 
oleanolic acid; UA/OA: mixture of ursolic and oleanolic acids. 

against the monoresistant strains (isoniazid-, rifampicin­
and ethambutol-resistant) with a lviiC of 25 11g mL- 1

• 

The streptomycin-resistant M. tuberculosis H37Rv strain 
was more sensítive to UA (NIIC = 12.5 flg mC1

) but less 
sensitive to OA (MIC =50 (lg mL-1 

). The mixture of 
both compoÚnds showed a lvHC = 12.5 ¡.tg mL-1 against 
the H37Rv strain. Terpenoids showed a lesser effect against 
non-tuberculous mycobactería, with MICs ranged be­
hveen 100 to >200 [lg mL- 1

• Interestingly, the combined 
effect of UA and OA in vitro exhibited synergistic ac­
tivity at a proportion of 0.5 MIC of OA (25 ~g mL- 1

) 

and 0.5 MIC of UA (12.5 ~g mL-1
), with an X/Y value 

of <0.5 (Figure 2). 

Cytotoxicity and intracellular activity of UA and OA 
Considering the in vitro MIC values found for each 
compound, the intracellular activity of both triterpenoids 
was evaluated in a macrophage model for both Mycobac­
terium strains (H37Rv and the MDR clinical isolate). 
The cytotoxicity of these compounds revealed that at 
concentrations >20 flg mL-1

, cell death was above 30% 
and belmv 18. Two concentrations belmv this concentra­
tion were used for macrophage treatment: the first was 
1/4 of the MIC and second 1/40 of the MIC of each 
compound (Figure 3). We observed that ata high con­
centration (1/4 MIC) with both Mycobacterium strains 
there was a statistically significant CFU reduction after 

:;¡ 

200 

180 

160 

140 

3 lOO 

so 
p 
L 

CONTROL OA '/~ l\UC 'U A 1/~ \UIC OA.+UA 

X/Y<ll.:'\ 

Figure 2 In vitro synergistic effect of Ursolic acid (UA) and 
Oleanolic acid (OA). One half of the in virro ¡\/,IC of ._L\ and Üi\ 

alone or in combinatior1 ··:vcre incu~ated 'Nith iv1. iubcrcuio~i.' h37Rv 
and RFU were recorded :;t the end oí che incubaUon period: th¿. Xtr 

quotient analy:.is 'Nas applieci to establish rhe type of ¡::.ham\3colo·c;lcc-rl 
interaction be:.:ween these mmpounds, where /: represents the RFU 
value obtained vvith rhe combination of both compounds, ,3ncl vis t',f' 
RFU value of the cornpo;Jnd that presented the lowest value, ._.. r:c:r1 
alone. Synergy vvas considced when the Y/Y valuc vv~JS <0.5. 

UA and OA treatment, but when both compounds were 
.added together greater elimination of bacilli was observed 
(Figure 3A). Even at a lower concentration (li40 MJC), 
there was an efficient antimycobacterial effect of either UA 

or OA; ín the case of the M tuberculosis H37Rv strain, the 
combined effect of UA and OA at a lower concentrations 
vvas still very effective, while for the MDR strain, it was less 
effective (Figure 3B). 

Effects of triterpenic acids in vivo on iung bacmary load, 
histopathology and cytokine gene expression 
In comparison with non-treated control mice, animals 
infected with the drug-sensitive H37Rv strain treated 
with both OA and UA showed a significant decreased 
number of live bacilli in the lungs after 1 and 2 months 
of treatment (Figure 4A). These results in bacillary loads 
correlated well with the morphometric observations; this 
shmved a significant decrease of. the lung area affected 
by pneumonia in treated animals as compared with those 
of the non-treated control group (Figure 4B). 

Since UA and OA have diverse immunoregulatory ac­
tivities [19,22], the expression of genes encoding lFN-y, 
TNF-a and iNOS was determined by real time PCR. 
Figure 4C illustrates that anfmals treated with UA/OA 
exhibited a higher (but not significantly) expression of 
both cytokines and a significantly higher expression of 
iNOS than non-treated control animals. 

Animals infected with the drug-sensitive H37Rv strain 
and treated with both terpenoids in combination with 
conventional chemotherapy showed pulmonary bacilli 
burdens and tissue damage similar to that seen ín animals 
treated v-n1h chemotherapy only (Figure 5A and SB). Thus, 
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Figure 3 lntracelluiar activity of Urso!ic acid (UA), Oleano!ic a cid (OA) and their combination against M. tuberculosis H37Rv and MOR 
clinical iso!ate in the macrophage ceH modeL fv1.acrophages (cellline J774A . .1) '.vere infected (!VIOI 1 O:ll with drug-sensitive H37RI/ or DR ~uain 
ar1d rreated with UA, CA. or both together at t\NO concentrations, upper lpanel A) and lmver (panel B). After severcl tirne points, cells 'Nere lysed 
und ir1tracellular bacillus colony Fo~ming units 1:CFL) were determined. In comparison with non-treated con;:rol cells, each :erpenoid alone haO 
slgnific;;,n: antimycobacte~i21 acti,:"ity at high or lo·N treatmem concentrations, but when O.A. ano' UA V•'ere incubated together, the 
antir;lycobacterial activi:y v,Jas more effic:enr. +p <(1.001. 
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Figure 4 Effect of Ursoiic acid (UA)/Oieanolic a cid (OA) administration on bacterial ioads, pathology and cytokine expression during 
advanced disease in lungs from mice ínfected with the M. tuberculosis H37Rv strain. (A) UA/OA administration (vvhite bars) startir1g 60 days 
.::i"rer inrection cie-creased pulmonary bacte(al loads v-. .. hen compared vvilh lhose of control mice (black bars). (B) U;VOA-:realed m1ce (white ba:s) 
a davs 30 and 60 posNreatme1·1t sho,·ved less pneumonic area than the control group. (C) UA/OA treatmem ind·JCed a slightly higher expression 
of TI\! F-a anC IFI\1-y, anC: a significantly higher e>:pression of inducible !NOS at day 60 vohen compared with non-treated conuol m ice. ABS: 
corr~:-spond to 1 O IJ9 kg" 1 rifampicin, 1 o \-19 kg- 1 isoniazid and 30 IJ9 kg- 1 pyrazinamid. Each point corresponds to the meen± S;:cndatd deviation (50) of 
groups ot four rn1ce. Asterisks represent the stctistical signíficance betvveen groups (~P <0 · 05; HP <0 · 01). 
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although there 1-vas no apparent synergisti'c effect, the 
combined treatment induced a higher expression of 
IFN-y, TNF-o::, and iNOS than was seen in the group 
treated only with antibiotics, or in the non-treated control 
group (Figure 5C). 

Due to the emergence of 1\llDR strains and given the 
improved disease course in UA/OA-treated mice in­
fected with the drug~sensitive H3íRv strain, we decided 
to study whether this therapy has the ability to produce 
similar beneficia! effects on mice infected with a !vi. tu­
berculosis clinicaJ isolate resistant to all first-line antibiotics 
during late active disease. In comparison with control 
animals, MDR clinical isolate-infected mice treated with 
VA/OA showed significantly lower lung bacillary loads 
at 1 month of treatment and reduced, but not signifi­
cantly, lung bacillary loads at 2 months (Figure 6A). Simi­
larly, improved lung histopathology 'vas observed, wíth 
a significant decrease of pneumonia (Fígure 6B) at 30 
and 60 days of treatment, as compared with the group 
of non-treated mice (P <0 · 01). The determination of 
cytokine gene expression by real-time PCR showed 
higher IFN-y expression in the lungs of UA/OA-treated 
animals (Figure 6C), with statistical significance at 30 days 
(P <0. 05) of treatment. Thus, in addition to modest 
antimycobacterial activity, both terpenoids also possess 
immunotherapeutic effects. 

Discussion 
UA (3~-hydroxy-urs-12-en-28-oic-acid) and its isomer, 
OA (3B-hydroxy-olea-12-en-28-oic acid) are triterpenoids 
compounds that are widely distributed in the plant king­
dom, in medicinal herbs, and are a common component 
of the human díet [2í]. There are comprehensive reports 
on their biological activities and beneficia! effects in vari­
ous diseases, including ínfectious díseases fl6,2í]. In this 
regard, there are several reports of their significan! anti~ 
mycobacterial activity when they are primarily purified 
from diverse plants [9,11,28]. Indeed, the present study 
comprises part of a research program that involves an 
ethnopharmacological screening of Mexican medicinal 
plants in a search for activity against M. tuberculosi._<;. Our 
previous studies showed that VA and OA were in part re­
sponsible for the antimycobacterial activity from L hispida 
(a wídely distributed, ornamental Mexican plant used in 
folk medicine to treat TB) and C. tepejilote (a tropical 
plant from Southern J\1exíco used to treat respiratory 
diseases) [6,8]. The results presented here confirm and 
extend these studies. sho\-vlng that purified UA and OA 
have in vitro antimycobacterial activity against fully drug­
sensitíve and monoresistant H3íRv strains, as well as 
severa] MDR clinical isolates and to a lesser degree, non­
tuberculous mycobacteria. Our results on the in vitro ac­
tivity of VA against M. tuberculosis H37Rv were similar 
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Figure 6 Effect of Ursoiic acid (UA)/Oieanolic acid (OA) treatment on lung bacillary loads, pathology and cytokine expression during 
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to those reported previously, with a MIC value of 
50 ¡.tg mL"" 1 when evaluated by the radiorespirometric 
Bactec 460, and 31.0 and 41.9 ¡.tg mL- 1 by MABA assay; 
while MIC value5 reported for OA were 50 ~g mL· 1 when 
tested by the radiorespirometly method and 30.0, 28.7, 
and 25 ~g mL- 1 by MABA [9,29-32]. Both triterpenic acids 
exhibited less activit;.r against non~tuberculous mycobac~ 
teria, \Vith the MIC value of 100 ¡.tg mL· 1

• Thís is in fact 
modest antimycobacterial activíty. However, one major 
point of traditional medicine is the use of herb mixtures, 
which could be more effective than a single product for 
producing the desired effects [28]. UA and OA are iso­
mers, and our results shovved that the combination of 
both produced in vitro intracellular and in vivo syn­
ergistic effects. Although the molecular mechanism of the 
antimycobacterial activity has not yet been determined, it 
has been proposed that UA and OA can produce signifi­
cant abnormalities in the bacteria! cell wall [9,13]. Both 
terpenoids have efficíent antilipidic activity on eukaryotic 
cells [33], and perhaps this activity can also affect myco~ 
bacteria producing damage on the complex cell envelope, 
\-Vhich is rich in lipids. 

Mycobacterial infections are controlled by the activa­
tion of macrophages through type 1 cytokine production 
by T cells [34-36]. IFN-y and TNF-a are essential for this 
process because they promote macrophage activation 
and iNOS expression. This is clearly observed in our 

BALB/c mouse model, which ís based on infection via 
the trachea with a high dose of Al. tuberculosis H37Rv 
[26,37]. In this model, there is an initial phase of partial 
resistance dominated by Thl cytokines plus TNF-a: and 
the expression of iNOS, followed by a late phase of pro­
gressive disease after 1 month of infection, characterized 
by a lower expression ofiFN-y, TNF~a:, or iN OS, progres­
sive pneumonia, eA'tensive interstitial fibrosis, high bacil­
lary counts and very high levels of immunosuppressive 
factors such as TGF-~1 and Prostaglandin E-2 (PGE2) 
[26,37,38]. This BALB/c tuberculosis model has been 
used extensively to test clifferent forms of therapy [39-41], 
thus confirming that it is highly suitable for exploríng the 
efficiency of new natural drugs or immunotherapy based 
on the airvvay infection route, which is the most common 
pathway of infection in humans and the highest rate of 
bacteria! multiplication in the lung correlates with tb.e 
extent of tissue damage (pneumonia) and death of inÍected 
animals [26]. 

Although contrasting differences in immune responses 
have been observed that depend on triterpenic con­
centrations and the bíological status of the target cells 
used in different experimental systems [42], it has been 
reported that UA and OA stimulate IFN-y production 
[43], and also upregulate iNOS and TNF-a expression 
through NF-kB transactivation in murine resting macro­
phages [19,20]. More recenrly, it has been demonstrated 
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that UA modulates human dendritic cells via activation of 
IL-12, polarizing the Th-1 response [44]. Tuberculous ani­
mals treated with both triterpenic acids showed a hígher 
expression of IFN-y, TNF-a, and iNOS than non-treated 
control animals, or even than sick mice successfully treated 
with conventional chemotherapy, suggesting that UA and 
OA exert an effect as immunostimulating factors that can 
restare the protective antimycobacteriai cytokine pattern 
during advanced dísease, producing a significant decrease 
of bacíllus loads and tissue damage. 

Suppression of T -ceil responses to mycobacterial anti­
gens is a consistent feature of TB [45], and ín vítro and 
in vívo observations indicate that TGF-~ participates in 
these effects [46-50]. It is well established that M. tuber­
culosis and its components are efficient índucers of the 
TGF-~1 production by macrophages and thís cytokine is 
a significant factor in the suppression of cell-mediated 
immunity (CMI) and in the induction of fibrosis [49]. 
Another molecule that is also produced in high amounts 
during progressive TB and has CMI suppressing acti­
vities is PGE-2. In fact, TGF-~ and PGE2 share many 
immunomodulatory functions, such as the inhibition of 
IFN-y, interleukin 2 (IL-2) and 1L-12 production [50,51] 
and macrophage deactivation, suppressing TNF-a and 
iNOS production [52,53]. \"'V' e have shown, in this experi­
mental model of pulmonary TB, that by blocking TGF-~ 
activlty by the administration of its soluble receptor type 
3 or betaglycan, while simultaneously suppressíng PGE-2 
production by the administration of niflumic acid, a spe­
cific cyclooxygenase type 2 (COX-2) blocker, we can 
produce a significant therapeutic benefit assocíated wíth 
restoration of the protective cytokine pattern (41). Inter­
estingly, UA and OA antagonize TGF-~1 activity by 
blocking the binding of its specific receptor [21,22], 
whích is the same function as the soluble receptor 
type 3 or betaglycan. Moreover, UA and OA also sup­
press prostaglandin production by blocking the bindíng 
of c-Jun to the response element ofthe COX-2 prometer, 
thus preventing the transcription of this enzyme [54], or 
by irreversible inhibition of secretory phospholipase A2 
[55,56]. Thus, the restoration of the protective cytokine 
pattern observed in animals treated with UA or OA could 
be attributable to the modulating effect that they have on 
TGF-~ and COX-2 activity. However, there are published 
reports indicating contrary activities that are receptor­
and mouse strain- dependent [57]. Thus, as mentioned 
prevlously [58] with respect to the control of the inflam­
matory response, these triterpenoids can have both posi­
tive and negative effects, and further evaluations of their 
effect on the biological status of target cells or tissues in 
heaith and disease are necessary. 

lt is noteworthy tb.at to date, there are no studies that 
describe the antituberculous effect of the pure com­
pounds of medicinal plants. Thus, to our knowledge, this 

study constitutes the first that focuses on evaluating 
the antituberculous activity in vivo of this type of 
compound. Moreover, we recently published data on 
the toxicity in-vivo of the UA/OA mixture; it is prac­
tically innocuous \vhen evaluated by the s.c. route in 
acute (LD50 > 300 mg kg- 1

) and subacute (13 mg kg· 1 

repeated-dose during 28-day) assays in BALE/e mice 
[59]. Ther_efore, these compounds can be considered 
potential candidates to the treatment of TE. 

Condusion 
Our results sho'l.ved that UA and OA obtained from me­
dicinal plants used in Mexican traditional medicine to 
treat TB have modest antimycobacterial and sorne im­
munoregulatory activities that permit the control of pul­
monary TB in mice, indicating that research on natural 
products can produce novel antibiotic and/or immuno­
therapeutíc agents useful for the treatment of this sig­
níficant infectious disease. 
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Background: Humoral and celluJ.ar immune responses are associated '"'ith protection 
against extracellular and intracellular pathogens, respectively. In the present study, we evaluated 
the effect ofreceiving human secretoryimmunoglobulinA (hsigA) on the histopathology ofthe lungs 
ofmice challenged with virulentMycobacterium tuberculosis. 

Methods: The hsigA was purified from human colostrum and adlninistered to Balb/c mice by 
the intranasal route prior to infection with lltl. tuberculosis or in a pre-incubated formulation '\\--ith 
mycobacteria, 1.vith the principal aim to study its effect on qualitative pW.monary histopath.ology. 

Results: The intranasal administration ofhsigAand thepre-incubation ofmycobacteria '"'ith 
this preparation was associated lvi.th the presence of organised granulomas 'vitth signs of immune 
act:ivation and histological features related to efficient disease control. This effect was highly evident 
during the late stage of infection (6o days), as demonstrated by numerous organised granulomas 
·with numerous activated macrophages in the lungs of treated mi ce. 

Conclusion: The administration of hsigA to mice before intratracheal infection with 
M. tuberculosis or the pre-incubation of the bacteria with the antibody formulation induced tlhe 
formation of wcll-organised granulomas and inflammatory lesions in lungs compared with non­
treated animals which correlates with the protective effect already demonstrated by these antibody 
forn1ulati.ons. 

X<eyu..Jm·ds: colostrums, J.l,fycobacterium tuberculosis, secretory ímmunoglobulin A. 

It is knovvn that humoral immunity is 
associated V'.rith protection against extracellular 
pathogens, whereas cellular immune responses 
are primarily associated vvith protection against 
intracellular pathogens (1). Thus, in the case 
of tuberculosis (TB), in both man and rnouse, 
protective immunity is mediated by activated 
macrophages and Th1 lymphocytes (2). These 
cells are the most important constituents of 
granulomas, which are essential elements in 
the conTinement and control the baci1li grovvth. 
These structures are produced by mice and 
humans \Vith sorne differences (2). However, it is 

currently tbought that humoral and cell-mediated 
immune responses co11aborate in the protection 
against intracellular microbial pathogens (1,3-
s). Most vaccines that are licensed and used 
against bacteria} infections in humans are aimed 
at inducing a protective antibody response that 
a1lows the elimination of the microorganisms, 
including intrace1lu1ar pathogens such as 
Salmonella typhi (6). Antibodies have the ability 
to control íntracellular pathogens. Indeed, the 
preva1ence of antibody susceptibility in the 
extracellular phase has been documented for 
certain categories of rnicrobes (7,8). Secretory 
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antíboclies trap exogenous antigens and exdude 
immune complexes •.vith the assistance of a variety 
of innate mucosal defence mechanisms (9). SigA 
is a highly stabie antibody that can preserve its 
actívity for prolonged periods of titne even in 
hostile enviromnents such as the gut lumen (10) 
and oral cavity (u)_ In partkular, the function of 

is most hkely enhanced by íts high level of 
cross-reactive activity and Its presence in human 
secretions (12). Slg.A. is not onlypresent in externa] 
secretions but also has antimícrobial properties 
in epíthelial cells during íts transport across the 
epitheHum. Sig.4.. is the primary immunoglobulin 
type found in external secretions at a we11-
Mfined quantity, which provides spedfic immune 
protet.tion for all mucosa! surfaces by blocking the 
penetration of pathogens ínto the body (13), 

Additional work is needed to understa:nd 
the molecular mechanisms behind the Ig.,.<\­
mediated ínhíbition of pulmonary infection 
caused by M, tuberculosis, Reljíc et aL proposed 
that the principal mechanism is the enhancement 
of the bactericida! functions of IgA on infected 
macrophagcs (14,15} IgA m ay lead to activation­
dependent apoptosis causing bacteria} death, 
or the blockage of bacteria! interaction 1-vith the 
phagosomal membrane mediated by IgA/Gal-
3, '\-\'hich is requíred for the inhibítíon of phago­
lysosome fusion (15,16). In a pre\ious work, the 
protectíve effect of hsigA administered to mice, 
including signíficant decreases in pneumonic 
arcas by morphometric evaluation, "'Nas 
demonstrated (17). To complementthesepre\ious 
resmts, \·ve present a mo¡-phometrlc evaluation of 
granu]oma areas and perivenular infiltrates as 
well as a detailed qualítatíve histopathological 
study of the effect of hsigA on tíssue damage in 
the lungs ofBalb/c mice challenged with virulent 
1t:[ tuberculosis. 

HsigA was purified from human colostrum 
donated by healthy mothers 3 to 5 days after 
delívery. The puriñc:atlon was perlormed by 
anion exchange chromatography and subsequent 
gel filtration, using DEAE Sepharose Fast Flow 
and preparativo-grade Superose 6 (Pharmacia, 
Sweden), respectively. The presence of lgA in the 
chromatographic fractions was identífied by dot 
blot analysis and the purity of hslgA was verífied 
by 12.5% sodium dodecylsulfate-polyacrylamide 
gel electrophoresis sodiurn dodecyl sulphate 
polyacrylamide gel electrophoresis (SDS-PAGE) 
under reducing conditions. The purity of hslgA 

was confirmed by the detection of only 
heavy and light chains \\"Íth a m1gration pattern 
corresponding to their molecular weights (18). 
After purification) the reactivity of hslgA "víth 1Vl. 
tuberculosis antigens was demonstrated (17). 

f;.J.úcoheaerJ.trm tuhe;·cuk>sis c:uhur<.? 
l>f, tuberculosis H37Rv (ATCC 27294] was 

grown to early mid-Jog phase in Middlebrook 
7H9 medium (Dlfco, Detroit, MI) supplcmented 
wíth albumin-dextrose-catalase (BBL, 
Cockeysville, MD) and o.os% Tween So (Sigma 
Chemical Co., St. Louis, MO)_ Cultures were 
incubated at 37 "C with 5% CO:! and shaken 
continuous1y for 28 days. The bacteria were 
harvested by centrifugation at sooo x g for 
15 minutes, resuspended in saline solution~ 
dispensed in aliquots containíng 106 bacteria/mLl 
and stored at -70 'C until use. 

Three groups (n = 15 in each group) of 
male Balb/c mice of eight weeks of age were 
used as follows for inoculation and infectíon: 
the non-trea.ted (1\"T) group, consisting of mí«: 
that were íntratracheaHy infected with 2.5 x 
10' CPU of M, tuberculosis in 100 flL of saline 
soluti-on; the HsigA-treated group, eonsisting of 
mice intranasally inoculated v.ith purified hslgA 
(1 mg of hsigA in 50 ¡,tL of saline solution, 25 [lL 
in each nostrll) and intratracheally challenged 
"ith 2.5 x lO' CF1: of i"v1. tuberculosis 2 h after 
ínoculation l;ith the antibody; and the pre­
incubated hsigA group (Preinc}, consisting of 
mice challenged intratracheaily wíth 2.5 x 105 

CFU ll!. tuberculosis prevíously incubated 
'>itb 1 mg of the purified hsigA for 4 h at room 
temperature. Five mice from each group were 
sacrificed on days 1~ 7 and 60 after JVI. tuberculosis 
challenge and lungs were perft1sed v .. ith 10% 
formaldehyde dissolved in Pbospahate Buffer 
Saline (PBS) and extracted for histopathological 
analysis. Infected mice were housed in indhidual 
micro-isolator cages in a Biosafety Leve} 3 (BL3) 
animal facilíty, All ex'Perimental procedures 
\vith animals were performed in a laminar t1ov .. , 
cabinct in the BL3 facility, under anaesthesia 
and according to the guidelines approved by the 
Animal Ethics Committee ofthe Nationallnstitute 
of Medica! Sciences and Nut!ition, Mexico. 

ond hmg histn_¡?et·hc'li>fiU 
The right lungs each mouse were fixed 

witb 10% formaldehyde dissolved in PBS solution, 
dehydrated in alcohol, cleared with xylol, and 
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embedded in paraffin. Lung tissues were sectioned 
at 3 ,um and stained with hematoxylin and eosin 
using standard techniques. All lung tissues were 
mounted in the same orientation and sacrittal 

• b 

sect1ons. 
For quantitative purpose, three sections ""ith 

100 ,um of distan ce separatingthem were obtained 
from each mouse. Granulomas were defined as 
\vel1-delimited nodu]ar structures constituted 
by lympbocytes and macrophages. Wel!-formed 
granulo mas were those lesions that included both 
cellular types, with the latter activated, as defined 
by the presence of large cells with large and 
compact cytoplasms and peripheral nuclei with 
finely dispersed chromatin. In each section, aH the 
granulomas were measured wíth a determinatíon 
of their surface area in square microns at 200x 

magnification using automated morphometry 
equipment (Leica Microsystems Imaging Solutions 
LTD, Cambridge, UK). Regarding blood vessels, 
an venules in transversal sections from 80-100 

Jlm of diameter in each section were considered 
with the area occupied by the inflammato~ 
cells around these blood vessels measure in 
square mícrons. The data v,rere analysed using 
one-way .ANOVA and a post hoc Tukey multiple 
comparison procedure. P values under 0.05 were 
considered statistically significant. All data were 
ana1ysed using GraphPad Prism 4 software. 

Histopathological analysis revealed no 
qualitative differences in the lungs of mice 
from the different groups at days 1 and 7 after 
infection. Sixty days after infection, however, 
there were pneumonic areas constihtted by 
abundant macrophages V>.rith cytoplasmic 
vacuoles (foamy macrophages) and lymphocytes 
that occupied the alveolar lumen, with sorne areas 
of focal necrosis and large perivascular cuffs of 
lymphocytes in the non-treated group (Figure 
1). At this time point, IgA treatment resulted 
in fe,-~,·er lung areas affected by pneumonia, 
and lesions that consisted of predominantly 
abundant large activated macrophages (Figure 
1). More organised granulomas in the Preinc 
and hslgA groups were observed, 'h'ith these 
lesions constituted by activated macrophages 
with large and compact c:ytop1asms and large 
nuclei with disperse chromatin; these ce11s were 
surrounded by numerous lymphoqtes (Figure 
1). In comparison, the control group showed 
sma11er granulomas constituted predominantlv 
by lymphocytes and actívated macrophages. Both 
groups treated vv:ith IgA showed granu]omas 

Figure 1: Representative histopathology of the 
lungs of mice treated V\1ith hsigA 
in comparison V\lith contro] non­
treated tubercu1ous mice at day 60 of 
infection. (a) Low power micrograph 
shovvs extensive areas of pneumonia 
(asterisk) and focal necrosis (arrow) 
in the lung of a control mouse. (b) 
A high-power micrograph of theSe 
pneumonic areas re'i-'eals numerous 
vacuolated macrophages (inset). 
(e) A granuloma from the lung of a 
control mouse comprises sma11 
activated macrophages (inset). (d) 
In contrast, reduced pneumonic 
areas (arrow) are seen after 60 
days of infection in mouse treated 
with hsigA. (e) High power of this 
pneumonic area shows numerous 
activated macrophages with compact 
cytoplasms and large nuclei (inset). 
(f) Granuloma from the lung ofmouse 
treated with hslgA show numerous 
activated macrophages and abundant 
lyTnphocytes (10\v power micrograph 
25x magnification, high power 
micrograph 200x magnification, 
inset 1000x magnification). 



with similar cellular constitution and reduced 
perivascular inflammation from a qua1itative 
point ofview, butfrom the statistical pointofview, 
the morphometry of perivascular inflammation 
and the total area occupied by granulomas were 
not significantly different (Figure 2). 

The qualítatíve hístopathologícal study 
showed marked differences in the morphology 
and cellular composrtwn of pulmonary 
granulomas betvveen the control non-treated and 
treated mi ce with hsig..A.... In mice treated with Ig.A 
monoclonal antibodies against 16 kDa protein 
of M. tuberculOsis, more organised granu1omas 
v..rere reported in the treated group than in the 
non-treated control group or animals receiving 
a non related monoclonal antíbody (18). Míce 
challenged wíth M. tuberculosis coated wítb 
an IgM monoclonal antibody against mycolyl­
arabinoga]actan-peptidoglycan complex also 
showed more organised granulomas than non­
treated m ice (19). At the same time, bacteria \Nere 
present only in granulomatous lesions in treated 
animals compared with controls which showed 
a random presence of the bacteria in lung tissue 
(19). In a previous study wíth hslgA there was 
correlation betvveen the decrease bacterialload in 
lungs and the pneumonic area 60 days after the 
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administration of hslgA and M. tuberculosis pre­
incubated vvith the same antibody formulation 
compared with non-treated animals (16). 'fhese 
results were confirmed and extended in the 
present study by the demonstration of different 
cellular composition in lgA treated anirnals that 
showed predominant activated macrophages 
in the pneumonic areas 'and granulomas, while 
in control animals the predominan! cells in 
pneumonia werevacuolated macrophages. Foamy 
or vacuolated rnacrophages contain numerous 
bacilli and they show little immunostaining for 
the immunoprotective factors tumor necrosis 
factor alpha (TNF-a) and the induced ísoform 
of nitric oxide synthase (íNOS); but strong 
immunoreactivity to the immunosuppressive 
cytokíne transformíng growth factor beta (TGF) 
(20,21). Thus, foamy macrophages are related to 
disease worsening, while activated macrophages 
show the inverse immunostaining cytokine profile 
and are associated to efficient bacilli growth 
controL In cornparison with control mice, animals 
treated ·with Ig.A showed a1so bigger granulomas. 
In this mi ce modellarge granulo mas are related to 
protection (22), and lesser inflammation around 
airways and blood vessels is also related to efficient 
bacilli grovvth control. Thus, IgA treatment well 
correlated with histological features re1ated vvith 
efficient disease control. 

It has been suggested that there are 
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Figure 2: Determination of the granuloma (a) and perivenular inflammation (b) area in the lungs of 
both non-treated m ice and mice treated ,,vith hslg.A 1, 7 and 6o days after inoculation with M. 
tuberculosis. NT: non-treated group; hsig.A: m ice receiving human secretory IgA intranasally 
and intratracheally challenged v-.rith M. tuberculosis; Preinc: mice intratracheally receiving 
hslg.A preincubated with M. tuberculosis. Granulo mas and perivenular infiltra te areas were 
measured, and the data were analysed using one-\vay ANO VA anda post-hoc Tukey multiple 
comparison procedure. P < 0.05 were considered statistically significant. No significant 
results behveen the groups. 
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essentiaHy rn·o mechanisms by which antibodies 
mediate protection against M. tuberculosis 
infection: the first is the opsonisation of 
mycobacteria which improves the processes 
of phagocytosis and intracellular killing by 
neutrophils and macrophages, and the second 
is the activation induced by immunoglobu1ins 
in antigen-presenting cells that can enhance the 
response of specific T cells against mycobacteria 
(24). Secretory lgA antibodies (sigA) can operate 
by other protective mechanisms, such as the 
inhibition of bacteria} or antigen adherence to 
mucosal surfaces by the properties conferred by 
the secretory componen! (25). Other additional 
mechanisms include the acceleration of immune 
complex elímination through respiratory ciliary 
movement and intestinal peristalsis, antibody­
dependent cellular cytotoxicity (26), and the 
stimulation of antigen presenting cells for 
activation of T cells (27). Indeed, lgA protects 
the mucosa! epithelial barrier through different 
mechanisms (28). sigA antibodies interact wíth 
antigens at the stromal side of the epithelium, and 
immune complexes are engulfed and eliminated 
by phagocytic cells or are incorporated into the 
vascular system or passed through the epithelium 
associated v.,rith the polymeric immunoglobulin 
receptor (plgR) (29,30). This latter process is 
called sigA immune exclusion and is able to react 
to various antigens, including those expressed 
by bacteria1 blocking adherence and microbial 
penetration of the epithelium and thereby 
providing an effective means of protection 
(28). sigA also prevents mucosal infections by 
inhibiting the initial pathogen colonisation and 
eliminating epithelial cells vvithout tissue damage 
during its transit to the lumen mediated by plgR 
(31). In contrast to IgG) lgA is considered an 
anti-inflammatory element in secretions due to 
its minimal activating effect on the complement 
system (31). 

The protective effect of IgA in experimental 
tuberculosis has been previously demonstrated by 
the intranasal inoculation of monoclonal TBA61 
IgA antibodies against the a-crystallin (acrl) 
antigen of M. tuberculosis (32,33). However, 
it offered only a short duration of protection, 
which could be prolonged by the administration 
of IFN-y three days befare infection and further 
administration of IgA at 2 h before and two 
and seven days after aerosol infection vvith M. 
tuberculosis H37Rv (32). Rodríguez et al showed 
that IgA-deficient mice immunised vvith the 
mycobacterium cell surface antigen PstS-1 were 
more susceptible to intranasal infection with BCG 
than vvildtype non-targeted littermate controls 

(34). Recently, it was shown that the combined 
intranasal administration of a novel human IgA 
monoclonal antibody (2E9IgA1) and recombinant 
mouse IFN-y significantly reduced lung infection 
induced by M. tuberculosis H37Rv in CD89 
transgenicmice but not in CD8g-negative controls, 
indicating that 2E9IgA1-mediated protection 
largely depends on its interaction vvith CD89 
(35). Our resu1ts on the qualitative evaluation of 
histopathological 1esions after the admlnistration 
of hslgA correlate with other reports of the 
association betvveen granuloma organisation and 
the presence of activated macrophages \\-ith the 
protective capacity of other antibody formulations 
(1,15,19). 

Human secretory IgA antibodies purified 
from colostrum can interact with antigens and 
inhibit the adherence of diverse microrganisms 
to mucosal surfaces. In comparison v-.ith control 
non-treated mice, the protective role of hsigA is 
notable due to the formation and consolidation 
of well-constituted granu1omas vvith numerous 
activated macrophages in the lungs of inf~cted 
mice pre-treated \\tith purified hsigA or infected 
with M. tuberculosis preincubated v.ith purified 
hslgA. 
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Virulence and Immune Response Induced by Mycobacterium avzum 
Complex Strains in a Model of Progressive Pulmonary Tuberculosis 
and Subcutaneous Infection in BALB/c Mice 
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The genus Mycobacterium comprises more than 150 species, induding importan! pathogens for hu.mans which cause major pu 1'·­
Hc heah:h p:roblems. The vast majority of efforts to understand the genus have been addressed in stud]es with Mycobacterium 
tuberculosís. The biological differentiation betweenM. tuberculosis and nontuberculous mycobacteria (NTM) is important be­
cause there are distinctions in the sources of infection, treatments, and the course of disease. Likewise, the importance of study­
ing NTM is not only dueto its dinical significance but also dueto the mechanisms by which sorne species are pathogenic while 
others are not.JVIycobacterium avium complex (MAC) is the most importan! group ofNTM opportunistic pathogens, sin ce it 1~ 
the second largest medica! complex in the genus after theM. tuberculosis complex. Here, we evaluated the virulence and immur:c 
response of M. avium subsp. avium and Mycobacterium colombiense, using experimental models ofprogressive pulmonary tu­
berculosis and subcutaneoUs infection in BALB/c mi ce. Mi ce infected intratracheallywith a high dose ofMAC strains showed 
high expression of tumor necrosis factor alpha (TNF-a) and inducible ni trie oxide synthase with rapid bacillus elimination ami 
numerous gran u lomas, but without lung consolidation during late infection in coexisten ce with high expression of anti-inflam­
matory cytokines. In contrast, subcutaneous infection showed high production ofthe proinflammatory cytokines TKF-a:: and 
gamma i.nterferon with relatively Iow production of anti-inflammatory cytokínes su eh as interleukin-10 (IL-10) or IL-4, which 
efficiently elimina te the baciHi but maintain extensive intlammation and fibrosis. Thus, MAC infection evokes different immtm<-­
a.nd inflammatory responses depending on the MAC species and affected tissue. 

lthough the genu.s A1ycobacterium was described over a cen­
tury ago ( l, 2}, the main"research focus has been on lvfycobac­

tcrium tuberculosis, currently considered the most importan! 
l1t1man bacteria! pathogen. Indeed, tuberculosis (TB) is thi:: world­
\'>'ide leading cause of death produced by bacteria] disease and is 
one ofthe most important challenges to public health (3-5). How­
ever, there are a large number of species knmvn as atypical or 
nontuberculous mycobacteria (NT1Vl) (6), which induJe nearly 
140 species ( L 2) and although they are not considered a public 
health problem, their importance is increasing dueto their fre­
quent association with immunosuppression, especially in HIV 1 
AIDS patients, which is highly fatal (7-11). Diseases caused by 
NTM are known collectively as mycobacteriosis, and the symp­
toms indude lung infection, lymphadenitis, soft tissue or sk.in 
ksions, and even disseminated disease (12). 

The biological differentiation between J\1. tuberculosis and 
NTM is importan! because it implies fundamental differences in 
the so urce of infection, treatment, and the comse of the disease. 
Likewise, the importance ofstudying NTM is not only because of 
its clinical relevan e<? but also beca use of the involved mechanisms 
by which sorne species of the genus are pathogenic whi1e others are 
not. Although the epidemiology ofTB has been extensively stud­
ied. the incidence \Vorldwide and the prevalen ce of rnycobacteri­
osi::; remains poorly understood, partly due to the fact that NT1.-'I 
diseases are not usually reported to public health centers. Myco­
hacteriosis estimates are based on occasionallaboratory isolates 
and, in most cases, are suspected ofbeing ca u sed by lvl. tuberculosís 

(13-15). Tn addition, lx·cau.se thc vast majority of the NT:'\..·1 ,,, . 
naturally resistant to dmgs u sed against 1\1. tuberculosis (12), it 
not un usual that they are hóng wrongly identified and reporttd . '~ 
multidrug-resisLant A1. tuberculosis strains (16, 1 7). 

A1ycobacterium nvium complex (MAC) contains dinically in 
portant NTM \vorldwide and is the second largest medica] cnn · 
plcx in thc Mycobacterium genus after the M. tuberwlosís cornp]¡·' 
lvlAC strains are frequently isolated ,.,rorldwide, and currently · 
tubermlosis and MACare the mycobacterial specíes that rcqlill (. 

the biggest efforts in ca re and treatment within the genus ( 12, 1 

18-20). MAC affects patients with chronic obstructive pulmon,1: 1 

discase, cystic fibrosis, and mainly immunosupprcssed individ1 
als wíth HIV/AIDS (21, 22). MACis composcd ofa numher ,,( 
different serovar.s, .strains, subspccies, and morphological fon1 , 
that differ in virulence (21. 22, 27). MACis considered the leadi1 ,~~ 
cause ofhighlyfatal systernic bacterial infection that affects 4fJr\'¡,, 
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¡_; 11 ients with HIV /AIDS and is the most common NTM pathogen 
:;, , 'llP in the United S tates (12, 23).ln most cases, it is not knovvn 
\1 hich ofthe :MAC species is the pathogen and, unlíke the person­
f'- r<on transmission of i\1. tuberculosis, MAC transmission ap­
~~- <1rs to occur from an environmental somce (6, 24).1Vf. aviwn is 
11 ,: most vvidely studied MAC species, is frequently isolated from 
Li ntking water, and could be the main source of infection for 
11 :munosuppressed individuals (25). Instead, pulmonary disease 
h Lhe most common manifestation in ímmunocompetent indi­
Yt< l uals (26 ), vvhereas AIDS patients frequently present with a gen­
c,dized infection (27). 

,'Hycobocterium colombiense is a MAC species that was isolated 
t:, 'm the ,-.;putum and blood ofHIV/AIDS Colomhian patients (28); 
ti11" strain produced lymphadenopathy in immunocompetent 
:1!ldrt'I1 from Francc and Spain (29, 30) J.nd was associated 

\' 1 th pulmonary infections that complicated cases of cystic 
t!' >rusis· (31). Therefore, this group of opportunistic pathogens 
]¡ 1\·c virulence mcchanisms that allow them to adapt, survive, 
r, ~>licatc, and produce disease in the host. However, the virulence 
"1; 1d immune response evoked in vivo by members of these species 
]',i\ not been evaluated. The aim ofthe present studywas to eval­
u,:t..: the virulence and immune response evoked by two MAC 
~:,,:cics (M. avium subsp. nvium andA1. colombien$e) u.•;ing exper­

Í! litntal models of progressive pulmonary TR and subcutaneous 
¡,, 1-l·ction in BALB/c mi ce. 

MATERIALS AND METHODS 

~,·kctíon of study strains. \Ve used two different and \vdl~characterized 
\1 \C: species from the Spanish Type Culture Cullection (CECT); M. co­
,' · ni1icn:;e CECT 3035 andM. avium subsp. nvium CECT 7407. M. tuber-

,',,;:j~ H37Rv (American Type Culture Collection [ATCC] 25618) was 
,-J as <l ..:ontrol for comparison. Bacteria \-,.·ere grown in 1\liddlebrook 
i'J broth (BD Difco) enriched v-rith glycerol and albumin, catalase, and 

u,, trose (Middlebrook ADC; BD Di feo), in constant agitation at 37"C 
-,i 5tYo C02 during 21 d<~ys for AJ. tuL1emdas:is H37Rv and 15 days for 

\ 1 -\C. The stock cultures were stored al -70"C in 50% glycerol until use. 
Experimental model of progressive pulmonary TB in BALB/c mice, 

\ ;' ulence (as determined by survival, pulmonary histopathology, and 
l>." krinlloild) and immune response induced by o;;ach isolate were evalu­
,l.,d in H-we.:k-0ld male BALB/c mice as previously described. (32-35). 
1-:1 ály, bilcteria were grown as described above and, as soon as the culture 
¡·, .1-:bed the log phase, the badlli were harvested, and the concentration 
"'' .: , .1djustt>d to 2.5 X 105 '1iable bacilli per 100 f-ll of phospbate-buffered 
·'" i111c ( PBS), as determinccl by fluorescein diacctate (Sigma-Aldrich) in-

rporation. Progressive pL1lmonary TB induction was performed as foi­
l, ''":mi ce were anesthetized with sevoflurane vapors and inoculated in­
'· , 1 r<tcht:ally using 2. SLerile cammla (Tbomas Scientiüc, catalog no. 
1 'lr\12, straight, 22GXJ"), with 2.S X lü~ bacilli in lüO ¡.d of PES. 
1' 1 L'Cted m ice were kept in il vertical position ltntil the effect of anesthesia 
l'·l'~ecL Two independent experiments were performed; in each experi-

, nt three groups of SO mi ce were infected with either lvLA.C species or 
1: '7Rv, J.nd lO m ice more from each group V\rere left undisturbed to 

,,rd survival from day 1 up to day 120 after infection. Six animals from 
"h group were sacrificed byexsanguination ilt l, 3, 7, 14, 21, 28, 60, and 
ii dilys aflc-r infection. One lung lohe, righl or left, was perfused w:ith 

,·11,.mol and prepared for histopathological studies. The other lobe and 
'•1 ,-lc't' samples (\vhole blood, spleen, and mediastinallymph nodes) were 
'l:.lf~-frozen in liquid nitrogen and stored at -70°C for microbioiogical 

,; !mm unfllogical analys6. lnfected m ice were bcpt in cages lllted with 
-Toisoliltors connccted to negative pressure. Allf,rocedures were perM 
med in a class I1l cabinet in a biosafety leve! IIl facility according to the 

Si tcklinc'S and approval by the Animal Experimentation Ethics Commit­
L:' ()fthe National Institute ofi\1edical Sciences and 1\utrition of:tviexico. 
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Experimental model of subcutaneous infection in BALB/c mi.ce. The 
experimental model was set up in 6- to l:l-week-old male BALE/e m ice. 
Bacteria were grown as described above and, as soon as the cuhure 
reached log phase, the hacilli \Vere harvested, and tbe concentration was 
adjusted to 2.S X l05 viable hacilli per 100 f-1.1 of PBS, as dctermincd hy 
diacetate of fluorescein incorporation (SigmilMAldrich). As rcported )-'re­
viously (36), groups of 50 animals were inoculated subcutaneously with 
2.5 X 105 bacilli suspended in 40 f.!.l of PBS for eacll individual strain 
utilizing a sterile syTinge and needle in each footpad, and lO m ice from 
each group were left undisturbed to record survival from da y 1 up to da y 
120 after infection. Three animals from each grour were sacrifi.ced by 
exsanguination at 3, !4, 21, 28, 60, and 120 days after infection. One 
footpad, right or left, was prepared for histopathological studies, and the 
other footpad was snap-frozen in liquid nitro gen and stored at -70"C for 
microbiological and immunological analysis. Infected mice were kept in 
cages fitted ""ith microisolators connected to negative pressure. 

Tissuepreparationfor histologyand automated morphometry. One 
lung lo be from each m o use was fixed by intratracheal per!Usion \Vith 10% 
formaldehyde dissolved in PBS for 24 h and lhen sectioned through the 
hilus and embedded in paraffin. Sections, 5 ¡.un thick, were stained with 
hematoxylin and eosin for thE' histological and morphometric analysis 
using an aulomated image analyzer ( Carl Zeiss, Ltd., Herts, Cnited hing­
dom) as previously descrihed (33). 

Regarding the subcutancous tissue analysis, one footpad from each of 
the three mice per time point was obtained, immediately fixcd by immer~ 
sion in lO% formaldehyde dissolved in PBS during 24 h, and then sec­
tioned longitudinally and embedded in paraffin. Tissue sections were 
stained with hematoA¡rlin and eosin and analyzed. 

Determination of CFU in infected tissues. Right· or left lung lo be.:>, 
whole blood, mediastinallymph nodes, and spleens from three mice <¡l 
cach time point and in two independent expcrimcnts wcre used for CFU 
counting. The tíssues were homogenized with a Polytron (PT 31 üü-LJ.bo­
ratoryhomogenizer: Kinematica Dispersinf2: and Jv·fixing Technology) in 
sterile 50Mml tubes containing 1 ml ofPBS-lX Tween SO (0.05%). Tbree 
dilutions of each homogenate were spread onro duplicate plates contain­
ing Middlebrook 7Hl0 agar (BD Di feo) enriched wilh glyceroL albumin, 
oleic acid, dextrose, and catalase (Middlebrook OADC: BD Difco ). Colo­
nics were counted tv-rice under a stereoscopic micro~cope (STEMI 20()(] 
MICR-PA OSS; Carl Zeiss) after 21 days ofincubation for M. tL1berculosis 
H37Rvand 15 days l'or MAC (33). 

Three footpads, right or left, collected from infected and control mi ce 
at each time point were used for colony counting. Tissues were ground 
wi.th a mortar and then homogenized with a Polytron; dilutions of each 
homogenate were spread, incubated, and counted as descrihed a hove. 

Kinetics of cytokines gene expression determined by real-time PCR 
in tissue homogenates. Right or left lung lo bes and footpads from three 
different m ice per group were used to isolate total RNA using an RNeasy 
minikit (Qiagen Sample & Assay Technologies) according to the manu­
facturer's recommend<~tions. Total RNA qualiry and quantity were eval~ 
uated through spectrophotometry ( using a 260/280 absorban ce ratio i anJ. 
on agarose gds. Rever.-;e transcription was performed using Omniscript 
reverse transcriptase (Qiagen) ITom 100 ng oftotal RNA, ISO f-lg of Oli­
go( dT) 1 S primer (Promega Corp.)/ml, lO L' ofRNase inhibitor (lmitro­
gen/Life Technologies), 1 X reverse transcriptase buffer, 0.5 mM concen­
trations of each deoxynucleoside triphosphate, and 4 U of Omniscript 
reverse transcriptase. Real-time PCR was performed using the 7500 real­
time PCR system (Applied Biosystems) anda QuantiTect SYBR green 
PCR kit (Qiagen). Standard curves of quantiüed and diluted PCl-\ prod­
uct, as wcll as negative conrrols, were included in ea eh PCR run. Sp~citic 
primers were used for the following targets: GAPDH (glyceraldehyde-.3-
phosphate dehydrogenase), S' MCATTGTGGAAGGGTCCATGA-3' and 
5'-GGAAGGCCATGCCAGTGAGC-3'; tumor necrosis factor alplu 
(TNF-cx), 5'-TGTGGCTTCGACCTCTACCTC-3' and 5 '-GCCGAGAAA 
GGCTGCTTG-3'; gamma interferon (IFN--y), 5' -CCTCAAACTTGGCA 
ATACTCAT-3' and 5'-GGTGACATGAAAATCCTGCAG-3'; inducibk 
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FIG 1 Lung hacillu~ loads in BALE/e micc infcctcd hy intratrachcalinjcction. Micewere intCcted with j'vf_ t:o!mnhic'IIS~ (grey), ]'0. aviwn (whitcL or Af. 111/)['rwi, 
strain H37Rv (black) and cuthanized at differcnt time points after infection, and the indicated organs wen; uscd to c.kterminc the number of CFU. i\stuí- t 

reprcscnL statislical significan ce (P < 0.005) comparing .:VlAC strains with .'vi. tuberculosis H37Rv. 

ni trie oxide syntha.se (iNOS), 5 '-CATTTCGCTGTCTCCCCAA-3' and 
5'-AGCGAGGAGCAGGTGGAAG-3 '; interleukin-4 (IL-4), S' -CGTCCT 
CACAGCAACGGAGA-3' and 5'-GCAGCTTATCGATGAATCCAGG-
3'; tr<msforming growth factor (TGF), 5'-AGGGCTACCA TGCCAACTT 
CT-.3' andS'-CCGGGTTGTGTTGGTTGTACA-3'; and JL-10, 5'-AAAG 
GCACTGCACGACATAGC-3' and 5' -TGCGGAGAACGTGGAAAAA 
C-3'. The <.:yding conditions were as follows: initial denaturation at 95°C 
for 1 O m in, followcd by 40 cyclcs at 95 for 20 s, 58 to 60°C for 20 s, and 
ncc for 35 s. Quantities ofthe specific mRNA in the sample were mea­
surcd according to the corresponding gene-specific standard. The mRNA 
copy num her of ea eh cytokine was related to one miUion copies of mRNA 
encoding the GAPDH gene (37). H37Rv was used as a control for all 
experiments in the BALB/c model. 

Cytokine production determined by immunohistochemistry and 
digital automated morphometry. The same paraffin-embedded material 
preparo::d for histopatholo¡ócal studies was used to determine the local 
cytokine production by immunohistochemistry. Lung a'nd footpad sec­
tions írom m ice infected with dther MAC or M. tuberculosis H37Rv strain, 
obtcLined at early ( day2l) ancl late (da y 120) infcction, were dcparaffinizcd 
and maimained in 1 X HCN buffer (HEPES, NaCI, and CaCI2 ). Sect.ions 
were washed ·with 1 X HCN plus 0.05% Tween 20, and the endogenous 
peroxidase activity was blocked with 6% H 20 2 dissolved in l X PBS plus 
U. 1% sodiurn azide, followed by incubation for 1 h. After·b1ocking with 
normal swine serum, tissue sections were incubated with primary anti­
bodies overnigbt at 4°( at optimal dilutions, wbicb bad been determined 
previously. Vv'e u sed primary antihodies against TNF-a: (rabbit polydonal 
IgG clone H-156; Santa Cruz Biotechnology), IFN-'Y (goat polyclonal IgG 
clone D-17; Santa Cruz Biotec.hnology), IL-4 (goat polyclonal IgG; Santa 
Cruz Biotcchnology), and IL-10 (g03t polyclonal IgG done M-18; Santa 
Cruz Biotechnology). Secondary hiotinylated antibodies (hiolin-anti­
rabbit IgG or biotin-anti-goat IgG) were used to detect the binding ofthe 
primar;/ antibodies. Finally, horseradish peroxidase-conjugated avidin 
and 3,3-diaminobenzidine-hydrogen peroxide were used to develop the 
reaction. "fi:;;:;ue sectinns V>'ere wunterstained with hemawxylin. 
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For digital automated morphometry, slides were scanned for c.1 
strain and tissuc using an Aperio Sean Seo pe (Aperio Technologie~. Vi.,: 1, 

CA). After saving each digital image, all of the lung arE"a or the fooq'.·.i 
inflammatory infiltrate werc selected for analysis. Aperio ImagcScr 
software (Aperio) was u sed with the applicationofthe Aperio Pixel CtiLL ·1 

v9 algorithm, which is based on the spectral differentiation bctwc·, 
brown (positive) and blue (counter) staining and províde a numlx1 
1 +, 2+, and 3+ intcnsity positive pixels, a mean ofintensity>Nas dcr(, 
mined from each slide that corresponded to the estimated concen trari, ,,, 
of ea eh selected cytokine. 

Statistical analysis. Two-v,.·ay analysis of variance was usd t0 dclr 
mine the statistical sig:nificance of CFU and cytokincs. A P value of <:1 :.' 
'".'aS considered significan t. 

RESULTS 

Survival, histopathology, and bacillary loads in mice infected h: 
the intratracheai ro u te. In order to characterize the lvl. avi1tm dl' ,l 
M. colombiense virulencc in the m o del of pulnwnary TB, gro u p-...· 
BALE/e mice were infccted intratracheally witb 2.5 X 105 bacilli , ,' 
either MAC species or M. tuberculosis H37Rv strain as a comp._, 
ative controL All of the animals infected with M. 1<vium or .1: 1 

cofomhiense survived after 4 months ofinfection. Tn contrast, m¡, r.' 

inoculated with i\1. tuberculosis started to die at 8 weeks postin fl, 
tion> and 50% survived after 120 days of infection (data 1'· 
shown). These survival rates associated vvell \IÚth the CFU qué!< 
tifications in lung homogenates \vhere, by the third week post i 
fection, a lower bacteria! load \Vas found in mice infected V..'ith .\ 
colombiense even though similar numbers of CFU had heen d, 
tected in the three groups during the first week of infcction {1-:1;~ 

lA). In comparison to animals infected with M. tuberculosi.', 
days 21, 28, and 60 postinfcction, significantly lowcr hJclLT 
loads \·V"ere found in the lungs oi m ice infected \\'Íth M. co!onrbic:·,' · · 
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t· (; 2 Rl·prcscntJtive hmg histopatholo¡~y in mi ce infcctcd by tbe intratracbcal routc with }.-1:\C strains and M. tubcrwlo_c;í . .;. (1\ and B) lvf. colombim3c (¡\) and 
,ll'ium (B) induccd extensivc inJlammalOry in!lltrau.: around blood v-:ssds and bronchioles aíLer 21 days of infection. (C) ivf. tubercufo3is inkction indth;ed 
¡,,¡~cubr inJlammarion with wdl-formed granul ... ml<J~ ( arrow). (D ¡ At day 120 after infection, there is almost normal histolo~ical appearance in th<O lun~s of 
11u;;L.· ini"ected with M. colrmbiense. (E) Slight inJlammation around small blood vessels was observcd aftcr 120 days ofinkction with M. tlvium. (F) Extcnsiv...: 
LMl"ltmia was evidenc<::d aftc:r 4 months of ini"<::CLion with AJ tubcrculMi.' H37Rv. Hematoxylin and <::osin sraining; all microg.raphs, X200 magniflcation. 

('' .VJ. aviwn, being fe\,rer in the former, while at day 120 almost 
11 :detectable live bacilli were observed ín animals infected with 
l'· 1 her :-viAC species. In contrast, a progressive in crease of bacillus 
!1 :ds in tlle lung v-,;as seen in mice infected with M. tuberculosis, 
r , 1 ... ing its peak at da y 120 postinfection (fig. lA).ln blood, after 3 
t1 , \'~ of infection, mi ce infected with either MAC species showed a 
t' 1 •gressive increase of the bacillus load fnr 2 weeks, followed by a 
¡· ,1nsient decrease by days 21 and 28 postinfcct.ion anda new in­
,, ·ase at da y 60 postinfection. At almosl all of these time points, 

t! ~ hacillus loads in blood from miceinfected v,:ith M. avirmz or M. 
··'r1mbiense 1vere significantly higher than in mice infected \vith 
.·. tu/Jert'ulosis (Fig. 1 B). A similar trend was observed in spleens 

~' :ci mediastinallymph nodes (Fig. lC and D, respectively), where, 
.1: L"f rhe fin;r week during late infection at days 60 and 120, higher 
h :Lillm loads were determined in anímals infected várh MAC 

, .tins than \Vith Af. tuberculosis. 
Thc bistopathological analysis of the lungs showed after 2 and 

\\'Ccks of infection with MAC, extensive inflammatory infiltra te 
nstituted by lyn1phoc¡tes and macrophages located in the alve­

¡,;,¡r-capillaryinterstitium, as well as around venules and bronchi­
i''··~ (Pig. 2A and B). At this point during the infection, larger 
t-:' .111ulomas (12,703 ::: 1,000 ¡;.m2

) v•.rere formed than those pro­
d,;~·cd by Ai. tuberculosis (4,025 ± 670 f-Lm·\ 2 weeks later, gran­
u ~t•mas induced by MAC (9,215 :±: 435 f-lm 2

) were similar in size 
h, rhose in the lungs of 1\1. tuberculosis-infected mice (9,963 :t 650 
p. 111

2
). During late in fection, gran u lomas progressively declined 

I 1 number and size, being very few in number and small at da y 
'l postinfection with either MAC strain (2,844 ± 320 ¡;.m2

). It 
1~ important emphasi7e that there was little pneumonia in 
\: \C-infected mice (<5%) and that the inílammatory re­
-~¡ ·ill1SC decrcased substantially after 1 month ofinfection, with 
w1ly occasional cuffs oflymphocytes around blood vessels and 

4()04 ial.asm.org 

mild hyperplasia of the lymphoid tissue associated with bron­
chial epithelium observed at day 120 postinfection (Fig. 2D). 
As shown in Fig. 2D and E, at da y 120 there was almost normal 
histological appearance in the lung of mouse infected with A1. 
colombiense and j\1. avium. In contrast, M. tttberculosis~infected 
mice showed progressive pneumonia after 28 days postinfec­
tion, reaching its peak at day 120 when RO:±: 10% of the lung 
surface was affected (Fig. 2F). 

Cytokine gene expression and. production in the lungs ofin­
fected mice. TNF-a. gene expression in micc infected with M. 
tuberculosis was rapid and higher during early infection and was 
foUowed by a progressive decrcase during late disease (Fig. 3AI. In 
contrast, whereas infection with 1vi. colombiense induced the high­
est expression ofTNF-a. during early infection at days 3 and 7, and 
this peak was followed by a progressive decrease, in mice infected 
v.,rith M. avium TNF-o: shovved progressive expression peaking at 
day 120 {Fig. 3A). Similar kinetics were ohserved in iN OS gene 
expre.ssinn (Fig. 3B). The kinetics ofiFN-)1 gene expression were 
similar among the three groups, \vith higher expression during 
early infection peaking at da y 14, followed by progressive decrcase, 
being higher in mi ce infected with Af. colombiense strain (Fig. 3C). 
Regarding the eA'-pression of anti-int1ammatory cytokines, mice 
infected with M. colombiense showed the highest TGF-¡3 expres­
sion from days 3 to 21, whereas animals infected with i\1. aviwn 
exhibíted the highest TGF-13 expression ar days 28 and 60, and 
both MAC species induced higher TGF-f3 expression than did M. 
tuberculosis (Fig. 3D). Af. tuberculosis infection induced progre:;­
sive IL-4 expression, whereas M. colombiense induced lower and 
stahle IL-4 expression, and animals infected with }vi. avium exhib­
ited higher IL-4 expressíon during early infection (Fig. 3E). Dur­
ing the first week of infection, 1\tL co[onzbiense induced high cx­
pression ofiL-1 O, whereas l\1. aviwn and lv!. tubercuLosis induced 
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FIG 3 Kinctic~ nf cy1okinc.~ andiNOS gene cxprcssion in micc infcctcd by thc intratrachcal routc. Bt\LH/c micc wcrc infcct..,;d with .'vi. wlolll/Jiem:¡< rs~-, 
"H. avium (whitt:). or 1\1. tuberw!o~is strain H37Rv (black). Groups of three animals \Vere sacriliced at dilkr<Onl time points: gene: expression ofiNOS and ni· 1 
indicJtcJ cytokincs in thc lungs \N<ls dctcrmincd by real-time PCR. Thc rcsults are cxprcsscd as mcans ¿mJ thc standard dcvlations from thrcc mow;,, gr\lli 
Asll'risks rcprcsenl slatistical signi(icanct: (P < 0.05) oCMAC slrains compared Lo M. iuherculosis HJ/Rv. 

similar mild expression during late infection at da y 120, and both 
MAC species induced.higher expression ofiL-10 (Fig. 3F). 

Considering that the cytokine gene expres.sion determined by 
real-time reverse transcription-PCR cannot inform the cellular 
source and since total tissuc homogenates used to isolate RNA 
may not reflect protein levels, ''le performed immunohistochem­
istry and digital quantitative image analysi.s oflung section.s com­
paring early infection, specifically examining when protective im­
munity against J\1. tuberculosis is maximal in this murine model 
(da y 21) and for late disease (da y 60) (37). Activated macrophages 
were the principal source ofTNF-a, being 2-fold higher after 21 
days ofinfectior¡. in animals infected wíth J.\1. tuberculosis than \vith 
either MAC strain, whereas similar low TNF-a production was 
seen at day 120 postinfection {Fig. 4). At day 21 postinfection, a 
trend similar to that seen vvith TNF-a was observed for IFN-)1 
production, with lymphocytes being the most common immuno­
stained cells, while at day 60 of infection mice infected with ]V[. 

tuberculosis showed lmver IFN -)1 production than at day 21, but it 
was stiJl significantly higher than in mice infected with either MAC 
strain. Regarding anti-int1ammatory cytokines, low production of 
both iL-10 and IL-4 was detennined at day 21 ofinfection with 
either :tvlAC strain or .l'vf. wberculosis, while at da y 60 the lungs of 
mice infected vvith Jvi. tuberculosis showed 2-fold more IL-10 and 
IL-4 production than in micc infected with MAC, \'1-i.th lympho­
cytes heing the pred0minanl immunostained cells located in the 
pneumonic areas in 1\1. tuberculosis infection and in perivascular 
int1ammation in MAC-infected animals (Fig. 4). 
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Survival, histopathology, and baciUary loadsin m ice infect~'d 
subcutaneously. Although it is not common, M. ovium m ay Pl' 
etrate the suhcutancous tissue following trauma tic i.nocnhllit .,¡ 
through the skin (37, 3~1- To characterize the M. avium and 
colomhiense virulcncc in subcutancous tissue infection, gro u p., 
BALB/c mice (60 per group) were infected in both footpads wi:Íl 
either MAC strains or M. tuberculosis H37Rv as comparativc C\ 1 

troJ. All of the animaLs survived after 4 months of infection ( dc1:, 1 

not shown). 
Both ¡.;TM strains showed progressive increases in the bacill1 

burden, reaching a peak at day :?.8 that was higher than in tht' 
avium infection; this peak was follmNed by a pronounced decrt"<l --­
until day 120, \vhen the lowest leve] was detected (Fig. S,A. l. 
contrast, animals infected with M. tuberculosis sh0wed baci]J;,~ 
burdens characterized by a progressive decrease throughout th-.' 
time points measured, and these burdens \vere consistently 1tn~,: 
than in mice infectcd witb either MAC strain (Fig. 5A). in lih 

regional lymph no des (inguinal) at any time point meastned--­
except at day 28 postinfection-the bacillos loads were higher 
anima1s infected \vith MAC than in mice infected with M. tuh 
culo5is. Late during infection, at days 60 and 120, almost 5-l'l ,' 
more CFU were counted in MAC-infected mi ce than in M. rub( · 
culosis-infected mice, the counts being highest in mice infecl· 

VITith A1. avium (Fig. SB). 
Extensive and progressive chronic inflammatory infiltrare\\. 

scen in the footpad subcutaneous tissue of micc infected \.Vil i¡ 

MAC strains at day 60 (dala not shown) and 120 whc.'n snn1·, 
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~; 4 R<Cprc:s,;ntative micrographs of LJ"tokine dd<Cction (top) and automated moqJhometry analysis (bottom) from tht: lungs ofinft:cted m ice. (A) Numerous 
-..; -¡ immunostaincd lymphocytcs around thc bronchial wall and blood vcsscls aftcr 120 day~ ofinfcction with M. wlonzbit·nst·. (B) Pncumonic arca~ Jftcr 120 
·' l)f ink.:tion with M. ruhcrcuiosi.< show abundan! IFN-)' immunostaíned cells. (C) Numerous IL-4 immunoreactive lympho<-y,es art: located in tht: inlhm­
, 11 >1~' inflltratc arounJ thc hronchial wall and hluoJ vc~sds aftcr 120 days ofinfcction ·with M. colombie11se. (D) Numcrous IL-4 immunostaincd lyn1pho..-:ytc~ 
he l'ncumonk arcas alter 120 days oC infcction with M. wberculosis strain H37Rv. Th,;: bono m pands show quantification of thc indicatcd cytokincs by lhe 

; ·~ rrnin,ltit'n ofstainingintcnsityusing digital amomated morphomctry. Rcsults are cxprcsscd as means and thc standard dcvi<ltions from thrcc micc per ¡:;roup 
.1 , l.!ys 2 1 and 120 of inll:ction. Aslerisks rc:prc:s..:nl statístical significancc (P < 0.05) comparing MAC slrains with ]vJ. tuberculosis H37Rv. 

t1. 1 'mals ;;;howed focal areas of necrosis and fibrosis, with numer­
t•. '\ lymphocytes infiltrating not only the connective tissue but 
,,·,u the muscle and adipose tissues (Fig. 5C and D). In contrast, 
:-,, ~(t' the third da y of infection, .i'vi. tuberculosis induced mild in-

.!!lnllation that consisted of lymphocytes and macrophages 
~- ·rcad in the connective tissue, with occasional granulomas seen 
,t::d· 2B days (data not shown). Hmvever, the infection did not 

·::'-·ad bcyond the limb \'.'ithany ofthe mycobacterial strains stud­
¡, l. A:;. shmvn in Fig. SE, at day 120 of lvf. tuberculosis infection, 
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scarce chronic inflammatory infiltra te in the connective tissue and 
around the blood vessds was observed. 

Cytokine gene expression and production in the subcutane­
ous tissues of infected mice. The expression of the proinflamma­
tory cytokines TNF-a and IFN-)' in the subcutaneous tissues of 
mice infected v.rith J-.1. colombiense was rapid, stable, and hlghcst 
throughout the course ofinfection; iN OS exhibited similar kinet­
ics but with fewer tramcripts. Subcutaneous infection with lvl. 
avium induced low and stable expression of TNF-o:, iN OS, and 
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F!G 5 Bctcillusloads and reprcsentativ.:: histopathology in BALE/e mice infected in the footpud mbcutaneou~ tissu~:C. Mice were infenc:d "'-'Íth M. colom/n, 
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inll1mmation is shown in a m o use 120 days after subcutaneous infection with M. ruherculosis H37Rv (hematoxylin and eosin sraining; magnificarion, X2iil 

TFN-')1 during early infection, similarly to lv!. colombiense during 
late infection at days 60 and 120 (Fig. 6A to C). Animals subcuta­
neously infected -w:ith lvi. tuberculosis exhibited the lowest levels of 
transcripts encoding TNF-o: and iN OS proinflammatory factors 
(Fig. 6A and B). Although the levels oftranscripts for IFN-')1 in the 
footpads of mi ce infected with the three strains were rather similar 
throughout the first month, late in the infection (day 120) the 
levds 'Nere highcr in· footpads infected with J\.1. tuberculosis than in 
those infected with MAC (Fig. 6C). \!Vith regard to the levels of 
transcripts encodinganti-inflammatory cytokines, during the first 
month of infection there was similar low expression in animals 
infccted with either strain. At days 60 and 120, there was higher 
expression, vv"ith the levels being similar in the case ofTGF-(3, and 
animals infected witb ]\![. aviwn showed the highest JL-1 O expres­
sion but relatively low numbers of transcripts and similar higher 
levels for IL-4 in MAC infections (Fig. 6). 

Quantítative immunohistochemistry analysis showed at day21 
postinfection a similar high expression of TNF-a. production in 
mi ce infected with i\1. tuberculosis or either MAC strain, with mac­
rophages heingthe most commonly immunostained cells, while at 
da y 60 of infection animals infected with A1. tuberculosis .showed 
signi6canLly lmvt'r TNF-~ production than did 1V1J\C-infected 
m ice, the highest levels being detected in i\1. avium-infected foot­
pads (Fig. 7). Animals infccted \Vith lvf. avium showed the highest 
production of IFN-'Y at days 21 and 60 of infection, while M. 
co!ombiense induced similarly higb production: 2-fold higher than 
J.'vi. tuberculosis at day 60 of infection (Fig. 7). Regarding anti­
intlammatory cytokines, at da y 21, higher production ofiL-1 O V\-'3S 

determined in the footpads of mi ce infected vvith AJ. tuberculosis 
or .i\1. avium than in the footpads of m ice infected with M. colom­
biense, while at da y 120 postinfection, similar low production lcv­
els ;vere ob.served in the footpads of lvlAC- or J..1. tuberculosis­
infcctcd Jnimals. A cornparablc trcnd was obscrved for IL-4 
production (Fig. 7). 

November 2013 Volume 81 Number 11 

DISCUSSION 

The l\1ycobacterium aviwn complex UvlAC) consists of nine re 
ognized species anda variety of strains that may be memher' ·!" 
undescribed taxa (12, 2tl, 38-41). \V'TAC can induce four distit'• l 

clínica] syndromes: pulmonary· díseasc, lymphadenitis, dissentl 
nated disease, and skin disease (12). Human infection by MAC 
believed to be initiated by the respiratory ainvays or tbe intestin1i 
tract. 'N e used intratracheal infection with a high bacillus dosc 1:; 

BALB/c mice in order to reproduce one of the mnst comnwn 
infection routes in humans and compared t\VO MAC species (111-1 

lv1. tuberculosis H37Rv, \Vhich has been extensively studied in 111., 

mouse model (32, 33. 35, 37). \\Then BALB/c mice are infect'. 1 
with 'M. tuberculosis J-l37Rv, a T helper cell type 1 responsl" 
developed that peaks at 2 to 3 weeks, temporarily controlling hc1, 
terial grovvth (33). After tbis control, bacteria! probferation · 
commences, accompanied by increasing anti-intlammatory cyt. · 

kine expression, such as TGF-r3, JL-10, and JL-4, and dccrc;J..;i, 
lFN-')1, TNF-o:, and i:t\'05 expres.sion, along vvith extensivc ti's;' · 
damage and death of the animals (33. 37). Both MAC spel 
induced different disease evolution with total m ice survival ,1; ·' l 
scarce pneumonia ( <5%) witllout necrosis or fibrosis. Howcy, 
both MAC strains induced rnoderatc inflammatory infiltr;,l,_ 
around middle-size blood vessels and airways during the tl 1- 1 

month ofinfection, as well as granulomas. During the late stagc, -r 
the infection, the intlammation was almost totally cleared. Tn ;hl 

dition, mild perivascular inHammatory cuffs and hypcrplJ;;ia ,,. 
the lymphoid tis.sue associated with bronchial mucosa with sn1' 
intra-alveolar activated macrophages \vere seen. MAC-infecl­
mice shO\ved an increase in CFU during the first 2 weeks ofint"L. 
tion, followed by a progressive decline that \<~.ras almost undete• 1 

able after 4 months of infection. Although the bacilltlS load kinL! 
ics ¡.vere similar, m ice infected \'>'ith lvf. aviwn had higher bacten : 
burdens than animals infected \-v"ith lv!. colombiense, indicatin¡..: ,l 
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r e; 6 Kincrics ol' cytokincs andiNOS gene cxprc5sion in m ice infected i11 the footpad subcutaneous tissue. BALB/c m ice were infected with M. colombiense 
r c·y J, M. di!ÍWn íwhilc), or M. tuberculosis H37Rv (bhlck). Groups of thrcc animals wcrc sacrificed at diffcrc:nt time points~ thc gen<.: cxprcssiom of íNOS ami 
he indic:atc:d L.Ttokinesv ... ·c:rc: dc:termined byrea!-tim~:.· PCR. The re~uil~are cxpn:ssed as means and the standard Jeviations from threc mkepc:r gro u p. Asterisks 

,, ,·scnt statistica! si¡wifie<mce (P < 0.05) comp<lring M.\C strains with M. tuberculosis. 

h ·~her virulence of the former, but both ?viAC strains were clearly 
:1· ~ l'nuatcd compared to 1'vi. tuberculosis H3 7Rv. It is interesting 
11 "l t in spite of its attenuation, higher hacillus lnads were ohserved 
11 1 he blnnd of mice infected w1th either MAC species than in M. 

:,awlosis-infected animals. During lhe late stage ofthe infection 
'i h i\-'IAC, therc wcrc al so higher bacillus loads in thc splecn and 

11 ''-·díastinallymph nodes. It appears that I'viAC strains disseminate 
11 , •re L>fhciently than A1. tuberculosis H37Rv and, perhaps dueto 
le .J~ ability, systemic lv1AC infections are common in immunode­
(;,_ icnt patients. 

rhc- cytokine expression profiles in infected lungs were quite 
d-lfcrent. Intratracheal infection \Vith Af. colombiense induced 
r- ¡~id and very high expression of TNF-o: .during the first and 
-~'. und v•.reeks ofinfection, follo-wed by a progressive dect·ease. This 

·...¡ f-n: expres_.:;ion v·."as highest at days 3 and 7 postinfection and 
l hihilcJ a Lrend similar lo lhal of iN OS expression. In contrast, 
.\ Ul'ium induced lmN and stable TNFMo: exprcssion during the 
ll ~1 rnonth of infection, followed by high expression during late 
11 t'cction, peaking at day 120. TNF-u production in A1. aviwn 
lLkrmined by immunohistochemistry, however, "\Vas similar to 
,\ '. (.·ofombiense. The iN OS gene expression kinetics were similar to 
1 l.use of TNF-a, vvhich coincided with very low bacillus burdens 
d:¡r·ing late infection. Thus, lV1AC infection was efficiently con-

, 1lled, with complete animal survival and minimal tissue dam­
d·::... TNF-a is one ofthe most important cytokines produced hy 
n 1c:ropbages after A1. avium recognition and ingestion (42), and 
ti· M. nviwn morphotype and vírulencc oftcn determine the 
MliuLmL ofthe cytokine secreted (42, 43). Although some studies 
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show that ni trie oxide is relativeiy ineffective in M. ovium remo vaL 
since most strains are not susceptible to its toxic effects (44), our 
results showed that iN OS gene expression kinetics are similar to 
those ofTNF-a, suggesting that nitric oxide may participare in the 
control ofbacillus growth. 

Adaptive immunity to M. avium is centcred on CD4 + T cells 
and IFN--y production. Depletion studies have shovvn that CD4 + 

but not CD.S + T lymphocytes are requircd for adaptive innllunity 
against lvi. avium ( 45). Antibody blocking of IFN--y exacerba tes 
M. avium infection (45), and mice deficient in the expression of 
this cytokine are more susceptible to the infection (46, 47). Om 
results showed that the lungs of animals infected with iv1. avium 
displayed IFN--y expression kinetics and protein production sim­
ilar to that of mi ce infected with lvf. tuberculosis, exhibiting higher 
expres.~ion during early infection, followed by a progressive de­
crease. M. colombiense induced slighlly highcr IFN-)1 produCLion 
in the earlier stage of the infection rather than later, suggesting 
that this strain is more efficient at maintaining Th 1 response~ than 
isi\1. ,wium, an ubservation that could indicate a higher immuno­
genicity and lower virulence for A1. colombiwse than for 1vl. avium. 
VVhat was not expected was high IFN expression through tbe 
course ofthe infection in BALB/c mice infected with M. tubercu­
losis. The reason for this finding is unknmvn. An uninfected con­
trol group was not included in the present study that would ha ve 
allowed us to evaluate this result. 

The type 2 response mediated by IL-4, IL-13, IL-10, and TGF-[3 
does not seem to have a significant role in detennining suscepti­
bility to infection (48). 1\1. aviwn infection in C57BL mice does 
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IL- lO immunostaincd Jymphocyt<.::s in the subcutancous inflammatory inJiltratc after 120 days of infcction wit·h .lv1. tuberculosis strain H37Rv. Thc botrom 1'<~!1 
sh(1w quantific:ation (lf thc inJicatc:d cytoklncs bythc determina tino of staining: intcnsity using digital automatcd morphomc:try. Rc~ult'i are cxprc~~cd ih nK 

and thc standard dcviations from thrc:c: m ice per group at days 21 <.md 120 of infection. /\.stc:risks rcpr.::~ent statistical significancc {P < 0.051 comparins )\:l ' 
strJins with AL lulxrculosis. 

not induce detectable IL-4 responses, and antibody or gene tic de­
pletion ofiL-1 O ha ve little or no irnpact on the course of 1V1. avium 
infection (49). Although it vvas reported that disease was more 
severe in transgenic rnice that overproduce human IL-1 O (50), our 
resuits suggest that these cytokines should participa te in clearing 
inflammation during the late stagc of the infection when lv1AC 
bacillus loads are very low. Tn consequence, this high expression 
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'N"ill not ha ve a detrimental effect on bacillus growth control duc 
their antagonistic effect on Th J cells. This coincides with previ('i 1 ~ 
observations in BALB/c mice that did not develop granuloma ¡;, 

crasis after intravenous infection with virulent M. avium ATl 
25291, and this mouse phenotype was reverted after the genL'I ;, 

disruption oftho:: IL-10 gene (Sl).ln addition, in response !n :;·., 
stress caused by. the immune response and hypoAia, the nu_ior: 1 
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l; 8 ( :ompJrative gt:nomics ofthe PDJM/Pl;Up-HBAD locus betw<;:cn MAC spcócs and /V[. tuberculosis H37Rv. Many geno mes of thc :V1AC rnembcrs ~i.c., 
. (J/u¡n/Jir:nse CECT 3035, M. intmce!Lulare ATCC 13YSO,A1. índicus pranii :VLTCC 9506,1'vJ. (iVÚtm 104, and M. avium ~ubsp. puratHbercttlusis k-lO) lack ~''·nal 
·urt~lnt S,<:lk> necess::try for rhe biosy11thesis oF thcse Jipi d. molecuks. 

rnycobacteria are thought to enter a dormant state in human 
!\; however, it is not knovm vvhether NTM, as 1v1AC members, 
:11 devdop this state during pulmonary infection. Detection of 

, , 11 l urable 1\J. tuberculosis from latently infected individuals is ex­
·rnely difficult. Our results in this model of pulmonary infection 

11 l'>ALR/c mice suggest tbat the MAC specits used here (¡\{. avium 
, , ,,1 M. colombiense) developcd a viable but not culturable state 

.~) vvith mild levels of pro- and anti-ini1ammatory cytokines 
'\f-o: versus IL-1 O) characterized by minimal pulmonary in-

1 i , t nmation and very low bacillus burdens. Additional experi-
.·nts are needed tu investigare this h)TOthesis. 
.~'v'!AC can also en ter the host by the intradermal ro u te through 

u1 ... and skin punctures (53, 54). Experimental work showed that 
1:,1 radermal bacillus administration resulted in infection of cervi­
~ i and/or axillary lymph nodes in both BALB/c and nude mice, 
~:: :.:gesting that skin lesions may also be responsible for the cervical 
h 1nphadenitis seen in humans (53). Our results confirmcd and 
( ccnded the.~e finding." by the demonstration that s.ubcutaneom 
11 kction in thc footpads o[ BALB/c mice induced local bacillus 
:-.: )wth. This growth was efficiently controlled after 4 months of 
1<, I·L·ctíon and was able to disseminate to locallymph nodes (ingui-
11 rl i Jnd shov'<'n to be higher in rnice infected with i\1. avium. One 
\: ..:,;1ificant difference with pulmonary infection despite lm'vT bacil-
1 t :, lm1ds was the extensive and constant inflammation with fi.bro­
:-.;- produced by MAC infection in the subcutaneous tissue. This 
t:,~ue response corresponds with the high and stable expression 
-1 :,·] production of TNF-a and IFN--y during the later stage of 
11 k..:tion with MAC along vvitb. the production of relatively lo\v 

i-inibmmatory cytokines. Although :ViAC induced a high ex­
¡, .. .-ssion ofTNF-cx and IF::\' --y during late subcutaneous infection, 
i\.()S cxpression v .... as slightly higher. ;\:"itric oxide is an inhibitOI)' 

4~<10 iai.asm.org 

factor in the productíon of fibrosis, as shown in iNOS-defi.cicnt 
mice infected with mycobacteria that developed more fibrosis 
(55). Thus, the fibrosis observed in the subcutaneous tissue during 
the late stage of the lv1AC infection in BALB/c mi ce could be in­
fluenced by the low expression ofiNOS. 

Few mycobacterial species, most of which are pathogenic for hu­
mans, produce a unique array of complex cdl wall-associatcd lípids, 
such as phthiocerol dimycocerosates (PDll\ls) and phenolglycolipids 
(PGLs), hvo groups of molecules shov..'Tl to be important vinJlcncc 
factors (56, 57). EA-perimental studies demonstrated that M. tubercu­
losis strains deficient in the production or surface localization of 
PDIMs are markedly attenuated for grov,rt:h in the lungs of intrave­
nously or intranasally infected mice (58--60), and both PDIMs and 
PGLs are required for full virulence of AL marinum in the zebrafish 
model (61). Members of M. tuberculosis complex also produce p­
hydrm .. Jbenzoic acid derivatives (p-HBADs), which are precursors of 
PGL hiosynthesis (62). Mutants of M. tLiberculosis that lack produc­
tion ofsome or all fonn<> ofp-HRADs vven: shmvn to induce histo­
logicaJ differences in lung tissue of infected BALE/e mi ce with exten­
sive and diffuse inflammation (63). These M. tuberculosis mutants 
also induce an increased secretion of the proinf1ammatory cytokines 
T::\'F-u:, IL-6, and IL-12 compared to the lvf. tuberculosis strain iVftl 03 
(63). These studies could indicate that while PGL and PDUv1 are as­
sociated with vimlence, p-HBAD is associated \vith tissue damage. 
The hiosynthesis ofPDIM/PGL/p-HBAD is a very complex pathway 
that involves more than 15 enzyrnatic steps and more than 27 genes, 
most clustered on a 70-kb region of the chromosome (56, 64), and 
l\.1ACmemhers lackseveral important genes neccssaryforthe hios;m­
thesis ofthese lipid molecules (65--fi7; see also the Virulence Factnrs 
ofPathogenic Bacteria databa~e [http://wv-rw.mgc,ac.cn/cgi-bin!VFs 
/compvfs.cgi?Genus=Mycobacterium]) {Fig. 8). \Ve hypothesized 
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that MAC memhers and A1. tuberculosis have different pathogenici­
tie.s and trigger different immune responses and inflammation as a 
result ofdifferences in their cell envelopes. Thus, in the murine model 
of infection ;,vith MAC strains. the lowvirulence could be a.ssociated 
with the lack of production of PDTMs and/or PGLs, and the high 
chronic inflammation could be as.sociated \vith the 1ack of produc­
tion ofp-HBADs. 

In conclusion, MAC strains differ in their leve! ofvirulence and 
type of immune response. i\1. colombiense and lvf. avium demon­
strate low \irulence in BALB/c mice infected by the intratracheal 
route. Infection in subcutaneous tissue by either MAC strain was 
also efñciently controlled, but they each induced high expression 
of prninflammatory cytokines during the la ter stage of the infec­
tion and relatively low production of anti-inflammatory cyto­
kines, producing cxtcnsive and constant inflammation. In addi­
tion to the mycobacterial antigenic constitution and the genetic 
background of m ice, the si te of infection is important in the type 
of evoked immune response. 
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lntroduction 

Abstract 

Antibodies have demonstrated having a protective effect in animal models of 
tuberculosis (TB). These experiments have considered the specificity of antigen 
recognition and the different isotypes and subc!asses as significant contributors of 
this effect. However, the carbohydrate chain heterogeneity on the Fe region of lgG 
(Fc-lgG) can play an important role in modulating the immune response. Patients 
with TB usually have high titers of specific ¡gG; however, the carbohydrate 
associated with Fc-lgG usually lacks galactose. To assess the effect of this 
abnormal lgG in murine pulmonary TB, we eva!uated the specificity of recognition 
to Mycobacterium tuberculos;s antigens ;n vitro and protective effects ;n vive 
comparing human intravenous immunoglobulin (IVIg) and IVIg treated with ar 
endoglycosidase to remove the glycan residues (EndoS-treated IVIg), Our results 
showed similar antigen recognition. The study of distribution and kinetics of IVIg in 
serum and bronchial lavage after intraperitoneal (i.p.) administration in mice 
showed that IVIg circulates for 21 days. Finally, the protective effect of intact and 
EndoS-treated IVIg administered by i.p was studied in a murine model of 
progressive TB. IVIg treatment caused reduction in pulmonal}l bacilli loads, larger 
granulomas. and less pneumonia, while animals treated with EndoS-treated IVlg 
were not protected compared with control anima!s. Thus, IVIg has a protective 
activity in experimental pulmonary TB, and this effect requires intact Fe 
oligosaccharides. 

During the early part of the last century, some preclinical 
and dinical experiments were petformed to find successfu! 
forms of serum therapy against TB. This type of research 
was abandoned because of its inconsistent results, as well 
as the discovery of Bacillus Calmette-Guérin (BCG) to 
prevent TB and efficient chemotherapy (Giatman-Freed­
man, 2006). Nonetheless, during the last two decades, the 

use of diverse forms of serum therapy to treat other medicai 
problems has been increasing with good results, such as the 
replacement therapy for primary humoral immunodeficiency 
or as anti-inflammatory therapy in a variety of autoimmune 
diseases (Abdou et al., 2009; Magy. 2012). 

Currently, TB stil! represente a significant world health 
public problem with 1 .2 million deaths and 9 million cases of 
active disease each year, and the number of patients with 
multidrug resistant disease is increasing (World Health 
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Organization, 2012). This has motivated studies about TB 
oathogenesis and testing different approaches to control this 
mfectious disease. Considering that TB is caused by a 
facu!tative intrace!!u!ar pathogen, much of the research has 
focused on ceU-mediated immunity; ~owever, the study of 
the contribution oi humoral immunity in its pathogenesis and 
therapeutic benetit has resurged during the last decade 
rGiatman-Freedman, 2010). ln this regard, monoclonal 
antibodíes against mycobacterial polysaccharides such as 
arabinomannan or lipoarabinomannan (LAM), as well as 
against proteins such as the 16 kDa, have demonstrated 
some protective actívity {Teitelbaum et al., 1998; Hamasur 
et al .. 2004: Williams et al., 2004; López et al., 2009). 
Besides their specificity of antigen recognition, different 
·sotypes and subclasses of antibodies were evaluated to 
determine the mechanism of their beneficia! activity {Giat­
man-Freedman, 201 O). Polyclona! antibodies su eh as intra­
venous human immunoglobuiins {IVIg) have also been 
tested in mouse BCG models (Olivares et al., 2006). IVIg 
preparations are pooled from many subjects, so me of whom 
wiU have been latently infected with mycobacteria, or 
exposed to environmental mycobacteria or BCG-vacci­
nated. Thus, the IVIg protective effect is probably due to 
the recognition of diverse mycobacterial antigens by many 
polyclonal specific antibodies (Olivares et al., 2006), 
a!though there might also be pharmacoiogical effects of 
ciifferent patterns of glycosylation, as outlined be!ow. 

Human .immunoglobulin G (lgG) isotype antibodies nor­
rnally have a complex oligosaccharide (glycan) chain cova­
iently joined to an asparagine {Asn) residue in the second 
constant domaln of the heavy chain. This N-linked glycan 
!1as a core region with two GlcNAc and three mannose 
r.Man) residues branching into a bí-antennary structure 
r Fig. 1 a). Many different carbohydrate residues can be 
a.ssociated with this core determining glycosylation hetero­
geneity (Stadlmann et al., 201 O). These glycoforms are 
involved in the interaction between the !gG-Fc and its 
receptor (FcR), and although their physical contact with the 
receptor is minima!, the carbohydrate moieties have a 
significant influence on this interaction affecting the 
l'esponse of significant lgG functions, such as cytotoxicity 
mediated by complement (CDC) or antibody-dependent 
cellular cytotoxicity (ADCC) (Nimmerjahn & Ravetch, 2005, 
2008). Another recently described activity of the lgG-Fc 
oligosaccharide chain is the interaction with the DC-SIGN 
receptor (CD 209) (Anthony & Ravetch, 201 O). DC-SIGN is 
a transmembrane C-type lectín receptor whose carboxyl-ter­
minal domain binds mannose residues from glycoconju­
gates with high affinity. DC-SIGN has significan! 
1mmunoregulatory functions in the inflammatory response. 
such as migration and adhesion of dendritic cells (DC), 
activation of T ceHs, and participation in the immune escape 
of pathogens and tumor cells (Zhou et al., 2006). IVIg 
tormulations have high amounts of lgG with sialic acid (Sia} 
1n its Fe oligosaccharide chain, which are recognized by 
macrophages from the marginal zone of the spleen through 
the DC-SIGN receptor. This stimulates the ralease of 
anti-inflammatory factors by macrophages, which reach 
the inflamed tissues causing increased expression of the 
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Fig. 1 EndoS-mediated hydrolysis of the lgG-associated g!ycan moi­

ety. Representation of the fully substituted Asn-297 attached sugar 
moiety of lgG. As lndicated EndeS cleaves atter the first GlcNAc, 
resulting in the generation of a minimal sugar moiety containing on!y one 
GlcNAc with or without a branching fucose residue: adapted from 
reference 20 (a). Ana!ysis of lV!G incubated with H or without ( -) 

EndeS and separated by 10% SDS-PAGE. The proteins were detected 

by gel staining (Stain), or by blotting onto a PVDF membrane probed 
with LCA (b). 

inhibitory type of FcyR on macrophages provoking attenu­
ation of the inflammation and significant protective effect ln 
autoimmune diseases (Anthony et al., 2011). 

Patients with active TB usually have high titers of lgG 
lacking the terminal galactose (Gal) and Sia (Parekh et al .• 
1989; McCulloch et al., 1995). In contras! to fully sialylated 
lgG, agalactosyl lgG has pro-inflammatory activity (Radem­
acher et al., 1994) that could contribute to immunopathology 
in advanced TB, and high doses of tVIg could rep!ace this 
abnormal lgG providing a protective effect (Anthony et al .. 
2011 ). The aim of this work was to compare conventionat 
fully glycosylated and deglycosylated IVIg determining their 
mycobacterial antigens recognition by two-dimensiona[ 
Western blotting, specific mycobacteriaf antigen recognition 
by enzyme-linked immunosorbent assay (ELISA), kinetics of 
distribution after intraperitoneal administration, and protec­
tive efficiency by evaluating pu!monary baciHi !oads and 
tissue damage after i.p. administration during early infection 
in a murine model of progressive pulmonary TB. 

Materials and methods 

EndoS hydrolysis of !VIg 

Human IVIg (Octagam, 50 mg mL _,; Octapharma, Stock­
holm Sweden) was hydrolyzed with recombinant EndoS 
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fused to GST (GST-EndoS) prepared as previously 
described (Collin & Olsén. 2001 a). Five micrograms of 
recomb!nant GST-EndoS in phosphate-buffered saline 
(PBS) was added per mg of IVIg followed by incubation 
for 16 h at 37 'C. GST-EndoS was completely removed by 
three serial passages over fresh Glutathione--Sepharose 48 
columns with a 1000-fold overcapacity of GST binding (GE 
Healthcare, Uppsala, Sweden). SDS-PAGE and Lens 
culinaris agglutinin (LCA) lectin blotting were used to assess 
the purity and efficacy of EndoS cleavage. Briefly. 2 ,ccg of 
EndoS-treated and untreated lgG was separated on 10% 
SDS-PAGE followed by staining with PageBiue protein stain 
(Thermo Scientific, Rockford, IL), or blotted to PVDF using 
TransBiot Turbo transfer packs and apparatus (Bio-Rad, 
Hercules, CA), Membranes were blocked wíth 1 O mM 
HEPES (pH 7.5) with O. 15 M NaCI, 0.01 mM MnCI2 , 

0.1 mM CaCI2 , and O. 1% Tween 20 (HBST) and incubated 
with 1 pg ml _, of biotinylated LCA lectin (Vector 
Laboratories, Burlingame, CA). Alter washing in HBST, 
membranes were incubated with 200 ng ml ~ 1 of peroxi­
dase-labeled streptavidin (Vector Laboratories). After wash­
ing, membranes were deve!oped using SuperSignal West 
Pico chemiluminescent substrate (Thermo Scientific Píerce) 
and deve!oped using a ChemiDocXRS imaging system 
(Bio-Rad). 

Patl:em of mycobacteria! antigens recognized by intact 
IVIg and EndoS-treated IVIg 

The IVIg preparation Octagam'" (Octapharma) was used as 
intact formu!ation (intact !V!g) and as modified formulation 
through the lgG-specific endoglycosidase EndoS (EndoS­
treated IVIg). Two-dimensional immunoelectrophoresis was 
performed to determine the specificlty of these preparations 
against proteins from Mycobacterium tuberculosis. Briefly, 
total proteins from a filtrate of M tuberculosis H37Rv culture 
at 6 weeks of growth were separated by two-dimensiona! 
e!ectrophoresis and then transferred to lmmobilon-P PVDF 
membrane (Millipore, Bedford, MA) as previously described 
(Xoialpa et al., 2007). Then, membranes were incubated 
with intactiVIg or EndoS-treated IVIg diluted 1 : 800 for 1 h 
at 25 "'C. Bound lgG was detected with anti-human lgG 
labeled with horseradish peroxidase (Sigma-Aidrich Chemie 
GmbH. Taufkirchen, Germany). The color was developed 
with diaminobenz~dine as substrate. 

The recognition of specific recombinant M. tuberculosis 
antigens by intact IVIg and the EndoS-treated IVIg was 
determined by lgG ELISA. Briefly, MaxiSorp microtiter 
plates (Nunc, Roskilde, Denmark) were coated with 
5 J-l9 ml·-- 1 of recombinant immunodominant proteins from 
IV/. tuberculosis: Hsp 79, Esat-6, 85 B, P 38 kDa, P 27 kDa, 
PGRS 33, Apa, PGRS 1, P 16 kDa, hsp 65, HBHA, and P 
19 kDa. After washing and b!ocking, dilutions 1 : 800 from 
intact JVlg and the EndoS-treated !VIg samples were 
incubated. Bound antibodies were detected using anti-hu­
man lgG labeled with horseradish peroxidase (Sigma-Al­
drich Chemie GmbH). The reaction was developed with a 
solution of owpheny[enediamine as substrate and the 
absorbance measured at 450 nm in an ELISA reader 
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(ModulusrM 11, Microplate Multimode Reader; Turner Bio­
Systems). Results are expressed as units of optical density 
(OD). As a negative control, we used an IVIg sample 
absorbed with M. tuberculosis, as previous!y described 
(Olivares et al., 2009). As a positive control, we used a 
pool of samples trom PPD-positive patients who had hígh 
titers of each individual recombinant antigen. Cutoff values 
were means of negative control OD ± 2 SD. 

Pharmacokinetics of !VIg in serum and bronchial !avage 
from BAlB/c mice after intraperitoneai administration 

IVIg (1 mL) was administered by the i.p. route to noninfect­
ed maJe BALB/c mice. Serial samples of serum and 
bronchial lavage were obtained from four different animals 
at 1, 2, 3, 6, 1 O. 24. 48, 72 h, and 21 days alter i.p. 
administration, and human antibodies against mycobacteria! 
antigens from culture filtrate were determined by lgG ELISA. 
Briefly, MaxiSorp microtiter plates (N une) were coated with 
proteins from the filtrate of M. tuberculosis H37Rv culture at 
6 weeks (0.32 ~9 mL '), and alter washing and blocking. 
double serial ditutions from serum and bronchial lavage 
samples were incubated. Bound antibodies were detected 
using anti-human lgG labeled with horseradish peroxidase 
(Sigma-Aidrich Chemie GmbH). The reaction was devel­
oped with a solution of o-phenylenediamine as substrate 
and the absorbance measured at 450 nm in an EUSA 
reader (ModulusTM ll, Microplate Multimode Reader; Turner 
BioSystems). Results are expressed as the títer, calcu!ated 
as the inverse of the last positive di!ution. For a negative 
control, we used samples from mice not subjected to IVIg 
administration. Cutoff values were means of negative 
control OD ± 2 SD. 

Protection mediated by IV!g and EndoS-treated !VIg in 
experimental pulmonary tuberculosis 

Mycobacterium tuberculosis H37Rv was grown in 7H9 
Middlebrook medium supplemented with 0.05% Tween 
80% and 1 O% Middlebrook OADC enrichment (Difco Lab­
oratories, Sparks) at 37 oc for 14 days, aliquoted, and 
stored at -80 °C. Aliquots were thawed and diluted in PBS 
prior to use. Male BALB/c m ice aged 8 weeks were 
anesthetized with sevoflurane vapor (Abbott Laboratories 
Mexico City, Mexico) in a sealed acrylic cage, immobilized_ 
and infected with M tuberculosis (H37Rv) by the intratrac­
heal route, using a rigid stain!ess steel cannula (Thomas 
Scientific, Swedesboro, NJ) connected toan insulin syringe. 
Each animal received 250 000 live bacteria suspended in 
100 ;Ll of PBS. 

Groups of twelve mice were treated with intact JVlg ot 
EndoS-treated IVIg by i.p. route at days 3 and 5 afteL 
infection (final total dose of 2 g kg 1 body weight). Controls 
received saline solution (SS) by i.p. route. Groups of six 
m ice were euthanized by exsanguination at days 14 and 28 
postinfection. One lung was removed and snap-frozen in 
liquid nítrogen for the determination of bacillary loads by 
colony-forming units (CFU). The other lung was perfused 
with 10% formaldehyde via the trachea and removed foí 
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llistological analysis. All the animal work was done accord­
lng to the guidelines and approval of the Ethica! Committee 
:or Experimentation in Animals of the National lnstitute of 
\iledical Sciences and Nutrition in Mexico, code 268. Two 
'ndependent experiments were periormed. 

For pulmonary bacilli load determinations. frozen lungs 
were homogenized using a polytron (Kinematica, Luzern, 
Switzeriand). The suspensions were then diluted in i mL of 
PBS (pH 7.2) with 0.05'% Tween 80. Three consecutive 
<ogarithmic dilutions were made with this homogenate; 
1 O ¡1L of each dilution was plated by duplicate on Bacto 
Middlebrook 7H1 O agar (Difco, Detroit, MI) enriched with 
oleic acid. albumin, dextrose, and cata!ase. Plates were then 
1ncubated at 37 "C in 5% of C02 tor 21 days to quantify the 
::FUs, which are expressed as mi!!ions ot bacteria per lung. 

For histological analysis, lungs were perfused via the 
trachea with 10% formaldehyde dissolved in PBS. Parasag­
Lttal sections were dehydrated and embedded in paraffin, 
sectioned, and stained with hematoxylin-eosin and Ziehi­
Neelsen. The granuloma area and percentage of lung 
surface affected by pneumonia were determinad using an 
automated image analyzer (Q Win Leica; Milton Keynes, 
Cambridge, United Kingdom). 

Statistical analysis 

The results are expressed as mean ± SE, and statistical 
analysis was periormed with one-way or two-way ANOVA as 
appropriate, followed by Bonferroni's multiple comparison 
test if the .1\,NOVA was significant. 

Results 

En doS hydrolysís oiiVIg 

The endoglycosidase EndoS secreted from Streptococcus 
oyogenes hydrolyzes the glycan on native human lgG, 
leaving an N-acety!glucosamine with a core fucose if 
originally present (Fig. 1a) (Collin & Olsén, 2001b). To 
prepare for analysis of the glycan dependence of JVIg 
effects on tuberculosis, IVIg was hydrolyzed wíth recombi­
nant EndoS fused to GST. Subsequently, the enzyme was 
sompletely removed from the lVIg by serial affinity removal 

k Do 

~7.4-

n-
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using the GST tag, generating EndoS-treated IVIg. Efficient 
hydrolysís of the lgG glycans in the IVIg preparation was 
revealed in SDS-PAGE with a typical approximately 3-kDa 
size shilt and by loss of reactivity with LCA in lectin blotting 
(Fig. 1b). 

Antigen recognitíon by intact and EndoS~treated lVIg 

To exclude altered antigen recognition in EndoS-treated 
IVIg compared with original iVIg, two sets of experirnents 
were performed. First, reactivity toward total proteins from 
a filtrate of M. tuberculosis H37Rv was tested using 
two-dimensional (2-D) immunoelectrophoresis. This 2D 
analysis demonstrated that both intact IVIg and EndoS-­
treated IV!g recognized a similar pattern of mycobacteíial 
antigens (Fig. 2). 

Secondly, reactivity of IVIg and EndoS-treated IVIg 
against a set of speclfic immunodomínant M. tuberculosis 
antigens was tested by ELISA. This revealed that intact IVIg 
and EndoS-treated IVIg had similar titers against the 
mycobacterial antigens Hsp 79, Esat-6, 85 B, P 38 kDa, P 
27 kDa. PGRS 33, Apa, PGRS 1, P 16 k Da, hsp 65, HBHA, 
and P 19 kDa (Fig. 3). Taken together, these two exper­
iments clearly indicate that EndoS hydrolysis does not alter 
the Fab-mediated recognition of mycobacteríal antigens. 

Kinetics of IVig distribution in sera and !bronchia~ 
lavage after intraperitoneal administration 

In arder for IVIg to ha ve an effect in the animals, antibodies 
have to reach the relevant compartments following injection 
vía the i.p. route in míce. Therefore, lgG concentrations 
were followed in noninfected BALB/c from 1 h to 21 days 
alter IVIg injection using an lgG ELISA. This revealed that 
IV!g rapidly arrives to the airways and maintains constant 
concentrations from 1 to 1 o h, and then, alter 1 da y, it 
almost disappears in the lungs. In contrast, !VIg concentra­
tions in serum were much higher, peaking at 6 h and 
progressively declining, but even alter 21 days, a relatively 
high concentration was detected (Fig. 4). Thus, there is a 
high and constant serum concentration of antibodies that 
specifically recognize mycobacterial antigens from the IVIg 
preparation after i.p administration. 

lntact JVlg EndoS-treated IVIg 
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Fig. 2 Conventional two-dimensional 

.mmunoelectrophoresis shows equal 
'ecognition against proteins from 

Mycobacterium tuberculosis culture filtrate 
:)y the intact JVIg and EndoS-üeated IV!g. 
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Fig. 4 Kinetics of IVIg distribution in sera and bronchia! lavage atter 

intraperitoneal administratíon. Each point represents the mean value of 

the titers. 

Effeci: of intact and EndoS-treated IVig administered 
during the early phase ol experimental pulmonary 
tuberculosis 

To investigate the effect of intact IVIg and EndoS-treated 
iVlg during tuberculosis, a high-dose mouse infection model 
was used. BALB/c mice were infected by the intratracheal 
route with a high dose of M. tuberculosis strain H37Rv and 
treated with intact or EndoS-treated !VIg administered in two 
doses by i.p route alter 3 and 5 days of infection. IVIg 
produced a significant reduction in pulmonary bacilli loads at 
days i 4 and 28 postinfection when compared with control 
nontreated animals. In contrast. infected mice treated with 
EndoSMIVIg using the same dose and route showed similar 
puimonary bacilii burdens as control nontreated mice 
(Fig. 5a). 

The morphometry and histopathology analysis showed 
bigger granulomas at day i 4 of infection in m ice treated with 

M. tuberculosis antigens. 

intact IVIg than in animals treated with deglycosylated !VIg 
or control nontreated mice, this difference did not reach 
statistical significance (Fig. Sb), while the percentage of 
lung area affected by pneumonia was significantly lower in 
mice treated with intact IV!g than in the other groups 
(Fig. Sf). Acid-fast staining showed similar bacilli distribu­
tion, at day 14 bacilli were found in the cytoplasm oí 
macrophages located in granulomas, while at day 28 
mycobacteria were seen in macrophages from granulomas 
and pneumonia patches, being apparently lesser in infected 
mice treated with IVIg (data not shown). 

Discussion 

The role of antibodies in the pathogenesis and control of TB 
has been controversia! for a long time (GiatmanMFreedman. 
201 O). From the pathogenic perspective, it is clear that nof 
only the bacilli burden but a!so the inflammatory response is 
significant participants. This latter factor is crucial because 
excess of inflammation causes structural and funciional 
pulmonary damage (Surkova & Dius'mikeeva, 2003). The­
oretically, antibodies could participate in both events. 
decreasing bacilli loads by direct recognition of bacteria! 
antigens by the Fab region through diverse mechanisms: 
and by regulating cell-mediated immunity and inflammatior 
by the Fe region through their direct interaction with specific 
receptors. The Fe g!ycosylation is a significant modifier o~ 
these mechanisms. lndeed, through post-translational gly­
cosy!ation processes, terminal sugar residues are added to 
antibodies that have an important effect on their biological 
function. For example, an increase ín GlcNAc residues 
produces lectin complement activation due to an increasec' 
affinity of the lgG for the ficolins in serum (Malhotra et al .. 
1995) and reduces CDC by decreasing the affinity of the lgG 
lo C1q (Hodoniczky et al .. 2005). An increase in Sia 
residues decreases the ADCC through a negative effect 
on the binding of lgG to FcRyRIIa (Scallon et al., 2007). On 
the other hand, an increase in Man residues produces a rise 
in ADCC by increasing the affinity of the lgG to FcR·rRIIa 
and decreases CDC by lowering the affinity of the lgG to 
C1q (Zhou et al., 2008). 

Previous studies conducted by Roy and colleagues using 
BALB/c m ice infected with 2.5 x 105 bacteria through the 
intravenous route showed protective effect of IV!g adminis­
tered during early and late disease (Roy et al., 2005). Using 
the same mouse strain but infected intratracheal route. 
which is less artificial, our results confirm the protected 
effect of IVIg during early intection and extend the informa-
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Füg. 5 Effect of the treatment with intact IVIg, EndoS-treated lVIg and saline solution on lung CFU count in mice at 14 and 28 days after infection with 
\1ycobacterium tuberculosis H37Rv (P < 0.05) (a). Morphometric and hístopathology analysís. Granuloma area at 14 days post-infection (b). 
representatíve gran ulemas in !ungs of mice treated with saline solution (e), intact IVIg (d) and EndoS~treated IVig (e). Percentage of lung area affected 

:)y pneumonia at 28 days post-intection (!). representative pneumonic lung area of mice treated with saline solution (g). intact IVlg (h) and 
EndoS-treated IVIg (i). 

~ion by the demonstíation that the oligosaccharide chain 
associated with the Fe of igG is essential for this beneficia! 
effect. According to information from the Global Octapharma 
Web site, the IVlg preparation Octagam"' was obtained from 
45 plasma donation centers in U.S.A. and 9 centers in 
Germany. We considered that the donor population, espe­
cially from U.S.A .. wouid include immigrants or American 
tourists previous!y exposed to mycobacteríal antigens. This 
a.ssumption was originally based on .the similarity of myco~ 
bacteria! antigens recognition determined by EUSA of 
Octagam'" (Octapharma) and lntacglobin''' (Biood Products 
Center, Havana, Cuba) (data not showed). lntacglobín® is 
¡Jbtained from a donar Cuban population of persons highly 
exposed to mycobacteriat antigens from environmental 
mycobacteria, latent infection, or vaccinated at birth with 
BCG (Olivares et al., 2006). Furthermore, we observed that 
i)Oth intact IVIg and the EndoS-treated IVIg recognized a 
similar wide pattern of mycobacterial antigens by immuno~ 
electrophoresis, particularly over the 31-kDa region that 
111atches with the 85~KDa complex previously reported by 

proteomic analysis (Xolalpa et al., 2007) (Fig. 2). These 
results were confirmed by EUSA using purified M. tubercu~ 
/osis-specific antigens (Fig. 3); however, M. tuberculosis, 
environmental mycobacteria, and M. bovís share many 
surface antigens, so we cannot exclude the possibility of 
cross-reaction after IVIg administration to mice. Nonethe­
less, the presence of antibodies that bind to M. tuberculosis 
is very important to obtain a protective effect in animal 
models. This statement is supported by a previous study 
that found a protective effect after giving lVIg intranasa~ly 
2 h befare intratrachea! infect!on; this effect was abrogated 
when JVlg was previously absorbed with M. tubercufosís, 
eliminating specific antibodies from the preparation (Oiiv~ 

ares et al., 2009). Thus, it is considered that the protective 
effect of IVIg is mediated by the binding to M. tuberculosis 
via their antigen-binding sites and subsequent lgG~Fc 

interaction with FcRs and comp!ement (Olivares et al., 
2009; Glatman-Freedman, 201 O). An additional mechanism 
of Ab~mediated protection was reported for intraceUuiar 
pathogens that normally evade lysosomal fusion, such as 
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M. bovis BCG. 1t was shown that Fe receptor engagement 
by antibodies, which can be temporally and spatially 
separated from BCG, renders the host cel! nonpermíssive 
for bacteria! repiication and targets the pathogens to 
lysosomes. This process is strictly dependent on kinases 
involved in FcR signa!ing, but not on host ce!l protein 
synthesis or protease activatlon (Jo!ler et al., 201 O). A direct 
[ytic etfect of antibodies against the bacilli is a!so possible, 
as has been recentiy demonstrated with the intracellular 
fungus Cryptococcus neoformans, which after incubation 
with specific antibodies showed up-regulation or down-reg­
ulation of many different genes that affect the synthesis of 
significan! metabolism proteins (McCielland et al., 201 O; 
Achkar & Casadevall, 2013). 

The distribution and kinetics of IVIG in serum and 
bronchial lavage showed high Abs concentrations in the 
site of infection tor long periods ot time, which is relevant in 
order to implement an efficlent form of serum therapy 
against TB in future controlled clinical trials. Alter the glycan 
hydrolysis of IVlg using EndoS, no changes were reported 
to its chemical properties such as solubility, stability, or 
formation of immune aggregates. In fact. EndoS has been 
admínistered intravenously with the purpose of hydrolyzing 
the glycans on serum lgG in autoimmune animal models, 
producing antirheumatic effect attributed to an lgG with 
intact chemical properties (AIIhorn & Collin, 2009). Thus, it is 
possible that EndoS-treated IVlg has kinetics and distribu­
tion comparable to intact IVIg. 

Our results suggest a ceU-mediated immunoregulatory 
protective effect by IVIg, as showed by lung histopathology 
that was different in treated mice, and the trend toward an 
increase in granuioma area on day 14 in the intact 
!Vlg-treated group is considerad beneficia! in this murine 
model as an indicator of increase immune protective 
response (Hernández-Pando et al., 1996). lnterestingly, 
mice treated with intact IV!g resulted in a significant 
reduction in the percentage of pneumonia, which is the 
histologica! parameter most closely related to disease 
progression and mortality (Hernández-Pando et al., 1996). 
lt is possible that this result points to the immunoregulatory 
mechanism described by Ravetch and colleagues, thought 
to involve an anti-inflammatory effect secondary to an 
interaction between the fully sialylated Fe oligosaccharides 
and the receptor SIGN-R1 in mice or DC-SIGN in humans 
(Anthony et al., 2008). This immunoregulatory mechanism 
could be supported because in high dose, this formulation 
provides enough lgG rich in sia!ic acid to obtain the 
observed anti-inflammatory effect, whiie in normal serum, 
the amount of lgG with high sialic acid content is only about 
3-1 O% (Kasermann et al., 2012); however, this requires 
further investigation. 

lnterpretation of results using human lgG in a mouse 
model should be made cautious!y, because the interaction 
between human igG and murine Fe receptors most likely 
difters from interactions with human FcRs (Shashidhara­
murthy el al., 2010). However, the results from the present 
study indicate that removing the Fe glycan from human lgG 
reduces its effector functions in the mouse. lt should be 
mentioned that EndoS has been used with success in other 

N. Olivares et al 

cross-species models, for instance where EndeS has been 
shown to abolish pathogenicity of rabbit anti-mouse platelet 
lgG in a mouse model of ímmune thrombocytopenic purpura 
(Collin et al., 2008; Andersen et al., 2012). 

In conclusion, we have observed a protective effect of 
high-dose IVIg after intratracheal infection of BALB/c mice 
with M. tuberculosis, and this effect was not observed using 
EndoS-treated IVIg, clearly showing that the glycosylation 
state of the IVIg is crucial for antituberculosis activity. 
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Background and Aims. Tuberculosis remains a worldwide health problem and requires 
long-tenn treatment with several antibiotics; therefore, compliance problems and the 
emergence of multidrug resistance (MDR) are involved. (-)-Licalin A (LA) was isolated 
frorn diverse plants such as Aristolochia taliscana and possesses antimycobacterial, anti­
inftammatory, trypanocidal, and neuroprotective activities. The airo of the study was to 
determine the antitubercular and subacute toxicity of LA isolated from A. ta!iscana in 
BALB/c rnice. 

Methods. The antitubercular activity of LA was tested in a TB murine model inducing 
disease with M. tuberculosis H37Rv or MDR. Mice were treated with LA (5 mg/kg) 
for 30 and 60 days; post/treatment, lung bacilli loads and pneurnonia percentage were 
deterrnined. The subacute toxicity of LA (21 days) was evaluated in healthy mice. After 
treatment, biochemical and hematological parameters were determined and main organs 
were analyzed histologically. 
Results. In animals infected with drug-sensitive or MDR strains. LA produced a signifi­
can! decrease of pulmonary bacillary burdens at day 30 of treatment, and a significant 
pneumonia reduction at days 30 and 60 of treatment. Regarding subacute toxicity. LA 
administration during 21 days showed no abnorrnalities in main-organ macro- and micro­
architecture. Biochemical and hematological parameters analyzed showed no statistical 
differences between control and treated groups. 

Conclusions. (-)-Licarin A reduces pneumonia ofmice infected with both mycobacte­
rium strains. Also. subacute toxicity of LA exhibits no major signs of damage. 
Biochemical and hematological parameters and histological analyses indicate that 
LA caused no significan! changes at the doses assayed. © 2013 IMSS. Published 
by Elsevier lnc. 
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Introduction 

Tuberculosis (TB) is currently the only infectious disease 
considered by the World Health Organization (WHO) as 
a worldwide emergency, mainly in developing countries. 
with an estimated nine million new cases each year and 
two million deaths annually. However, the TB/human 
immunodeficiency virus (HIV) association renders control 
of the disease difficult ( 1.2). Despite the progress attained. 

Olt;R-4409/$- see front ffi;.ttter. Copyright© 2013 IMSS. Publi~hed by Elscvier Inc. 
http:f/dx.doi.nrg/1 0.1 O 16/j.arcmed.20 12.12.006 
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only one third of patients with TB receive adequate treat­
menL and in multidrug resistance (MDR) cases a scarce 
number of these patients have access to Directly Observed 
Treatment, Short-course (DOTS)-Plus (with drug suscepti­
bility testing). Four drugs comprise the current treatment 
for newly diagnosed patients with TB and for sensitive 
cases. Treatment duration is 6-9 months. which enhances 
patient noncompliance and contributes to the incidence of 
MDR strains. In addition, MDR and extensively drug­
resistanl (XDR) cases do not respond to the standard treat­
ment regimen established with first- and second-line drugs. 
making this treatment longer, more difficult, and more 
expensive. In consequence, compliance with the DOTS 
and DOTS-Plus programs established by the WHO is poor 
(3). and the need for searching novel drugs is urgent. 

Since the release of rifampicin in 1976, only rifabutin 
and rifapentine have been approved for TB treatment; 
unfortunately these drugs have not yet achieved extended 
distribution for clínica! application. At present. numerous 
drugs ( > 8,000) are under investigation, but sorne 
compounds (ca. 10) are in preclinical and clinical phases, 
most notably TMC207, PA824, SQ109, OPC 67683, PNU 
100480, AZD 5847, and others (4), 

The increasing prevalence of TB and the emergence of 
cases of patients with MDR-TB and XDR-TB underscore 
the importance of having either new and efficient antituber­
cular agents that shorten treatment or agents with a longer 
half-life to avoid resistance (5). Within this context, medic­
inal plants comprise a potential resource for obtaining new 
antitubercular molecules that are structurally different from 
rhe current therapeutic drugs. Furthermore. WHO suggests 
developing novel drugs with the following characteristics: 
low toxicity, selective effect on M. tuberculosis, mínimum 
secondary effects, and novel or different mechanisms of 
action. Recent reports in the literature have described the 
possible use of sorne immunomodulatory compounds in 
TB treatrnent (6,7). 

(-)-Licarin A (LA) is a neolignan that has been isolated 
from numerous species such as A. taliscana. Diverse phar­
maéological activities, for instance, the antiinflammatory 
effect of this compound, have been addressed by several 
authors (8-13 ) . . Recently, our research group reponed its 
moderate antimycobacterial in virro activity against M. 
ruberculosis H37Rv (mínimum inhibitory concentration 
[MIC] = 25 )lg/mL). Furthermore, this compound showed 
significan! activity against certain MDR M. tuberculosis 
clinical isolates (MIC <6.25 )lg/mL) and against a group 
of nontuberculous mycobacteria. Additionally, the median 
lethal dose (LD50) value > 1,706 mg/kg determined in 
BALB/c mice was reported: these data suggest low 
toxicity of the compound (12). 

Regardless of pharmacological inforrnation of LA and 
its therapeutic potential in vitro. to our knowledge 
a subacute toxicological and in vivo antitubercular studies 
have not yet been provided. In this study, we report the 

therapeutic effect of LA in a well-characterized model of 
progressive pulmonary TB in BALE/e mice infected with 
drug-sensitive M. tuberculosis reference strain H37Rv and 
MDR M. tuberculosis clinical isolate after 30 and 60 days 
of treatment determining pulmonary bacilli burdens and 
tissue damage. The effect of LA on the subacute toxicity 
caused by 21-days s.c. administration in healthy BALB/c 
mice was also studied. 

Materials and Methods 

lsolation of (- )-Licarin A 

This compound was isolated from the hexanic extract of A. 
taliscana roots following the procedure previously 
described by León-Díaz et aL (l2). Chemical identifica­
tion was performed by comparison of spectroscopic and 
spectrometric data with those described in the literature 
(12,13). 

Experimental ModeL of Pulmonary TB 

AH in vivo experimental studies were perfonned according 
to the local Ethics Committee for Experimentation in 
Animals in Mexico (NOM-062-Z00-1999) guidelines (14). 

The therapeutic activity of LA was determined using 
the previously described experimental model of pulmo­
nary TB (15). Briefiy, groups of six male BALE/e mice 
6-8 weeks of age were used. To induce pulmonary TB. 
mice were anesthetized with 56 mg/kg of i.v. pentothal: 
the trachea was exposed via a small midline incision and 
2.5 x 105 viable mycobacteria H37Rv or MDR strains. 
suspended in 100 ¡.tl of PBS were injected. The incision 
was then sutured and the mice were maintained in 
a vertical position until spontaneous recovery. All proce­
dures were performed in a laminar flow cabinet with 
bio-safety level III facilities. The infected mice were 
housed in cages fitted with micro-isolators. 

Drug Administration 

Animals surviving 60 days after infection were randomly 
allocated to the required treatment groups. LA (5 mg/kg) 
was dissolved in ultrapure olive oil (Sigma) and was s.c. 
administered daily for 30 and 60 days. The animals of each 
group (controls and treated) were sacrificed at 90 and 120 
days after infection, which corresponds to 30 and 60 days 
of treatment, respectively. Two independent experirnents 
were performed. Selection of the appropriate dose (5 mg/ 
kg) was calculated according to the MIC determined 
in vitro (drug concentration efficient to kili 1 x 106 bacilli) 
by adjusting the drug concentration to the estimated 
number of bacilli in lungs of mi ce after 2 months of infec­
tion; this drug amount was triplicated considering its dilu­
tion after absorption and systemic distribution after s.c. 
administration. 
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Quantification of Colon_-v-forming Units (CFU) in Infected 
Lungs 

Three animals per group were sacrificed by exsanguination 
in two independent experiments, and the right or the left 
lung was removed, deposited in sterile 2.5 mL cryotubes 
containing 1 mL of PES and homogenized in a Polytron 
(Kinernatica, Luceme, Switzerland). Four dilutions of each 
homogenate were spread onto duplicate Petri plates con­
taining Bacto Middlebrook 7H 1 O agar enriched with OADC 
(both from Difco Laboratories, Franklin Lakes. NJ). The 
plates were incubated for 21 days at 3T'C in a 5% C02 

atmosphere for a_..:;sessment of CFU. CFU for each point 
are reported as the mean ± standard deviation (SD) of 
rneasurements from three mice. 

Hisropathology and Morphometry of rhe lnfected Lung 

The right or the left lung was intratracheally perfused with 
1 00% ethanol and irnmersed for 24 h in the same fixative. 
Parasagittal sections (4 )1m) were taken through the hilus. 
dehydrated, ernbedded in paraffin, and stained with hema­
toxylin/eosin (H&E). The percentage of Jung affected by 
pneumonia wa-; mea-;ured by automated morphornetry 
(Zidas image-analysis system, Zeiss. Jena Germany). 
Measurernents were taken blind and data are reported as 
the mean ± SD of measurements frorn three mice. 

The same procedures were perfonned for MDR M. 
tuberculosis (CIBIN/UMF 15:99)-infected animals: this 
clinical isolate is resistant to rifampicin, ethambutol, strep­
tomycin, pyrazinamide. and isoniazid, all first-line antitu­
berculous drugs (1 6). 

Subacute Toxicity 

BALE/e mice (weighing 20 ± 2.0 g) were randomly as­
signed to three groups of eight animals each: 1) negative 
control; 2) vehicle control (ultrapure olive oil SIGMA), 
and 3) rnice treated with 5 mg/kg of LA. The test dose of 
the compound is five times higher than the MIC determined 
in vitro assay ( J 2). Animals were maintained under stan­
dard environmental conditions at 12 h lighUdark photope­
riods and were allowed free access to food and water. LA 
solubi!ized in ultrapure olive oil (Sigma) was administered 
s.c. for 21 days. Animals were weighed w~ekly and daily 
observed for physiological and behavioral changes. At the 
end of the experimentation period, the surviving mi ce were 
weighed, anesthetized with 5 mg/kg xylazine (Procin) and 
50 rng/kg ketamine hydrochloride (Inoketam), and sacri­
ficed by exsanguination. Blood samples were obtained for 
hematological and clinical chemical analyses and complete 
autopsy was perfonned, the main organs (liver, lung, 
kidney, brain, heart, spleen, and skeletal muscle) were 
weighed and stored in 10% aqueous formaldehyde for 
histological examination. 

Heparinized blood samples were taken for determining 
complete blood count (CBC), red blood cell count .(RBC). 
hemoglobin concentration (Hb ), hematocrit (Ht). mean 
corpuscular volume (MCV), mean corpuscular hemoglobin 
concentration (MCHC), platelets (Pt), white blood cell 
count (WBC), percentage of segmented leukocytes (Seg), 
and lyrnphocytes (Lymp). Serum was carefully collected 
for blood chemistry and enzyrne analyses of the following: 
glucose (Glu): uric acid (UA): creatinine (Creat): total 
cholesterol (TCHOL); triglycerides (TRI): high-density 
lipoproteins (HDL); aspartate aminotransferase (AST); 
alanine aminotranferase (ALT); alkaline phosphatase 
(ALP), and garnma-glutamy1 transferase (y-GT). Analyscs 
were perforrned utilizing automated equipment (Coulter 
T890 and Selectra IL respectively). Results were expressed 
as mean± SD. Statistical significance between controls and 
experimental groups was assessed by one-way analysis of 
variance (ANOVA) and the post-hoc least-significant differ­
ence (LSD) test; p values <0.05 were considered signifi­
can!. Parasagittal section of each organ was dehydrated 
and embedded in Paraplast (KendaJI, Tyco Healthcare 
group, Oxford, UK). histological sections (3 Jlffi) were 
stained with H&E. 

Results 

Figure 1 presents the chernical structure of (-)-Licarin A, 

and Figure 2 presents the results obtained of the LA treat­
ment on BALE/e mice infected with drug-susceptible M. 
tuberculosis H37Rv. At the first month of treatment, the 
control group showed pulrnonary bacilli loads significantly 
higher (7, x 1 o<'> ± 1.32 CFU/lung) than the group treated 
with LA (2.3 x 106 ± 1.75 CFU!lung). After 2 months 
of treatment, there were higher. but not significantly, bacilli 
loads in the control group (7.3 x Jd' ± 1.53 CFU!lung) 
than in the LA treated group (4.9 x lOó± 1.32 CFU/lung) 
(Figure 2A). 

At 1 month of treatment. the percentage of pneumonia­
affected pulmonary area in the LA-treated group was 
significantly lower (3.19 ± 1.69%) than the control group 
( 46% ± 1 5.73). At the second rnonth of treatment ( J 20 days 
post-infection). this difference was maintained being 
double in the control mice (56% ± 6.48) than in the LA­
treated animals (22.8o/r ± 8.36) (Figure 2B). 

OMe 

""('YOMe 

~OH 
Figure l. Ch,;:mical structure of (- )-Licarin A. 
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Figure 2. Antituber~:ulill' effect of (- )-Lkarin A on BALBk-infet.:ted mice with M. rubercu!osis H37Rv. "White bill's wne~pond to the group treated with LA 
¡¡_nd black bars correspond to t~e control m ice group. (A) Results of the bacteria! burden in the infected lungs. (B) Comparison of the percentage of pneu­
monia area in the mice-infected lungs. Data are expressed a.<: mean± SD. three mice per time point: asterisks represent statisticaJ signit\cance (p <0.05). 

Regarding BALB/C mice infected with MDR M. tubercu­
losis (strain CJBINIUMF 15:99), mice treated with LA for 
1 month showed significantly lower bacilli loads (0.28 x 
1 06 ± 0.06 CFU/lung) than control m ice ( 1.5 x 1 06 ± 0.08 
CFU/lung). During the second month of treatment. the anti­
tubercular effect of LA was reduced and was similar to the 
control group (Figure 3A). In contrast. the percentage of 
pneumonia in animals treated with LA was significantly 
lower than in control animals after 1 month (22.28 vs. 
43.56% ). The difference was higher after 2 months of treat­
ment (29.15 vs. 71.97%) (Figure 3B). 

Healthy BALB/c mice treated with 5 mg/kg LA s.c. for 
21 days did not show behavioral changes or clinical signs 
or deaths. A normal increase in body weight was registered 
in both the treated and control groups. Relative organ 
weights were also determined in al! of these groups and 
no statistical differences were found (data not shown). Data 
from hematological and biochemical analyses are pre­
sented in Tables 1 and 2, respectively.· Statistically analyzed 
data did not sh.ow differences between the control and 
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treated groups. Autopsy study did not reveal gross lesions 
and no histological abnormalities were observed in main 
organs such as liver, kidney, spleen. lung. brain. heart. 
and muscle. 

Discussion 

As far as we know, this is the fi.rst report on a natural 
compound, (-)~Licarin A, displaying antitubercular and 
anti-inflammatory properties in a murine TB model. Our 
results show a significant reduction of the bacteria! burden 
in the lungs of mice infected with M. tubercuLosis H37Rv 
and MDR M. tuberculosis only during the first month of 
the LA treatment. In addition, the percentage of pneumonia 
was significant1y reduced in animals treated with the 
natural compound; this effect was more significant in 
H37Rv-infected mice. 

Despite the .fact that TB is a worldwide problem and the 
ta. .. ;;k undertaken by several research groups has been the search 
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Figure 3. Antitubcrculur effe~:t of (-)-Li~:arin A on BALB/1..: infected mit.:e with M. tuberr·u!osis "MDR (CIBIN!UMF 15:99 resi~tant to rifampión. etham­
butol. ~treptomycin, pyrazinamide and i~oniazid). White bars correspond to the group treated with LA and black bars correspond to the control mice group. 
iA) Re~ults ofthe bacteria! burden in the infected lungs. (B) Comparison of the percentage of pneumonia urea in the mice-infected Iungs. Data are expressed 
as mean± SD. three mice per time point: asterisks repre~ent statistical significance (p <0.05). 
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Table l. Hematologkal parameters of healthy BALB/c mice treated 
s.c. with 5 mglkg (-)~Licarin A 

Para meten; Control Vehicle (- )~Licarin A 

RBC x 10"/JlL !0.22 ± 0.29 10.27 ± 0.39 l 0.23 ± 0.49 
Hb (g/dL) 16.58 ± 0.58 17.36 ± 0.44 16.91 ±0.90 
Ht(%) 45.01 :;:;; 1.57 45.36 ± 1.92 45.06 ± 2.33 
MCV (tl.) 44.00 ::!::: 0.52 44.16 ± 0.53 44.03 ± 0.51 
MCHC (g/dL) 36.85 ± 0.38 38.26 ± 0.70 37.55 ± 0.58 
wsc x w-3hLL 7.06 ± 2.57 9.42 ± 1.84 6.96 :::: 2.05 
Seg (0k) 17.83 ± 3.60 15.00 ± 2.55 13.80 ± 2.05 
Lymp (%) 82.16 ± 3.60 86.50 ± 4.32 87.66 ± 6.59 
Pt 10s/J1L 4.10::!:::0.41 4.49 ± 0.37 4.26 ± 0.30 

RBC. red blood count; Hb. hemoglobin: Ht. hematocrit: MCV. mean 
corpuscular volume: MCHC. mean corpuscular hemoglobin concentration: 
WBC. white blood count: Seg. segmented leukocytes: Lymph. lympho­
cytes; Pt, platelets. 
Values are expressed as mean± standard deviation (SO) (n = 6). (-)-Li­
carin A (5 mg/kg/21 days) solubilized in olive oil (vehicle) was adminis­
trated s.c. to BALB/c mice. 

for antirnycobacterial compounds. only 1 O of the > 8,000 
active molecules found are currently being evaluated in clin­
ical trials (4,5). Novel, potential antimycobacterial molecules 
isolated from medicinal plants have been reported in the Jiter­
ature. Sorne examples are E-phytol, 12-dimethylmulticauline, 
multihorminone, J 2-demethylmultiortho-quinone. 12-
methyl-5-dehydrohorminone. 12-methyl-5-dehydroacetyl­
horminone, and others; these compounds possess in vitm 
MJC values of <2 ¡.tg/mL (12.17). However, the antituber­
cular activity of these compounds has not been corroborated 
in vivo. The murine TB model has been widely used to explore 
the effects of novel synthetic drugs (6, 18, 19); on the other 
hand, LA inhibits in vitro the growth of M. tuberculosis 
H37Rv, severa! MDR M. tuberculosis clinical isolates. and 
non-tuberculous mycobacterium strains with MIC values 
of <50 ~g/mL (12). 

Tab!e 2. Biochemical parameters of healthy BALB/c m ice treated s.c. 
with S mglkg (-)-Licarin A 

P'-lr:Jmeter Control Yehic\e {-)-Licarin A 

GLU (mg/dL) 209.16 ± 25.40 207.50 ± 32.67 229.50 ± 36.64 
TCHOL (mg/dL) 33.50 ± 2.88 33.16± 1.72 31.66 ± 1.63 
TRI (mg/dL) 2.43 ± 0.23 2.91 ± 0.81 2.28 ± 0.44 
HDL (mg/dL) 14.85 ± 0.52 15.06 ± 0.59 14.15 ± 1.51 
UA {mg/dL) 3.78 ± 1.71 2.56 = 1.30 3.43 = 1.47 
Creat (mg/dL) 0.45 ± 0.05 0.42 ± 0.04 0.41 ± 0.02 
ALP (IU/L) 299.ó6::::;: 25.1R 340.83 = 30.13 321.66 ± 34.42 
AST (IUIL) 110.25 ± 13.72 127.50 ± 11.93 193.00 ± 30.91 
ALT (IU/L) 35.83 = 4.99 37.16 = 2.99 34.33 ± 2.58 
y·GT (IUIL) 4.61 :::; 0.94 4.36 ± 0.68 4.8 ± 0.54 

Glu. glucose: TCHOL, total .cholesterol; TRI. triglycerides: HDL, high­
density lipnproteins: UA. uric <1CÍd: Creat, creatinine: AST. aspartate 
aminotransferase: ALT. alanine aminotr,msferase: ALP. a!ka1ine phnspha· 
tase; y-GT. gamm<~-glutamyl transferase. 
Values are expressed as mean± standard deviation (SD) (n = 6). (-)·Li­
c:.uin A (5 mg/kg/2ldays) solubilized in olive oiJ (vehide) was adminis­
tmted s.c. to BALBc mlce. 

In addition to the direct effect that (-)-Licarin A has on 
mycobacteria, the reduction in bacilli burdens and pneu­
monia produced by the LA treatment could be also ascribed 
to the anti.-inflammatory effect exerted by this compound 
through inhibition of cyclooxygenase-2 (COX-2) activation 
(20,21) and the production of prostaglandin E2 (PGE2) ( 1 0). 

In this experimental model of TE, there is a high production 
of PGE2 during late infection. which induces a significant 
decrease in protective immunity against M. tuberculosis 
by deactivating macrophages and T lymphocytes suppress· 
ing the production of significant factors such as JFN. TNF 
andiNOS (22). Although the reduction of bacteria] burdens 
detected the second month during treatment with LA was 
not high, we observed in this group of mice a significant 
reduction of the percentage of pneumonia; thus. progres­
sion of tissue damage was decreased and this effect was 
likely a majar factor that enhanced m ice survival ( 1 5). In 
the search for new drugs, the anti-inflammatory properties 
of microbicida] molecules are important to consideras they 
prevent tissue damage progression or can provide disease 
contention (23). LA is an interesting natural product with 
a dual activity as antibiotic and imrnunoregulator. 

Previous in vitm assays demonstrated (-)-Licarin A 
activity against mono- and MDRM. tuherculosis (12); thus, 
evaluation of the activity in the in vivo model is an impor­
tant and necessary step contributing to the search for new 
antitubercular agents, specially considering the toxicity of 
the current drugs administered in pan-sensitive, MDR and 
XDR cases. Current TB treatment involves first- and 
second-line drugs that cause severa] adverse effects; for 
example. kanamycin and amikacin cause nephrotoxicity. 
fluoroquinolones cause neurotoxicity and induce drug­
resistance, and sorne first-line drugs such as rifampicin. 
pyrazinamide, and ethambutol are hepatotoxic (4,24,25). 
LA toxicity studies showed normal histological architecture 
of the liver and kidney. and functional biochemical tests 
were also normal. Thus, LA produced no toxic effects in 
our experimental model. 

Low toxicity together with the discrete bacteriostatic 
activity and significant anti-inflammatory effect. as well 
as the previously anti-mycobacterial effect described 
in vitro (12), makes LA a prototype for the developmenl 
of new antitubercular agents. This work contributes to the 
knowledge of the toxic and therapeutic potential of 
a compound isolated from a Mexican medicinal plant. 
Ongoing evaluation is conducted to determine the antitu­
bercular effect of LA in combination with antibiotics in 
the same model in vivo in order to evaluare its ability to 
shorten conventional chemotherapy. 
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1_ introduction 

ABSTRACT 

The World Health Organization (WHO) has estima red that there are about 8 mi Ilion new cases annually 1•f 
active Tuberculosis (TB). Despite its irregular effectiveness (0-89%), the Baci!lus Calmette-Guérin) BCC ~~ 
the onlyvaccine available worldwide forprevenrion ofTB; thus. the design is important of novel and mu1" 
efficient vaccination strategies. Considering that [3-defensin-2 is an antimicrobial peptide that indun·' 
dendritic cell maturation through the TLR-4 receptor and thatboth ESAT -6 and Ag8SB are immunodomi­
nant mycobacterial antigens and efficient activators ofthe protective immune response, we constructecl 
two DNA vaccines by the fusion of the gene encoding [3-defensin-2 and antigens ESATG (pDE) and 8)8 
(pDA). After confirming efficient local antigen expression that induced high and stable lnterferon gamrna 
(IFN-'Y) production in intramuscular (i.m.) vaccinated Balb/c m ice. groups of m ice were vaccinated wirh 
DNA vaccines in a prime-boost regimen with BCG and with BCG alone. and 2 months later were ch,ll­
lenged with the mild virulence reference strain H37Rv and the highly virulent clinical isolate LAM S 1 sr; 
The leve! of protection was evaluated by survival, lung bacilli burdeos. and extension of tissue dam<I.\C.L' 
(pneumonia). Vaccination with both DNA vaccines showed similar protection to that of BCG. After the 
challenge with the highly virulent Mycobacrerium tuberculosis strain. animals that were prime-boostccl 
with BCG and then boosted with both DNA vaccines showed significan! higher survival and less tissue 
damage than mi ce vaccinated onlywith BCG. These results suggestthat improvementofBCG vaccination. 
such as the prime-boost DNA vaccine, represenrs a more efficient vaccination scheme against TB. 

© 2012 Elsevier Ltd. All rights reservt'rl. 

can boost protective immunity in Bacillus Ca!mette-Guérin (Bcc·J­
vaccinated individuals. 

Tuberculosis (TB) is an infection that produces 8.8 million new 
cases of active disease worldwide, 1.4 million deaths annually [1 ]. 
and is considered a global emergency dueto the increased appear­
ance of new highly virulent [2] and drug-resistant strains [3,4]. 
Therefore. it is urgent to creare new vaccines and/or vaccination 
schemes that can generare an efficient prophylactic effect or that 

Mycobacterium bovis BCG. a live attenuated mycobacterí.-11 
strain. is the sale vaccine available against TB to date. lt has bern 
used for nearly 100 years and its protection is extremely vari<1ble. 
from 0-89% [5-7]. Variability in BCG efficacy is associated with 
multiple factors [8-1 O]. Different approaches have been proposecl 
to generare new and more effective vaccines. such as Mycobw­
terium tuberculosis (Mtb) mutants [ 11, 12]. recombinant BCG, wl1ich 
expresses highly immunogenic antigens [13, 14], subunir vaccint·~ 
based on the majority of immunogenic Mtb antigens [15, 16]. a m\ 
DNA vaccines [17,18]. However, Jimited success has been ·achievccl 
in this matter. * Corresponding author at: Medica] Research Unit Zacatecas. UIMZ-IMSS. Zacate­

cas, México. interior de la alameda # 45 col. centro. zacatecas. Zacatecas. México. 
Tel.: +52 4929226019. 

E-mail address: rondo_vm@yahoo.com (B. Rivas-Santiago). 

0264-41 OX/$- see front matter © 2012 Elsevier Ltd. All rights reserved. 
http: //dx.doi.org/1 0.1 016/j.vaccine.2012.11.042 

Recently, we have been working on the role that sorne antiml­
crobial peptides play in tile in na te immune response and activatinn 
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Fig. 1. Timeline ofthe animal vaccination. infection and sacrifice. 

DayO 30 60 120 

G1 uups of at least 5 animals were immunized by administrarían of 50 ¡;.g of DNA vaccine in thigh muscles. Electroporation was applied at the vaccination site. Bacillus 
Cdmette-Guérin (BCG) vaccination was performed with 8 x 103 viable bacilli at day 60 prior to infection as shown in the time-line graph. Sixry days after immunization 
wnh DNA vaccine, vehicle, BCG, ora combination of any ofthe latter, the m ice were infected with either ofthe two Mtb strains: H37Rv, and !A.M 5186. Infected m lee were 
sd. -~·ificed at different time points after Mtb infection. depending on the virulence of ea eh strain. This strategy was used for all of the experiments. At least three independent 
I?Xperiments were conducted. 

al- rhe immune responses acquired in experimental TB. This is the 
specific case of ¡3-defensin-2, an antimicrobial peptide that induces 
dC'ndritic cell maturation in a Toll-like (TIR) receptor4-dependent 
manner [ 19-21]. Jnterestingly. gene tic construct coding sequences 
a~· ¡1-defensin-2 generare a polarized and antigen-specific Thl 
immune response [22-24]. This is important because multi­
pk reports indicare that a Th1/CD8+ cytotoxic cellular immune 
response is essential for Mtb growth control [25]. Severa] Mtb 
·anrigens induce a strong Thl response, such as the Early Secre­
tory Antigenic Target-6kDa {ESAT-6) protein, which is a potent 
immunogen encoded by the ROl gene complex of Mtb [26] that 
is absent in BCG [27]. Similarly, Ag85B is a protein related with 
the mycolyl transferase secretee! by Mtb and is a highly immuno­
genic antigen that induces a cytotoxic immune response [28-31]. 
Thus, in this work we designed DNA vaccines based on ¡1-defensin-
2 r·used with ESAT6 orAg85B, which actually induce a polarized Th1 
immune response, and their efficiency was evaluated in a murine 
model ofpulmonaryTB challenged with Mtbstrains, which possess 
clJVerse virulence levels. 

2. Materials and methods 

2.!. Cene cloning,jusion. and plasmid constructions 

DNA constructs were made by amplification and cloning of 
tht' gene-of-interest; the gene for mature murine ¡3-defensin-
2 (mBD2) was cloned from mouse skin treated with LPS 
( 1 O ngjml) by RT-PCR from total RNA utilizing specific primers: 
~-defensin-2 (Defb2) F-5'-ACCATGGMCITGACCAaGCCACACC­
J'.R-5'-TGMJTCMGATCTITCATGTACITG CAACAGGGGJTGJT, ESAT6 
( csxA) F-5' -TATaCGAGACCACC-3'. R-5' -CACCACCATCACCATCAa­
AACCATCCCGG GTM-3', Ag85B (fbpB) F-5'-ATGGATCaATGTCG­
ACCACA TCACACACCT CACCCCAMCA JT-3'. R-5' -ATCCCCCGMGCGT­
CCITAGTGATGGTGATG GTGGTGGCCGGCGCaMCGMaaGCA-3'. 
and GAPDH F-5'-CTGGTGaGAGTATGTCGTG-3' R-5'-CAGTCITaG­
A(;TGGCAGTG-3'. Amplification of the esxA and jbpB genes was 
po.:'rformed from genomic DNA of Mtb H37Rv strain, isolated as 
reported elsewhere [32]; these sequences encode for ESAT6 or 
AgSSB antigens. respectively. The DNA constructs are based on 
a pCMV vector; the specific characteristics of the construct were 
reported previously by our group [23,33]. The following four 
constructs were generated: pCMV-mDF2B-esxA {pDE); pCMV­
mDF2B-fbpB (pDA): pCMV-esxA (pE); pCMV-fbpB (pA), and the 
empty pCMV vector that was used as controL 

The constructs were analyzed by PCR, enzyme digestion, and 
sequencing in arder to confirm insertion and open reading frame 
(ORF). XL10 Gold bacteria (Jnvitrogen, Carlsbad, CA, USA) were 
transformed with each construct and grown in LB broth base 
medium (lnvitrogen). Plasmid purification was performed with the 
Endofree Plasmid Maxi kit as referred by the suppiier (QIAGEN, 
Hilden, Germany). The plasmids were eluted in sterile pyrogen-free 
phosphate buffer (SIGMA, Steinheim, Germany). 

22. Vaccination 

All animal studies were approved by the Jnstitutional Ethics 
Committee in accordance with the guidelines of the Mexican 
National Regulations on Animal Care and Experimentation NOM 
062-Z00-1999. BALE/e mice aged between 6 and 8 weeks of age 
were anesthetized with sevoflurane (Abbott, Quebec. Canada). 
Then, the respective plasmid was administered intramuscularly 
(i.m.) in the right thigh, using 100 ¡ .. d of sterile PBS as vehicle. in 
arder ro increase the efficiency of the DNA vaccination, an elec­
tric shock was applied at the injection site with the CYrOPULSE 
pulseAgiJe® Model PA-3000 electroporator system, according ro 
the manufacturer's suggestions. The amount of DNA vaccine to 
be employed was determined with a dese-response curve. Best 
expression profile was observed at 50 f-l-g for DNA vaccine alone 
and for co-administration, this was 25 f-l-g DNA of each vaccine. 
A second dese of the DNA vaccine was applied 8 days after the 
first vaccination as a boost.ln the case of BCG vaccination, 8 x 1 Q3 

viable bacteria! cells BCG substrain Phipps were injected subcuta­
neously(s.c.) in the base ofthetail. This BCG substrain was the most 
protective of 10 strains tested in the BALE/e m o use model of pro­
gressive pulmonary tuberculosis [34]. The immunization schedule 
is depicted in detail in Fig. 1. 

2.3. RT-PCRfor mRNA expression assessment of DNA constructs 

One, 3, 8, and 14 days post-vaccination, the animals were euth­
anized and thigh muscles were immediately excised; one fragment 
was fixed by immersion in 10% formaldehyde dissoived in PBS 
for immunohistochemistry, and the remaining tissue fragment 
was preserved in TRizo\ (Invitrogen) for gene analysis. For nucleic 
a cid purification, tissue was homogenated in Ultra-Turrax® T-1 O 
apparatus (TKA. Wilmington, NC, USA). The RNAeasy mini kit wirh 
DNAase (QlAGEN, Düsseldorf, Germany) was employed for RNA iso­
lation according to the manufacturer's instructions. One hundred 
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fig. 2. Kinetics ofESAT6 and AgSSB mRNA and protein expression in the muscle ofimmunized m ice. 
Two groups of six BALE/e m ice per group were immunized with either pDE or pDA and sacrificed at 1. 3. 8. and 14 days. (A) RT-PCR for ESAT6 mRNA expression fr(lll1 
tiligh muscle samples extracted from vaccinated mi ce. GAPDH mRNA expression by RT-PCR was used for determination of basal expression: ~B) Micrographs show111.\'; 
antigenic protein expression and immunohistochemistry for ESAT6 at 20x magnification. Positive control was from m ice infected with H37Rv strain ata 1 Ox magnificdlH 111 

Similarly, panels depict protein expression at 1, 3, 8, and 14 days aftervaccination; (C) RT~PCR for expression of Ag85B mRNA extracted from the muscle ofimmunized 11111 v 
GAPDH mRNA expression by RT-PCR was utilized for determination ofbasal expression; (D) Ag85B antigenic protein expression analyzed by immunohistochemistry at 2r1 · 
magnification. Positive control from m ice infected with H37Rv at 10x magnification. Protein expression at 1, 3, 8, and 14 days after vaccination is illustrated. Representc1tl\"(' 
results from three independent experiments are shown. 

nanograms of purifled RNA was used for cONA synthesis utilizing 
the O:nniscript cDNAsynthesis kit (QJAGEN) and submitted to PCR. 

2.4. Immunohistochemistry 

For immunohistochemistly, 5-¡..Lm-thicksectionswere deparaf­
Anized and the endogenous peroxidase quenched with 0.03% H2 0 2. 

Then, the sections were blocked with PBS supplemented with 2% 
human pool serum. Muscle sections were incubated with rabbit 
polyclonal anti ESAT6 and rabbit polyclonal anti AgSSB (Abcam, 
Cambridge. U.K.) and subsequently incubated with a biotin-labeled 
anti rabbit lgG antibody. Bound antibodies were detected with 
avidin-biotin peroxidase (Biocare Medica!, Concord, CA. USA) and 
counterstained with hematoxylin. 

2.5. Immunogenicity of DNA vaccines 

Groups of six BALE/e m ice were vaccinated with either pDE, 
pDA. pE. pA, pCMV, or PBS and sacrificed at 14. 21, and 40 days 

post-vaccination. Cell suspensions from inguinal lymph nodE"s, 
spleen, and lungs were cultured and stimulated with mycobacteri,ll 
Culture filtrare antigens (CFA). rESAT-6. or rAgSSB. as previously 
reported [35}. Cultures for cytokine production (1 x 105 cells i11 

100 ¡.Ll of culture medium) were performed in flat-bottom. 96-
well plates with 5 ¡.Lg CFA, rESAT6. or rAgSSB. After 72 h, the 
supernatants were collected and utilized for Jnterferon gammé\ 
(IFN-)1) quantification by means of a commercial Enzyme-linkccl 
immunosorbent assay (ELISA) test kit (Pharmingen, San Diego. CA. 
USA). 

2.6. Experimental model ofprogressive pulmonary TB 

The experimental model ofprogressive pulmonary TB has beC'n 
previously described in detail [14]. Groups of vaccinated miL'I:' 
were challenged 60 days after the ñrst immunization with M. 
tuberculosis strains H37Rv or with the Latín-American Mediter­
ranean (LAM) clinical isolate (5186 strain), which is highJyvirule11t 
in this mouse model [2.36]. Each animal was anesthetized with 
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Fig. 3. lnterferon gamma (IFN--y) quantification in culture supernatants of mononuclear cells from immunized m ice stimulated with specific mycobacterial antigens. 
1\iliL-e were immunized with pE, pA. pDE. pDA, or pCMV. Mononuclear cells extracted from immunized mice were cultured in 96-well plates and exposed to anrigens such 
,1, ,ulture filtrare antigen (CFA). rESAT6. or rAgSSB proteins for 72h. The cell supernatants were employed to determine IFN--y production by EUSA. Cells were isolated 
fHll the inguinallymph nade at 14.21, and 40 days post-vaccination (A. B. and C. respectively); spleen cells were isolated at days 14. 21. and 40 days post-vaccination :o. 
E .. md F, respectively). The same procedure was performed force lis isolated from the lungs ofvaccinared m ice (G. H. and 1). Each group of animals consisted of 6 m ice in 
¡,..,.o independent experiments. Two-way ANOVA and Bonferroni's post-test was performed in orderto identify differences among groups: p values of <0.05 are considered 
sr -ltistically significant. 

sevoflurane and was intratracheally (i.t.) instillated with 2.5 x 1 os 
vi<~ble bacteria] ce lis suspended in 100 ¡.Ll of sterile, pyrogen-free 
PBS. To determine vaccination effectiveness. groups of six m ice in 
rw_o independent experiments were euthanized after 30. 60, or 120 
dctys of challenge; their lungs were employed to determine bacil!i 
burdeos by colony forming unit (CFU) quantification and histol­
og-y jmorphometry, thus determining the percentage oflung surface 
atTected by pneumonia.lnfected mice were sacrificed at different 
ti me points after Mtb infection, depending on the virulence of ea eh 
strain. Another group of 10m ice was left untouched and mortality 
wa.s recorded to construct survival curves. 

2.7. Determination of colony-fonning units and histopathological 
onolysis ofinfected lungs 

The right lungs of six mice at each time point in at least two 
inclependent experiments were utilized for CFU quantifications. 
Briefly. the lungs were homogenized with a polytron (I<inemat­
iccl. Lucerne, Switzerland) in sterile 50-m! tubes containing 3 mi 

of isotonic saline. Four dilutions of each homogenate were spread 
onto duplicares containing Bacto Middlebrook 7H1 O agar pi ates 
enriched with OADC. The plates were incubated at 37 -,e and the 
CFU were counted at day 21. 

For histopathological analysis, lungs were perfused i.t. with 
absolute ethanol, immersed for 24h, and embedded in paraffin. 
Five-¡.Lm-thick sections taken through the hilus were stained with 
H&E. In these slides, the are a (¡.Lm2 ) occupied by the inflammatory 
infiltrare was determined using an image analyzer (Axiovert 200M 
with Axiovision ver.4.3; Carl Zeiss,jena, Germany). 

2.8. Statistical analysis 

Data normality was assessed through the Kolmogorov-Smirnov 
test. Normal distribution data were analyzed with one-way Anal­
ysis of variance (ANOVA) and Bonferroni's post-test. For CFU 
nonpararnetric data. a Kruskai-Wallis multiple cornparisons test 
was employed with Dunn's post-test. Jmmunogenicity assays 
based in gamma interferon production data were analyzed with 
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Fig. 4. Survival rate ofvaccinated animals challenged with different Mtb strains. 
Severa] groups ofanimals were vaccinated with DNA constructs. controls. and BCG. The immunized animals were challenged wirh rhe H37Rv srrain (A), and the 5186 srr,11n 

~3). Death of animals was recorded daily. Twenty animals were included in each group in two independent experiments. Kaplan-Meier survival curves were performerl. 1n 

¡¡édition to statistical analysis using the log-ran k test: a p value of <0.05 was considered significan t. 

two-way ANOVA usingBonferroni's post-test.Statistical analysis of 
Kaplan-Meier survival curves was performed using Log-rank test. 
P val u es of ::::0.05 were considered significan!. 

3. Results 

3. 7. DNA vacdne constructs are expressed and translated in the 
muse/e cells ofmice 

In order to determine whether muscle cells were efficiently 
transfected by DNA vaccine electroporation. the expression in situ 
of mRNA and antigen protein were evaluated. The kinetics for 
ESAT6 or Ag85B mRNA are depicted in Fig. 2A and C. respectively. 
The expression of both constructs is stronger at day 1, exhibit­
ing a progressive decrease until day 14, when lowest expression 
was observed. Similar protein expression kinetics determined by 
immunohistochemistry is illustrated in Fig. 2B and D; both pro­
teins were specifically detected in the cytoplasm of striated muscle 
cells located at the vaccination site. 

3.2. pDA and pDE dna vacdnes induce a specific Th 1 immune 
response against mycobacterial antigens 

Subsequently, we tested the immunogenicity of vaccine con­
structs. M ice were DNA-immunized with pE, pA, pDE, pDA, and 
pDE + pDA constructs by assessing IFN--y production from T -ce lis 
14, 21. and 40 days after immunization, measuring cytokine lev­
els in the supernatants of cell suspensions from inguinal lymph 

nodes, spleen. and lung after stimulation with rESAT6, rAgSSB. or 
CFA. IFN-_-y production from inguinal Iymph node cells from animClls 
vaccinated with either or both pDE and pDA DNA vaccines showcd 
that there is a specific response from these cu!tured cells to these 
mycobacterial antigens. Significant differences are demonstratt'd 
in animals vaccinated with pCMV, pE, and pA compared with tho<;e 
vaccinated with pDE and pDA (p <0.0001 ), confirming the efficie11t 
role of mBD2 asan adjuvant inducing a stronger immune response. 
Similar levels of!FN--y were detected in the different organs along 
the experiment. indicating that there is a sustained effect on the 
production and elicitation ofthis cytokine (Fig. 3A-C). 

3.3. Protective effect of DNA vaccines 

After confirming the immunogenicity efficiency of our DNA 
vaccines, pE and pA vaccines were not employed for furtlwr 
experiments beca use they had non-significan! differences with thC' 
control (pCMV). Animals were vaccinated and cha!lenged (Fig. 1) 
with strains of different virulence and genotype levels. Surviv,1l. 
lung bacilli burdens, and extensions oftissue damage (pneumoni<1) 
were analyzed at each sacrifice point. 

Fig. 4 shows the survival curves: control animals that receiwd 
on!y the empty vector and that were challenged with the H37Rv 
reference strain began to die after 2 months and 85% survivecl to 
the end ofthe experiment. Animals vaccinated with pDE exhibitl?d 
similar responses to pCMV. while m ice vaccinated with pDA or bor h 
pDE+ pDA exhibited better survival (90%) than those of the con­
trol group. Mice vaccinated with BCG and boosted with both DNA 
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Fig. S. Determinarían ofColony-forming units (CFU) in m ice immunized and challenged wirh rwo differenr Mycobacten·um tuberculosis strains. 
Cr"ups of m ice were immunized with DNA vaccines, BCG, and controls according to the schematic description in Fig. 1. Then. animals were challenged with severa! Mtb 
st1 .1ins ancl CFU determination was performed in the lungs of infected animals at differE'nt time points. (A) Animals were challenged with the H37Rv strain and sacrifíced 
at r1,1ys 60 and (B) l20 post-infection: (C) M ice were immunized and later challenged with the 5186 sera in and sacrificed at 30 days post-infection. Groups of six mice per 
g1 nup were sacrificed at the specified times, and the experiments were repeated three times independently. One-way ANOVA with Bonferronf's multiple comparison cese 
\o,·, 1,· performed to est:.:J blish statistical significance. P values of <0.05 were considered statistically significant. 

v,1ccines showed 100% survival after 4 months of challenge and 
there was a statistical difference (p<0.04) when these were com­
pctred with pCMV-vaccinated mice (Fig. 4A). Similar results were 
observed when mi ce were challenged with the highlyvirulentLAM 
5186 srrain; pCMV-vaccinated m ice died after 30 days of i.t. infec­
tion, and similar survival trends were observed in mice vaccinated 
wi rh pDE. The animals vaccinated with pDA, BCG, or both pDE + pDA 
d lt"'d at 40 ± 5 days post-challenge. In contras t. significant survival 
vvrts observed in animals vaccinated first with BCG and boosted 
wi th pDA and pDE, which demonstrated two-fold survival (80 days; 
r < 0.0001) compared with BCG alone. 

Survival curves were consistent with lung bacilli burdeos, 
beca use mice immunized with any vaccine type and challenged 
w1th strain H37Rv showed significantly lower bacilli loads than the 
control group at both time points, with the \owest in the prime­
boosted group (Fig. SA and B). 

Similar results were observed in vaccinated animals challenged 
w1 rh the highly virulent LAM 5186 strain. The group of animals vac­
cinated with pDA+pDE showed higher, but non-significant. lung 
bctcilli Joads than the BCG-vaccinated group, while this Jatter group 
showed higher. but non-significant. bacilli burdens than the group 
p1·eviously vaccinated with BCG and boosted with both DNA vac­
cines (Fig. SC). 

All groups showed a considerable reduction in pneumonic arez 
when compared with control m ice, this more evident at day 120. 
Similar protection was observed between the groups vaccinated 
with both DNA vaccines and the BCG-vaccinated group, while 
this latter group showed a significant, five-fold higher pneumonic 
area than the group previously vaccinated with BCG and boosted 
with both DNA vaccines (Fig. 6A and B). Comparable results were 
observed in vaccinated mice challenged with the highly virulent 
strain (Fig. 6C). Thus, vaccination with botb DNA vaccines and 
prime-boosted with BCG confers greater significan! tissue damage 
protection than the BCG vaccination alone. 

4. Disrussion 

In this work, a new vaccination strategy was used ro induce a 
greater protective response against Mtb based on the use of a DNA 
vaccine conformed of mBD-2 and the immunodominant mycobac­
terial antigens ESAT-6 and Ag85B. Our immunogenicity results 
based on the release of IFN-')' from antigen-specific T-cells derived 
from inguinallymph nodes. spleen, and Jung confi.rm this properry 
by demonstrating that in the immediate vicinity of the vaccina­
tion site (inguinal lymph node). in the systemic milieu (spleen), 
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M ice were immunized with pDE, pDA. or pCMV DNA vaccines, employingthe vehicleas control. Sixty days aftervaccination, theanimals were infected with either the H37f.:v 
or rhe 5186 strain. Animals were then sacrificed and the left lungs were ethanol-fixated and paraffin- embedded. After Hematoxylin-eosin (H&E) staining. the pneumo111c· 
ar2a was determined in imaging analysis software. (A) Shows pneumonic area analysis of mice challenged with the H37Rv strain and sacrificed at days 60 and (B) 1.~0 

post-infection; (C) After immunization, mice were challenged with the 5186 srrain and sacrificed at 30 days post-infection. Each group consisted ofsix mice. and tJn,.,, 
experiments were conducted independently. One-way ANOVA with Bonferroni's post-test was perfonned for assessment ofdifferences. Pvalues ofp <0.05 were conside¡·,·d 
statistically significant. 

and in the lung, both of the pDE or pDA constructs induced a bet­
ter immune response compared with constructs coding for Ag85B 
(pA) and ESAT6 (pE) antigens alone. indicating that !3-defensin-
2 increased the specific immune response when employed as an 
adjuvant in the DNA construct, similarly to data previously reported 
for other antigen targets, such as the HlV gp120 protein [22]. This 
effect is probably due to the more efficient maturation and acti­
vation of immature dendritic cells (iDC) mediated by mBD-2 in 
a TLR4-dependent manner [20]. These results are also consisten! 
with published reports in cancer models, in which DNA vaccines 
expressing !3-defensin-2 increased the immune response specifi­
cally against strong or poorly immunogenic neoplastic antigens in 
different cancer types [23.24,37]. 

[t has been demonstrated in experimental models thatBCG pro­
tection depends on the virulence ofthe infecting organism [38,39]. 
ln agreement with this, both pneumonia and bacilli burdens deter­
mlned frorn pDE- or pDA-vaccinated rnice showed differences 
depending on the Mtb strain utilized for the challenge. These dif­
ferences could probably al so be dueto differences in the expression 

ofESAT6 or Ag85B, considering that strains with higher expressinn 
of either ESAT6 or AgSSB antigens would be better recognized hy 
animals vaccinated with pDE and pDA. However, more studies a1·e 
needed for clarify concerning this issue. 

When pDA and pDE were co-administrated. they showed a sim­
ilar protective effect in animals compared with BCG-vaccinatecl 
m ice. particularly when the animals were infected with the highly 
virulent 5186 strain. This is probably due to higher expression 
of ESAT-6 and AgSSB by this strain and perhaps by the role of 
both antigens in mycobacteria! virulence [40.41]. Moreover. sev­
era] reports indica te that one participating factor in the variabilily 
ofthe BCG efficacy is probably associated with the low expression 
and absence of Ag85B and ESAT6, respectively [9,42]. 

Beca use the majority of the human population in the develop­
ing world is already BCG-vaccinated, an attractive strategy would 
be to boost this existing immune response. Moreover, children m 
endemic countries where BCG vaccination is a generalized practlce 
are highly sensitized due to the combination of BCG vaccin,l­
tion, environmental mycobacteria. and latentTB infection. ln these 
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srttings, BCG revaccination die\ not in crease protection and is gen­
erally not recommended [43]. This is in agreement with animal 
sruc\ies showing that revaccination with BCG lowers effectiveness 
[ .c1-1.] or can produce by lnterleukin (JL)-17-mediated necrosis [45}. 
Tlous, BCG. despite its variable effectiveness, can be ernployed as 
a. priming agent for a booster vaccination scheme [46]. There­
f0re. we performed the co-administration of BCG plus pDE+pDA 
in order to complement the antigenic repertoire required to gener­
are a greater immune response. Considering the genetic diversity 
among the different BCG sub-strains that have showed di verse lev­
els of protection, choice of tlle BCG strain utilized for vaccination 
is d very importan! issue; we u sed substrain Phipps beca use it was 
rhe most efficient in conferring protection among 1 O different BCG 
strains in our murine model [34]. Jnterestingly, mice vaccinated 
wirh BCG Phipps boosted with both DNA vaccines and challenged 
V'lnth the highly virulent 5186 strain showed significant higher pro­
tertion than m ice with a single vaccination of BCG, suggesting an 
improvement ofthe antigenic repertoire by the mBD2 Th-1 polar­
izlllg immune response to ESAT6, Ag85B. plus the BCG antigens. 

S. Conclusions 

Our data suggest that use of DNA vaccines containing cod­
ing sequences for ¡3-defensin-2 induces a Th1 adaptive response 
against highly immunogenic anrigens from Mtb, and when these 
DNA vaccines were used forbooster immunization after BCG vacci­
Dd cion, a significant improvement ofprotection against Mtb strains 
wcts produced. This new strategy could greatly improve BCG vac­
cination efficacy against highly transmittable and virulent strains. 
such as the LAM 5186 strain, suggesting that improvement ofBCG 
v,Kcination combined with DNA vaccines in a prime-boost scherne 
is a good choice for the rational design of a more efficient vaccine 
against TB. 

Conflicts of interest 

The authors declare no conflict of interest 

Aclmowledgments 

This work was supported by Consejo Nacional de Ciencia y 
Tl·cnologia-México (CONACyT-México grant CB-2007-01-82424 to 
BR~S and 84456 to RH-P. 

The authors acknowledge Dr. Felipe Villagrana-Félix for his help 
in animal anesthesia. ARC-V acknowledges CONACyT-México for 
scholarship number 203661 /CVU 208395. 

References 

lj World Health Organization. Global tuberculosis control: WHO reporr 2011. 
Geneva: World Health Organization: 2011. viii, 246 pp. 

l.!.l Marquina-Castillo B, Garcia-Garda L. Ponce-de-Leon A, jimenez-Corona ME, 
Bobadilla-Del VM, Cano-Arellano B, et al. Virule11ce, immunopathology and 
transmissibility of selected strains of Mycobacterium tuberculosis in a murine 
model. Jmmunology 2009:128(1):33-123. Epub 2009/02/05. 

; 1 Mlambo CK, Warren RM, Poswa X. Victor TC. Duse AG, Marais E. Genotypic 
diversity of extensively drug-resisranr tuberculosis (XDR-TB) in South Africa. 
lntj Tuberc Lung Dis 2008:12(1 ):99-104. Epub 2008/01/05. 

1-11 Engstrom A, Morcillo N, Jmperiale B. Hoffner SE. jureen P. Detection o.f first­
and second-line dn.1g resistance in Mycobacterium tuberculosis dinical isolates 
using pyrosequencing.j Clin Microbiol2012. Epub 2012/03/31. 

1 '1 Brewer TF. Preventing tuberculosis with bacillus Calmette-Guerin vaccine: a 
mera-analysis ofthe literature. Clin lnfect Dis 2000;31(Suppl. 3):564-7. Epub 
2000/09/30. 

1 r, 1 Fine PE. Variation in protection by BCG: implications of and for hererologous 
immunity. Lancet 1995:346(8986):45-1339. Epub 1995/11/18. 

· 1 Aronson NE,Santosham M,Comstock GW, Howard RS, Moulton LH, Rhoades ER. 
et al. Long-term efficacy of BCG vaccine in american indians and alas ka natives: 
a 60-year follow-up study.jAMA 2004:291(17):91-2086. Epub 2004/05/06. 

[8] Martina A, Sacchi A, Sanarico N. Spadaro F. Ramoni C. Ciaramella A, et al. 
Dendritic cells derived from BCG-infected precursors induce Th2-1ike immune 
response.] Leukoc Biol2004:76(4):34-827. Epub 2004/07/09. 

[9] Berredo-Pinho M, Ka! u me DE, Correa PR, Gomes LH, Pereira MP. da Silva RF. et al. 
Proteomic pro file of culture filtrare from the Brazilian vaccine strain Mycobac­
terium bovis BCG M orea u compared to M. bovis BCG Pasteur. BMC Microbio! 
2011 :11 :80. Epub 2011/04/22. 

[10] Hylkema MN. Timens W, Luinge M. Van DerWerfN, Hoekstra MO. The effect of 
bacillus Calmette-Guerin immunization depends on the geneticpredisposition 
to Th2-type responsiveness. Amj Respir Cell Mol Biol2002;27(2):9-244. Epub 
2002/08/02. 

[11] Sambandamurthy VK, jacobs jr WR. Live attenuated mutants of Mycobac­
ten·um tuberculosis as candidate vaccines against tuberculosis. Micro bes lnfect 
2005;7(5-6):61-955. Epub 2005/05/26. 

[12] Wil!iams A, Hatch Gj, ClarkSO, Gooch KE. Hatch KA, Hall GA. et al. Evaluarían of 
vaccines in the EUTB Vaccine Clusterusingaguinea pigaerosol infection model 
oftuberculosis. Tuberculosis (Edinb) 2005;85(1-2):29-38. Epub 2005/02/03. 

[ 13] Hsu T, Hingley-Wilson SM, Chen B. Chen M, Dai Al. Morin PM, et al. The primary 
mechanism ofattenuation ofbacillus Calmette-Guerin is a loss of secrered !ytic 
function required for invasion of lung interstitial tissue. Proc Na ti Acad Sci USA 
2003;1 00(21):5-12420. Epub 2003/10/15. 

[14] Hinchey j. Lee S, jeon BY, Basaraba RJ. Venkataswamy MM, Chen B. et al. 
Enhanced priming ofadaptive immunity by a proapoptotic mutant of Mycobac­
terium tuberculosis.J Clin lnvesr 2007:11 7(8):88-2279. Epub 2007/08/03. 

[ 15] Pal PG, Horwitz MA lmmunization with extracellular proteins of Mycobac­
terium tuberculosis induces cell-mediared immune responses and substantial 
protecrive immunity in a guinea pig model of pulmonary tuberculosis. Jnfecr 
lmmun 1992:60(11 ):92-4781. Epub 1992/11 {01. 

[16] Weinrich Olsen A. van Pinxteren U\, Meng Okkels L, Birk Rasmussen P. Ander­
sen P. Prorection ofmicewith a tuberculosis subunit vaccine based on a fusion 
protein of anrigen 85b and esat-6. !nfect lmmun 2001;69(5):8-2773. Epub 
2001/04/09. 

[17] Denis O, Tanghe A, Palfliet K, Jurion F, van den Berg TP. Vanonckelen A. 
et al. Vaccination with plasmid DNA encoding mycobacterial antigen 85A 
stimulates a CD4+ and CD8+ T-cell epitopic repertoire broader than that 
stimulated by Mycobacterium tuberculosis H37Rv infection. lnfect lmmun 
1998;66(4):33-1527. Epub 1998/04/07. 

[18] Brun P, Zumbo A. Castagliuolo l. Delogu G. Manfrin F, Sali M. et al. Jntranasa! 
delivery of DNA encoding anrigens of Mycobacterium ruberculosis by non­
pathogenic invasive Escherichia coli. Vaccine 2008:26(16):41-1934. Epub 
2008/03/18. 

[19] Torres AM, Kuchel PW. The beta-defensin-fold family ofpolypeptides. Toxican 
2004;44(6):8-581. Epub 2004/10/27. 

[20] Biragyn A, Ruffini PA, Leifer CA. Klyushnenkova E, Sloakhov A. Chertov O. et al. 
Tol!-like receptor 4-dependent acrivation of dendritic ce lis by beta-defensin 2. 
S cien ce 2002;298(5595):9-1025. Epub 2002/11/02. 

[21] Rivas-Santiago B, Cervantes-Villagrana A. Sada E, Hernandez-Pando R. Expres­
sion of Beta Defensin 2 in experimental pulmonary tuberculosis: tentative 
approach for vaccine development Arch MedRes 2012. Epub 2012/06/19. 

[22] Biragyn A, Belyakov JM, Chow YH. Dimitrov DS. Berzofsky JA, Kwak LW. 
DNA vaccines encoding human immunodeficiency virus-1 glycoprotein 120 
fusions with proinflammatory chemoattractants induce systemic and mucosal 
immune responses. Blood 2002:100(4):9-1153. Epub 2002/08/01. 

[23] Biragyn A, Surenhu M, Yang D, Ruffini PA. Haines BA. I<lyushnenkova E, eral. 
Mediators ofinnate immunity thattarget immature, but not mature, dendritic 
ce lis induce antitumor immunity when genetically fused with nonimmuno­
genic tumor anrigens.J 1mmunol2001 :167(11 ):53-6644. Epub 2001/11/21. 

[24] Mei HF, jin XB, Zhu JY. Zeng AH, Wu Q. Lu XM, et al. beta-defensin 2 asan 
adjuvanr prometes anti-melanoma immune responses and inhibits the-growth 
of implanted murine melanoma in vivo. PLoS ONE 2012:7(2):e31328. Epub 
2012}02/22. 

[25] Delogu G. Fadda G. The quest for a new vaccine against tuberculosis. J JnFect 
Dev (tries 2009;3( 1 ):5-15. Epub 2009/09/15. 

[26] Berthet FX, Rasmussen PB, Rosenkrands 1, Andersen P. Gicquel B. A Mycobac­
terium tuberculosis operan encoding ESAT-6 anda novellow-molecularwmass 
culture filtra te protein (CFP-1 O). Microbiology 1998: 144(Pt 11 ):203-3195. 
Epub 1998/12/10. 

[27] Gordon SV, Brosch R. Billault A, Garnier T. Eiglmeier K. Cale ST. Jden­
tificati:m of variable regions in the genomes of tubercle bacilli using 
bactenal artificial chromosome arrays. Mol Microbio! 1999;32(3;:55-643. 
Epub 1999/05/13. 

[28] Feng CG. Palendira U, Demangel C. Spratt JM, Malin AS. Britton WJ. 
Priming by DNA immunization augments protective efficacy of Mycobac­
terium bovis Bacille Calmette-Guerin against tuberculosis. lnfect lmmun 
2001 :69(6):6-4174. Epub 2001/05/12. 

[29] HonNitz MA, Harth G, Dillon BJ, MaslesawGalic S. Recombinant bacillus 
calmette-guerin (BCG) vaccines expressing the Mycobacterium wberculosis 
30-kDa major secretory protein induce greater protective immunity against 
tuberculosis than conventional BCG vaccines in a highly susceptible animal 
modeL Proc Natl Acad Sci USA 2000;97(25):8-13853. Epub 2000/11/30. 

[30] Olsen AW, Williams A. Okkels LM, Hatch G, Andersen P. Protective effect of 
a tuberculosis subunit vaccine based on a fusion of anrigen 858 and ESAT-5 
in the aerosol guinea pig model. Infect Immun 2004;72(10):50-6148. Epub 
2004/09/24. 

[31] You Q. Wu Y, jiang O, Wang C. Wei W. Yu X. et aL lmmune responses 
induced by heterologous boosting of recombinant Bacillus Calmette-Guerin 



684 A.R. Cervantes~Villagrana et al. j Vaccine 31 (2013) 676-684 

wirh Ag85B-ESAT6 fusion protein in levamisole-based adjuvant. Immunol 
lnvest 2012;41(4):28-412. Epub 2012/03/01. 

)2] van Soollngen O, Hermans PW. de Haas PE, Soll DR, van Embden JO. Ocrur­
rence and stabilitv of insertion sequences in Mycobacterium tuberculosis 
complex strains: e~aluation of an insertion sequence-dependent DNA poly­
morphism as a too! in the epidemiology of tuberculosis. J Clin Microbio! 
1991 :29(11 ):86-2578. Epub 1991/11/01. 

)3] BiragynA. Tani K, Grimm M C. Weeks S, Kwak LW. Genetic fusion ofchemokines 
toa selfrumor antigen induces protective T -cell dependent anrirumor immu­
nity. Nat Biotechno11999;17(3):8-253. Epub 1999/03/30. 

[34] Castillo-Rodal Al, Castanon-Arreola M. Hemandez-Pando R, Calvajj, Sada-Diaz 
E. Lopez-Vidal Y. Mycobacterium bovis BCG substrains confer different levels 
ofprotection against Mycobacterium rubercu/osis infection in a BALB/c model of 
progressive pulmonary tuberculosis. Infect !mm un 2006:74{3):24-1718. Epub 
2006/02/24. 

[35] AguiJar D, Infante E. Martin C. Gormley E, Gicquel B. Hernandez Pando R. 
ImmunoJogical responses and protective immunity against tuberculosis con­
ferred by vaccination of Balb/C mice with the attenuated Mycobacterium 
tuberculosis (phoP) 502 strain. Clin Exp lmmunol 2007:147(2):8-330. Epub 
2007/01/17. 

[36] Lopez B. AguiJar D, Orozco H. Burger M. Espitia C, Ritacco V, et al. A 
marked difference in parhogenesis and immune response induced by differenr 
Mycobacterium tuberculosis genotypes. Clin Exp Immuno12003;133(1):7-30. 
Epub 2003/06/26. 

[37] WangYS, Wang GQ, Wen Yj, Wang L, Chen XC, Chen P. et al. Jmmunity against 
rumor angiogenesis induced by a fusion vaccine with murine beta-defensin 2 
and mFlk-1, Clin Cancer Res 2007;1 3(22 Pt 1 ):87-6779. Epub 2007/11/17. 

[38] Olivares N. LeonA, Lopez Y, Puig A, Cadiz A, Falero G, et al. The effect of the 
administration ofhuman gamma globulins in a model ofBCG infection in mi ce. 
Tuberculosis (Edinb) 2006:86(3--4):72-268. Epub 2006/05/09. 

[39] Medina E, Ryan L LaCourse R. North RJ. Superior vimlence of Mycohill'· 
terium bovis over Mycobacterium tuberculosis (Mtb) for Mtb-resistant ,¡nd 
Mtb-susceptible m ice is manifest asan ability ro cause exrrapulmonary dist<l ,~,. 
Tuberculosis (Edinb) 2006:86(1 ):7-20. Epub 2005/10/29. 

[40] Woodworth jS, Fortune SM. Behar SM. Bacteria! prorein secretion is requi1, el 
for priming of CD8+ T cells specific for the Mycobacterium tuberculosis ant1::,·n 
CFP10. Infect Jmmun 2008:76(9):205-4199. Epub 2008/07/02. 

[41] Armitige LY,jagannath C. Wanger AR, Norris Sj. Disruption ofthe genes encud­
ing anrigen 85A and anrigen 858 of Mycobacterium rubercu/osis H37Rv: ~Cff,·cr 
on growth in culture and in macrophages. lnfect lmmun 2000:68(2):78-1,7. 
Epub 2000/01/20. 

[42] Rao V, Dhar N. Tyagi AK. Modulation of host immune responses hy 
overexpression of immunodominanr antigens of Mycobacterium tubrr, ,¡­

losis in bacille Calmette-Guerin. Scand J lmmunol 2003;58(4):61-4..l'J. 
Epub 2003/09/26. 

[43] Tala-Heikkila MM, Tu ominen JE. Tala EO. Bacillus Calmette-Guerin revaccin.l­
tion questionable with low tuberculosis incidence. Amj Respir Crit CHe l\kci 
1998;157(4 Pt 1):7-1324. Epub 1998/05/01. 

[44] Buddle BM. Wedlock DN. Parlane NA, Corner LA, De Lisie GW, Skinner \1·\. 
Revaccination of neonatal calves with Mycobacterium bovis BCG reduce~ : !1e 
leve! of protection against bovine tuberculosis induced by a single vacci nd t 1< ,q 

Infect !mm un 2003;71(11 ):9-6411. Epub 2003/10/24. 
[45] Khdder SA, Bell GK, Pearl JE, Fountain jj. Rangel-Moreno J, Cilley GE. er . li. 

IL-23 and JL-17 in the establishment of protective pulmonary CD4+ T "·11 
responses after vaccination and during Mycobacterium rubercu/osis challem:c-. 
Nat lmmunol2007:8(4):77-369. Epub 2007/03/14. 

[46] Agger EM, Andersen P. A novel TB vaccine: towards a strategy b,H,·cl 
on our understanding of BCG failure. Vaccine 2002:21 ( 1-2):7-1 '1. 
E pub 2002/11/22. 



Inrernationaljournal of Antimicrobial Agents 41 ~2013)143-148 

Contents lists available at SciVerse ScienceDirect 

International jo urna! of Antimicrobial Agents 

jo u rn al h o me pag e: http://www. elsevie r .e o m/1 ocate/ij a nti mi cag 

Activity of LL-37, CRAMP and antimicrobial peptide-derived compounds E2, E6 
and CP26 against Mycobacte1ium tuberculosis 

Bruno Rivas-Santiagoa·', Cesar E. Rivas Santiagob-',Julio E. Castañeda-Delgadoa.d, 
Juan C. León-Contreras'. Robert E.W. Hancocke, Rogelio Hernandez-Pando' 
'Medica/ Research Unit-Zacatecas, Mexican Social Secwiry lnstitute, Zacatecas. Mexico 
a Department of Experimental Pathology. National rnstitute ofMedical S cien ces and Nunition 'Salvador Zubirán ·. Mexico City, Mexico 
'Universiry of Medidne and Dentistry. New jersey (UMDNJ)-School of Pub/k Health, Department of Environmenral and Occupational Health. Center for Global Public 1 h¡/r!J 

Piscaraway, N}, USA 
d Department oflmmunology. School of Medicine, Autonomous University ofSan Luis Potosi, San Luis Potosi, Mexico 
" Centre jor Microbio/ Viseases and lmmunity Research, Universiry of Bn'tish Columbia, 2259 Lower Mal/ Research Station, Vancouver, BC. Canada 

ARTICLE INFO ABSTRACT 

Article history: 
Received 25 ]une 2012 
Received in revised form 
13 September2012 
Accepted 26 September 2012 

Keywords: 
Tuberculosis 
Treatmenr 
Antimicrobial peptides 

Tuberculosis (TB) is a major worldwide healrh problem in part due to the Jack of development of new 
treatments and the emergen ce ofnew strains such as multidrug-resistant (MDR) and extensively clrug­
resistant strains that are threatening and impairing the control of this disease. In this study. rhe effila.cy 
of natural and synthetic cationic antimicrobial (host defence) peptides rhar have been shown of!l'n to 
possess broad-spectrum antimicrobial activity was tested. The natural antimicrobial peptides hum,111 LL-
37 and mouse CRAMP aswell as synthetic peprides E2. E6 and CP26 were tested for their activity a¡:::,linsl 
Mycobacterium tuberculosis both in in vitro and in vivo models. The peptides had moderare antimicmbia.l 
activities, with mínimum inhibitory concenrrations ranging from 2¡;.,g/mL to lO¡;.,gfmL. ln a virulcnr 
model of M. tuberculosis lung infection, intratracheal therapeutic application of these peptides rhree 
times a week at doses of ca. 1 mgjkg led to significan! 3-1 0-fold reductions in ·Jung bacilli after 2:->- 30 
days oftreatment. The treatments worked both against the drug-sensitive H37Rv strain ancla MOR 51 rc1in 
These results indicare that antimicrobial peptides might constitute a novel therapy againsr TB. 

Cb 2012 Elsevier B. V. and the International Society Üf Chemotherapy. All rights resr'l v.;cL 

1. Introduction 

Tuberculosis (TB) [1], caused by the bacteriurn Mycobacterium 
tuberculosis. rernains one of the leading causes of disease and rnor­
tality dueto an infectious agent. According to recent data frorn the 
World Health Organization (WHO). in 2010 there were 8.8 rnillion 
active TB cases worldwide and nearly 1.5 rnillion deaths.lt has been 
estimated that one-third ofthe human population carries M. tuber­
culosis and 10% of these people will develop active di se ase at sorne 
time in their lives. creating an enorrnous reservoir [2]. 

Treatment of pulmonary TB has beco me increasingly challeng­
ing due in part to the required long duration of therapy and the 
advent of multiple drug resistance. One ofthe most irnportant fac­
tors is the ernergence of multidrug-resistant (MDR) bacilli that has 
be en associated with inadequate use of antibiotics and poor adher­
ence to recommended treatment regimens [3]. ln recentyears, new 
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strains have emerged. termed extensive\y drug-resistant (XDR). 
that are also resistant to second-line antibiotics such as tluo­
roquinolones and either kanamycin, amikacin or capreomycin. 
These strains lead to poor treatrnent outcomes anda consider,lbly 
increased rate ofmortality [4]: Recent reports suggest the possible 
existence of cases of cornpletely resistant TB in the Middle r:a.st. 
raising concerns regarding how to treat these TB cases effecnvely 
[5]. 

In the past 40 years, no broadly successfu! new TB drug has 
been developed. Therefore. there is a strong drive to develop new 
treatments for TB and/or to irnprove those currently in use. Impor­
tant advances have been rnade and there are severa! clinical trials 
underway that have utilised fluoroquinolones in place of e.tham­
butol, leading to preliminary indications of a significant reducrion 
in the duration of therapy and encouraging the possibility of an 
improvement in patient survival [6]. 

Antimicrobial peptides (AMPs) are gene-encoded, amphip,lrhic, 
cationic peptides that are produced by severa! species ofmamm¿¡Js. 
birds, reptiles and amphibians. These peptides can inhibir micrubia 1 
growth through a variety of often complex rnechanisms. inclucling 
mernbrane interactions that lead to permeabilisation of cells. i llhi­
bition of cell wall synthesis, and entry into cells leading to inhib1 t ion 

0924-8579/$- see front matter © 2012 Elsevier B.V. and the lnternational Society ofChemotherapy. All rights reserved. 
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of mtlcromolecular synthesis [7-9].1n addition, these peptides, also 
termed hostdefence peptides, can profoundly and favourably mod­
ulatL' innate immunity, upregulating protective immunity such as 
increasing the production of chemokines to recruit immune cells 
whilst dampening potentially harmful inflammation [9.10]. The 
ma.jo1· groups of AMPs in humans are the defensins and a sin­
gle carhelicidin, LL-37.1t has been reported that alterations in the 
procluction ofthese molecules increase susceptibility to infectious 
disedses, includingTB ¡ 11]. Conversely, upregulation of cathe\icidin 
I.L-37 rhrough use ofvitamin D supplementation has been consid­
<='l·ecl ro be a potential strategy to improve TB infection outcomes, 
¿¡ lthough current data do not necessarily favour this possibility 
r 121. 

Previous studies by our group have reported that during M. 
tuberculosis infection of Jung epithelial cells, there was a high 
procluction of í3-defensins-3 and -4, and both were associated 
with mycobacteria in the lung, suggesting their possible partici­
parion in clearance of M. tuberculosis [ 13, 14]. Subsequently, it was 
¡·epurted that in murine TB models, BALB/c mice produced low 
quantities ofrnurine í3-defensins-3 and -4 during late progressive 
TB. c1nd when both defensins were overproduced by intratracheal 
admlllistration of isoleucine (a defensin inducer) these animals 
efficiently controlled infection both by drug-sensitive and drug­
resi;;;rant bacilli [14,15]. In addition, it has been shown that 
t he interaction of a 19-kDa lipopeptide of M. tuberculosis with 
Toll-like receptor-2 on the macrophage surface upregulated the 
expression ofvitarnin D receptor leading to the induction of cathe-
1 icid in LL-37, prornoting the killing of intracellular M. tuberculosis 
[16, 17], 

Recently, methodologies have been developed to enable the 
d1h,1nced design of AMPs (e.g. [18]). Rational substitution studies 
led ro an enhanced 26-amino-acid ¡3-helical peptide CP26 derived 
frorn a hybrid peptide comprising the amphipathic a-helical N­
terminal region of cecropin A and the hydrophobic N-terminal 
u:-he 1 ix ofthe bee ve no m peptide melittin [17]. Peptide array meth­
ods ,md substitution studies. starting from the smallest known 
bro,ld-spectrum natural AMP bactenecin (also known as bovine 
dodecapeptide), led to peptides E2 (also known as Bac8c), an 
8-amino-acid peptide, as well as E6 (al so called Sub3), a 12-arnino­
acicl peptide. both ofwhich demonstrated enhanced activity against 
.t range of pathogenic Gram-positive and Gram-negative bacteria 
and the yeast Candida albicans [18, 19]. 

111 this study, the antimicrobial activity offive natural and syn­
rhetic peptides against M. tuberculosis was evaluated in an in vitre 
setnng. 

2. Mateoials and methods 

1.1. Peptide synthesis and design 

Peptides were synthesised by the Peptide Synthesis Faci\ity, 
Biomedical Research Centre at the University of British Columbia 
~-Vancouver, Ca nada) using tertiary butyloxycarbonyl (tBOC) solid­
phase synthesis. Peptides were purified by high-perforrnance liquid 
chromatography ro >95% purity and were confirmed by mass spec­
rrometry. 

The following peptides were utillsed: mouse CRAMP (GLL­
RKCGEK1GEKLKKIGQKIKNFFQKLVPQPEQ) [20]; human LL-37 
[20,2 1] (LLGDFFRKSKEKICKEFKRIVQR1KDFLRNLVPRTES); E2 
(a1su termed BacSc; RIWV1WRR-NH2) [18,19]; E6 (also termed 
Sub3; RRWR1WIRVRR-NH,) [18,19]; and CP26 (KWKSFIKKLT­
SAAK1<VVTTAKPLISS) [22]. Briefly, these peptides were selected 
as eirher natural peptides with moderare antimicrobial activity 
( LL-37 and CRAMP) oras broad-spectrum synthetic peptides with 
moderare ro good antimicrobial activity (E2, E6 and CP26). 

2.2. Mycobacterium tuberculosis strain growth 

The drug-sensitive M. tuberculosis strain H37Rv (ATCC) and 
a MDR strain (clinical isolate, resistan! to first-line antibi­
otics) were grown in Middlebrook 7H9 broth (Difco Laborara­
ríes, Detroit, MI) supplernented with 0.2% glycerol, 10% oleic 
acid-alburnin-dextrose-catalase (OADC enrichment media; Bec­
ton Dickinson, Franklin Lakes, NJ) and 0.02% Tween 80 at 37 ·c. 
Mid-log phase cultures were used for all experiments. 

2.3. Microdilution colorimetric reduction assay 

Susceptibility testing utilising resazurin (Trek Diagnostic, Wesr­
lake, OH) as an indicator of residual bacteria! viability was 
perforrned in Costar® 96-well flat-bottom piares (Corning Inc.. 
Corning, NY) as described previously [23]. Briefly, a JI test wells con­
tained 100 J.LL of OADC-supplemented Middlebrook 7H9 growth 
mediurn. Then. 100 J.LL ofthe di!uted peptide at the highest concen­
tration starting at 12.8 J.LgfmL was added to one welL The contents 
ofthe wells were mixed thoroughly and 100 J.LL was transferred into 
the next well; the process was then repeated, thus creating serial 
two-fold dilutions. In addition to the tested peptides, rifampicin 
(8.0 ¡.Lg/rnL) was used as a positive control, and medium without 
any compound was used as a negative control in each piare. Pep­
tides were tested in the concentrarían range 0.4-12.8 J.LgfmL. 

Plates were incubated at 37 'C for 5 days. On Day 5. 20 1-1-L of 
0.01% resazurin solution and 12 ¡..t.L of sterile 10% Tween SO solu­
tion were added to severa! control wells containing M. tuberculosis 
but no antibacterial agent and plates were incubated again for 24 h 
under the same conditions. If the M. tuberculosis viability controls 
tested positive for resazurin reduction, resazurin was added to all 
wells. The mínimum inhibitory concentration (MIC) was defined as 
the lowest peptide concentration that prevented the reduction of 
resazurin and therefore a colour change frorn blue to pink. Previous 
studies by our group suggest that sorne AMPs may induce dormancy 
or a bacteriostatic state in M. tuberculosis [24]. To examine this. 
10 ¡J.L from the lowest concentration that did not reduce resazurin 
was serially diluted and seeded onto 7H10 agar plates supple­
mented with Middlebrook OADC enrichment media and incubated 
for ~21 days at 37 '(ro observe whether M. tuberculosis re-growth 
occurred. 

2.4. Experimental m o del ofprogressive pulmonary tuberculosis in 
BALBjcmice 

The experimental rnodel of progressive pulmonary TB has be en 
described in detail elsewhere [25]. Briefly. maJe BALE/e mice aged 
6-8 weel<s were anaesthetised in a ga.s chamber using 0.1 mL per 
mouse of sevoflurane, and each mouse was infected by endatra­
cheal insti!lation with 2.5 x 105 live bacilli. Mice were maintained 
in the vertical position until they underwentspontaneous recovery. 
lnfected m ice were maintained in groups offive in cages fitted with 
micro-isolators. Animal work was performed in accordance with 
Mexican national regulations on Animal Ca re and Experirnentation 
(NOM 062-Z00-1999), 

2.5. Treatment ofinfected mice wit/1 peptides 

After 60 days of infection, anirnals were arbitrarily al!ocated 
into four groups. Peptide treatrnent started 60 days after infection, 
when advanced progressive disease was well established. In the 
first experiments conducted to determine the in vitro MIC of ea eh 
peptide, itwas determined that doses at or near to 3.2 ¡.Lg/mL for all 
peptides were able to kili M. tuberculosis. Thus. adose of 32 ¡.t.g in 
100 J.LL ofsaline solution (ca. 1 mgjkg) was used for the therapeutic 
experirnents. Three independent experiments were perforrned. AJJ 
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groups of animals received the corresponding dose three times a 
week for up to 4 weeks by intratracheal instillation, since prelim­
inary studies indicated no efficacy via the intraperitoneal delivery 
route. Six animals in each group were sacrificed at 7, 14 and 28 
days after starting treatment. The efficiency of each peptide treat­
ment was determined by quantifying the lung bacillary loads by 
assessing CFUs and the extent of tissue damage by histopathology. 

2.6. Derennination ofCFUs in infected lungs 

Lungs were homogenised with a Polytron® hornogeniser (Kine­
rnatica, Lucerne. Switzerland) in sterile tubes containing 1 rnL of 
0.05% Tween 80 in phosphate-buffered saline (PBS). Five dilutions 
of each homogenate were spread onto duplicare plates contain­
ing Bacto Middlebrook 7H10 agar (Difco Laboratories) enriched 
with OADC-enriched medium (Becton Dickinson, Sparks. MD). The 
nurnber of colonies was counted after 21 days of incubation. 

2. 7. Preparation of lung tissue for histology 

The lungs from each of three different anirnals per time point 
and group were perfused intratracheally with ethyl alcohol U.T. 
Baker, Mexico City. Mexico ). Lungs were then dehydrated and 
ernbedded in paraffin (Oxford Labware, St Louis, MO), sectioned 
and stained with haematoxylin and eosin. The percentage of the 
lung surface affected by pneumonia was deterrnined using an auto­
mateó image analyser (Axiovert M200; Carl Zeiss, Oberkochen, 
Gern:any). 

2.8. Ultrastructural analysis oftreated Mycobacterium 
tuberculosis 

Determination of the ultrastructural damage to M. tuberculosis 
ca u sed by treatment with the different AMPs was evaluated using 
transmission electron microscopy. Briefly, bacilli were cultured in 
Middlebrook 7H9 broth (Difco Laboratories) supplemented with 
Middlebrook OADC enrichment media (BBL: BD, Franklin Lakes, 
N]) untillogarithmic phase was achieved. Viable bacilli (1 x 107 ) 

were placed in the wells of 96-well plates and were exposed to 
the corresponding AMP for 18 h at the MJCs determined previously 
using the resazurin assay. Subsequently, fixation was performed 
with 4% paraformaldehyde in PBS and the fixed bacilli suspension 
was treated with 0.05 mM NH4 Cl in PBS to block free aldehyde 
groups. The bacteria! suspension was then centrifuged to forrn a 
pelletthatwas laterdehydrated with graded ethyl alcohol solutions 
and embedded in LR White hydrosoluble.resin (London Resin Com­
pany. London, UK). Thin sections of 70-90nm width were placed 
on nickel grids and were contrasted with uranium salts (Electron 
Microscopy Sciences, Fort Washington. PA) and were examined 
with a Zeiss M-10 electron microscope (Carl Zeiss). 

2.9. Statistical analysis 

Data were analysed by parametric two-way analysis of 
variance (ANOVA) with Tukey·s post-test or a non-parametric 
Kruskal-Wallis rnultiple comparisons test with Dunn's post-test. 
GraphPad 5.02 software (GraphPad lnc., La ]olla. CA) was used to 
perform the analysis. For all analyses, a P-value of <0.05 was con­
sidered statistically significan!. 

3. JR.esu.lts 

3.1. Antimicrobial activity ofCRAMP. LL-37, E2, ES and CP26 
in vitro 

For pre-clinical testing of antimycobacterial drugs, the most 
versa ti le and efficient technique utilises resazurin for determining 
residual M. tuberculosis viability [23]. 

15 
mB P.aeruginosa 

iEE3 M. tuberculosis 

Fig. 1. The effect ofantimicrobial peptides (AMPs) human LL-37, mouse CRA!I.:II'. E2. 
E6and CP26 on the growth ofMycobacterium tuberculosis. Mycobacrerium tu be' ,-ulo­
sfs strain H37Rvwas incubated with increasing concentrarions ofthe indicatNI AMr· 
to determine the minimum inhibitory concentration (MIC). Data are expre~,··cl ,1<: 
the mean± standard deviation of three independent experiments, ea eh perfo¡·mf(l 
in duplica te. 

This assay was performed here to evaluare the cap,1city 
of selected AMPs to inhibir the growth of M. tuberculosis 
strains. Fig. 1 shows that a\1 peptides had strong antlmi­
crobial activity against M. tuberculosis, with CP26 being tloe­
most efficient (MIC=2.1 ±0.33 ;Lg/mL), followed by E2 ancl EG 
(MlCs"" 2.6 ± 0.34 ¡.LgjmL and 3.2 ± 0.1 O ¡..r..g/rnL, respectively). lllter­
estingly, these tllree optimised synthetic peptides all showed 
higher activity than the natural human (LL-37) and rnice (CRAMP) 
cathelicidins. with 1.5-2-fold lower M!Cs. The fast-growing bcKte­
ria Pseudomonas aeruginosa was included as a control under tloe 
same conditions. showing similar results as those obtained for M. 
tuberculosis. 

3.2. Ultrastructural changes in Mycobacterium tuberculosis in 
response to antimicrobial peptides 

To examine the cytotoxic effect of these AMPs againsr M. 
tuberculosis, the ultrastructure of bacilli after treatment with 
these peptides was examined. In previous studies, it was demon­
strated that antimicrobial cationic peptides bind to negatively 
charged molecules of the membrane and cell wa!l componrnts 
such as lipoarabinomannan in M. tuberculosis and lead to mem­
brane disruption [26]. To investigare the effects of semisynthetic 
peptides E2, E6. LL-37, CRAMP and CP26 on M. tuberculosis. 
bacilli incubated with these peptides were studied using e le-n ron 
microscopy. 

Control untreated bacilli showed a well-defined. homogem·ous 
and slightly electron-lucent cell wall, whilst the cytoplasm was 
gene rally electron dense with sorne medium-sized vacuo les (f1g. 2 ). 
Incubation with peptide E2 produced substantial abnormclllties 
in the cell wall, including thinning, budding and thickening or 
the wall as well as condensation of the cytoplasrn producing 
an electron-lucent area under the wall that was more promi­
nent at one pole (fig. 2). Jncubation with peptide CP26 lecl ro 
an almost complete disappearance of the cell wall, with only a 
thin superficial rim of electron-dense material evident arouncl tllE' 
bacteria, whilst the cytoplasrn exhibited large vacuoles or was 
condensed leading to a shrinking of the whole bacillus (Fig. 2). 
lncubation with peptide E6 also induced significan! abnormal­
ities in the cell wall. including extreme thinning of the wall 
which alternated with thickened areas and regions of vesicular 
budding that could be visualised as an irregular surface cuex­
isting with extreme cytoplasmic condensation leading to a IMge 
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fig. 2. Representative micrographs of conventional electron microscopy and immu­
llOelnuon microscopy of Mycobacterium tuberculosis strain H37Rv treated with 
.lntlllliCrobial peptides. In contrast to the untreated control bacteria, bacilli incu­
hJted with a mínimum inhibitory concentration of peptides E2. CP26, E6, LL-37 or 
l'RAI\1 r sllowed cell wall thinning. budding or disruption (arrows), and cytoplas­
'llÍC c'1ndensation producinga broad electron-lucent halo berween the wall and the 
,·iJmknse-d cytoplasm ("). 

..:lecrron-lucent space between the cell wall and the cytoplasm 
·~ r~ig. 2). E6 induced the most striking subcellular abnormalities, 
however the general theme of cell wall destruction/modification 
,md cytoplasnüc condensation was evident for all peptides. includ­
ing LL-37 and CRAMP, which induced a homogeneous increase of 
rile clectron-lucent cel\ wall surrounded by a thin electron-dense 
rim ,: l~ig. 2). 

Uveral\, these observations indicated that the cell wall and 
membrane are important targets of these peptides, whilst the 
observarion of a condensed cytoplasm is consistent wirh osmotic 
clctivity and perhaps also DNA binding. Overa\1, these observations 
n1irrored those for other peptides in Gram-positive bacteria [22]. 

:u. F.ffect ofintratracheal administration of LL-37. CRAMP, E2, 
1:·6 und CP26 during late progressive tuberculosis produced by the 
c!J11g-sensitive strain H37Rv 

The mean of the highest MIC for all peptides against M. tuber­
nlio.>is in vitro was 3.2 J.LgfmL. thus we decided to use a dose of 
·n!J.g in 100 J.LL of saline so!ution (ca. 1 mgjkg), which was admin­
ISterr:-d intratracheally three times a week. Treatment was started 
GO dnys post infection, when advanced active TB was we!l estab­
lishcd. ln comparison with control mice in which bacilli numbers 
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Fig. 3. Effect ofantimicrobial peptide (AMP) treatment on (A) pulmonary bacilli bur­
den and (B) tissue damage (pneumonia) during advanced experimental tuberculosis. 
(A) Mice were infected with the drug~sensirive H37Rv Mycobacterium tuberculosis 
strain and after 60 days were treated three times per week with 32 ¡;..g of the indi­
cated AMP in 100 ¡;..L of saline solution. All AMPs decreased the lung bacillary loads 
in comparison with non-treated mice. (B) Percentage of lung surface affected by 
pneumonia determined by automated morphometry. Resulrs are expressecl as the 
mean ±standard deviation. P< 0.05 was considered statistically significant. Aster­
isks show the kinetic points where there was sratistical difference in CFUs between 
the control groupand the rest ofthegroups. None ofthe AMPs induced a statistically 
significant decrease or increase in the pneumonic area compared with the control 
group. 

increased progressively over the 28 days with a net doubling over 
this time, animals treated with ea eh of the tested peptides showed 
a significan! reduction in bacilli Joads during the entire treatment 
(Fig. 3A). For the mouse and human cathelicidin peptides CRAMP 
and LL-37, there was a similar initial decrease in bacteria! load 
after 7 days but the bacteria appeared to grow thereafter, albeit 
at a slower rate than the untreated control. consistent with the 
weaker antimicrobial activity of these peptides. For the three syn­
thetic peptides, the bacilli did not re-grow, and for E6 and CP26 
there was an apparently increasing therapeutic effect betvveen 7 
days and 28 days. 

Consistent with these findings. after 4 weeks oftreatment with 
E2, CRAMP or CP26, histological examination revealed that the lung 
area affected by pneumonia tended to be smaller than in control 
mice but not significantly. In contrast. mice treated with LL-37 
showed a modest but nOn-significan! in crease in lung are a affected 
by pneumonia, whilst those treated with E6 showed a slight or no 
increase in the pneumonic area (Fig. 3B). 
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Fig. 4_ Effect of antimicrobial peptides (AMPs) in the treatment of m ice infected 
with a multidrug-resistant (MOR) strain of Mycabacterium tuberculosis. (A) Animals 
were infected with MOR strain and afrer 60 days were treated three times perweek 
wíth 32 fl.g of the indicated AMP in 100 f!..L of saline solution. rn comparison with 
the non-treated control animals, all ofthe semisynthetic peptides induced a signifi­
cant decrease in the lung bacillary loads, whilst cathelicidins both from human and 
mouse indt.:ced a non-significant reduction of bacilli burdens. (B) In contrast. simi­
lar lung consolidation determined by automated morphometry was seen between 
treated and control groups. Results are expressed as the mean± standard deviation. 
"P< 0.05 was considered statistically significa m. 

3.4. Effect ofíntratracheal administration ofLL-37, CRAMP, E2, 
E6 and CP26 during late progressive tuberculosis produced by a 
multidrug-resistant strain 

Owing to the emergence of MOR strains worldwide as well as 
the results observed in mice treated with the different peptides 
during infection with the drug-sensitive H37Rv strain, we studied 
whether this therapy had the ability to induce similar beneficia! 
effects during late active disease in mice infected with a clinical 
isolate resistant to all first-line antibiotics.ln comparison with con­
trol animals. MDR-infected mice treated with all three synthetic 
peptides dernonstrated a significan! 2.5-4.5-fold reduction in CFU 
counts (Fig. 4A). In contrast, whilst there was a trend towards 
activity for the natural peptides LL-37 and CRAMP, this was not 
signiflcant. Although treatment with the different peptides led to 
a slight decrease in pneurnonic area, these differences were again 
not statistically significantwhen cornpared with m ice that received 
only saline solution (Fig_ 4B). 

4_ Discussion 

ln the past decade. an increasing nurnber of publications ha ve 
suggested AMPs as molecules with great potential forthe treatment 

ofTB [11,27-29]. The present study demonstrates that severa! ctif­
ferent AMPs showed a notable antimicrobial effect against the 
drug-sensitive M. tuberculosis strain H37Rv. in sorne cases even 
more than observed for a P. aeruginosa clinical isolate. Since prC'vi­
ous studies by our group showed that ,B-defensin-2 and -3 might be 
involved in the maintenance oflatency using a murine modelj24], 
wewanted to assess whethertreatrnentwith these peptides woulcl 
led toa decrease in metabolic activity in M. tuberculosis, ma.king 
the rnycobacterium unable to reduce resazurin. However. bacte­
ria could not be re-grown from the wells containing the lowesr 
inhibitory concentrations in the MIC assays, indicating that tltese 
peptides were in fact bactericida! rather than merely induci11g a 
reduction ofthe metabolic activity in M. tuberculosis. 

AMPs ha ve cornplex multirnodal mechanisms ofaction that lldve 
been proposed to involve severa! targets, including cell membr,lne­
associated and intracellular targets [8]. These mechanisms ha ve in 
common the initial interaction ofpositively charged peptides with 
the negatively charged cytoplasmic membrane and the inserrion 
of peptides in the membrane owing to their amphipathic nalure. 
leading to either membrane perturbation or translocation to cyro­
plasmic targets. The electron microscopy study, which showecl 
disruption, thinning and budding of the bacteria! cell wall ,lfter 
incubation ofbacilli with the different peptides. suggests that rheir 
interaction with the ·membrane andfor cell wall might be an im por­
tant mechanism to produce bacteria! damage. This damage rould 
in turn relate to triggering of autolytic mechanisms or interfercncc­
with cell wall biosynthesis, both ofwhich have been reported ro be 
mechanismsbywhich peptidescan act [8.9].1n addition. abnormal­
ities su eh as bacteria! cytoplasmic shrinkage are consistentwirh tlw 
peptide being taken up by cells [8]- Overall, we can conclude that 
peptides utilise complex mechanisms to produce M. tuberculosis 
damage. as observed for severa! peptides in other bacteria ; 22]. 
These peptides did not cause Jysis of red blood ce lis at very iligh 
concentrations [ 18, 19,22]. 

Treatment with the different peptides was initiated aft('r S 
weeks ofinfection, when active disease was occurring, mimicking 
a common clinica! situation in developing countries. lntrcltra­
cheal instillation of the different peptides led to decreased lung 
bacillary loads. The activity of the peptides did not seem to be 
strongly related to their origin in that human LL-37, m o use CRAM P. 
bovine-derived E2 and E6 and insect-derived CP26 all had rc1ther 
similar initial activities, with the natural peptides allowing slight 
re-growth of the bacillus. This indicares that neither the speciflc 
sequence not the origin of the peptides determined their Mtiv­
ity, but rather their antimicrobial properties_ Although none ol 
the results were statistically significan!, for three peptides (m o use 
CRAMP, E2 and CP26) slightly decreased pneumonia was observed. 
whilst LL-37led toa modest but insignificant increase in pneurno­
nia and E6 showed a slight or no effect. The modest suppression of 
pneumonia by mouse CRAMP, E2 and CP26 cannot be just due ro 
the antimicrobial activity, which was similar for both the ncttur<il 
peptides and all three synthetic peptides. lndeed, it might suggesr 
that there is another property of peptides that contributes ro rhe 
suppression of pneumonia, such asan immunomodulatory, ,1nti­
inflammatory activity [9.1 O] that might differ among the peprides. 

Cationic peptides like these have a variety of relevant prop­
erties, including suppression of inflarnmation. enhancement of 
cellular recruitment and a wound healing function. Thus. whilsr 
the peptides were selected for their antimicrobial activities. other 
properties may assist in the control of M. tuberculosis infection. 
lntriguingly, the enhanced AMPs demonstrated apparently Sllpe­
rior activities to the natural peptides, whilst LL-37 showeLI an 
increased (but not significantly) pneumonic area, perhaps due to 
the fact that it tends to be more cytotoxic. To evaluare the poren­
tial role of immune modulation, we are currently investigcoling 
peptides with enhanced immunornodulatory activities [30].to see 
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wherher these are more successful at reducing the pneumonic 
a.rea. 

With regard to the MOR strain, the current results showed that 
mtLl tracheal administration of peptides E2, E6 and CP26 in m ice 
mfened with this srrain during the advanced phase of infection 
coulct significantly reduce lung bacillary loads. However, the reduc­
rion of pneumonia did not demonstrate significan! differences 
wht>n compared with control mice. Thus, similar to the H37Rv­
mfecred mice, these results indicare that these peptides have an 
effecrive antimicrobial effect against MDR infection without affect­
l ng pneumonia. 

1 n conclusion, these results show that repeated intrapulmonary 
admmistration of AMPs permits an efficient method of suppress­
tng t he growth ofbacilli when they are administered during the late 
progressive disease induced by drug-sensitive or drug-resistantvir­
ulenr mycobacreria. Although this treatment was not-completely 
curd 1 ive, these results suggest that, in conjunction with other more 
conventional treatments, inhalation therapy with AMPs would be 
,1 fec1sible treatment option in developing countries where there is 
an urgent need for new treatment options. 
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lntroduction 

Summary 

BALB/c mice with pulmonary tuberculosis (TB) develop a T helper cell 
type l that temporarily controls bacteria} growth. Bacteria! proliferation 

increases, accompanied by decreasing expression of interferon (IFN)-y, 
tumour necrosis factor (TNF)-a and inducible nitric oxide synthase (iN OS). 

Activation of dendritic cells (DCs) is delayed. Intratracheal administration 

of only one dose of recombinant adenoviruses encoding granulocyte­
macrophage colony-stimulating factor (AdGM-CSF) l day before Myco­
bacterium tuberculosis (Mtb) infection produced a significant decrease of 
pulmonary bacterialloads, higher activated DCs and increased expression of 
TNF-.a, IFN-y and iNOS. When AdGM-CSF was given in female mice 
B6D2Fl (C57BL/61 X DBA/21) infected with a low Mtb dose to induce 
chronic infection Similar to Jatent infection and corticosterone was used to 
induce reactivation, a very low bacilli burden in hmgs was detected, and the 

same effect was observed in healthy mi ce co-housed with rnlce infected \Vith 

mild and highly virulent bacteria in a model of transmissibility. Thus, 
GM-CSF is a significan! cytokine in the immune protection against Mtb 
and gene therapy "'1-Vith AdGM-CSF increased protective immunity when 
administered in a single dose 1 day before 1--ltb infection in a m o del of pro­
gressive disease, and when used to prevent reactivation of iatent infection or 

transmission. 

Keywords: gene immunotherapy, latent tuberculosis, lung immunology, 

transmissibility 

\1\Tith more than 1·7 million deaths annually in thc world, 
tuberculosis (TBl is the leading cause of death by a single 
infectious agcnt in the history of humanity, and one of the 
most important causes of mortality in adults infected with 
human immunodeficiency virus (HIV) [ l]. Although effi­
cient chemotherapy is available, TB treatment is long-term 
and based on severa[ antihiotics, which rcsults in poor com­
pliance, recidivism, toxicity and emergence of multi-drug­
resistant {MDR) strains. Mycohacterimn tuberculosis {l\·1tb) 
can produce progressive disease or latent infection [2]. 
Indeed, in higbly endemic areas infection occurs first in 
childhnod, and in most cases is controll-ed. Only 10% of 
these primary infections lead to progressive disease [2,3]. 
HO\vever, sorne bacilli remain in tissues in a non-replicating 
dormant or slowly replicating stage for the rest of the 
!ife of the individual. This latent TB (LTB) is clinically 

asymptomatic, and in countries with low or. modera te cmk­
micity most active TB cases arise as a result of reactivation 
of latent bacilli r2,3]. It is estimated that one-third of thc 
world's population enries latent 1'1tb, and millions of TB 
reactivation cases are predicted in the comíng years [ 4]. 

Patients with pulmonary TB are the most important 
source for Mtb transmission; the risk of infection is deter­
mined by the source case infectiousness and the contact 
closeness. Household contacts, mainly children exposed to 
adults with TB, have a high risk of infection, and this risk 
incrcases with the degrcc of contact [5,6]. Avoiding honsc 
contact infection would be the most appropriate strategy to 
interrupt tra.nsmission and subsequent TB development. 
Another alternative ís preventive chemoprophylaxis based 
on isoniazid (H"<H), which is prolonged (6-12 months) 
r7,8] with low completion rates, reinfection risk [9] and 
selection of MOR strains [10]. Thus, it is important to 
develop new and more úficient therapeu tic strategies lo 
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treat active TB with lower toxicity and simpler administra­
tíon, as \vell as to develop new thcrapies to prevent LTB 
reactivation and protect healthy dose contacts against Mtb 
transmission. 

Granulocyte-macrophage colony-stimulating factor 
(GM-CSF) is a pleiotropic cytokine able to induce effects 
on survival, proliferation and differentiation priming of 
mycloid and non-myeloid pre1..L.1rsor cells [11]. Further­
more, GT\:1-CSF exerts a specific physiological role regulat­
ing the surfactant replacement priming: for the efficient 
function of alveolar macrophages (AMs) lll]. GM-CSF 
regulates the inflammatory response in pulmonar;.' infec­
tions by activation of the Jak kinase-signal transducer and 
activator of transcription (STAT) factor pathway, inducing 
lhc expression of interfcron-regulating faCLor 5 (IRFS). 
High expression of IRFS results in classical macrophage 
aclivation (Ml) (lf in1lammatory macrophage induction 
[12], and absolute or relative GM-CSF deficiencies produce 
severe AM dysfunction with a phenotype of pulmonary 
alveolar proteinosis and abnormalities in host defence 
[13]. Exogcnous GM-CSF administration through aerosol 
induces an increased number of AMs [14]. Therefore, 
GM-CSF has a specific role in lung physiology and would 
media te the control of intracellular infections such as TB, as 
it is able to induce the production of interleukin (IL)-12, 
turnour necrosis factor (TI\F)-o:. and interferon (IFN)-y 
[ 11,12]. Furthermore, in-vivo pulmonary over-expression of 
GM -CSF by local administration of recombinant adenovi­
ruses encoding tbis cytokine (AdGM-CSF) induces early 
differentiation and activation uf dendritic cells (DCs) with 
potent immunostimulatory function [ 15,16]. This is impor­
tant, considcring that in experimental murine pulmonar;' 
TB there is a delay in DC recruitment and maturation in 
holh lungs and mediastinallymph nades, which apparently 
contributes to early Mtb immune evasion [17,18}. Thus, 
GI'v1-CSF should b¿- a significanl parlicipant in the immune 
response against 1-hb and could be a target for immuno­
therapy. The aim of the present study was to determine in a 
murine model of progressive pulmonary TB the effect of 
tlJe íntratracbeal (i.t.) administration of AdGJ'V1-CSF 1 day 
before infection, as well as its effect in preventing reactiva­
tion in a mouse model of LTB and avoiding infection of 
healthy mice co-housed with tuberculous animals in a 
transmissibility model. 

Materials and methods 

Kinetics of GM-CSF gene expression and cytokine 
location during progressive pulmonary TB in 
BALE/e mice 

\Ve u sed the murine model of i.t. infection described previ­
ously [19,20]. Brietly, ·virulent Mtb strain H37Rv v..ras cul­
tured in Proskauer and Beck medium. After l month of 
culture, mycobacteria '"'ere harvested and adjusted to 

2·5 x 10" cells in 100 J.Ll of phosphate-buffered saline (PBS), 
aliquoted and maíntained at -70"C until uscd. Pathogen­
free male BALB/c mice, 6-8 \Veeks old, were anaesthetized 
(sevoflurane; Abbott laboratories, Ahhott Park, ll, USA) 
and lOO ¡.tl of isotonic sterile endotoxin-free saline solution 
with 2·5 x 10" viable bacilli 1.<vere inoculated i.t. using a 
stainless steel cannula. Animals were then maintained in 

cage.s fitted with micro-isolators in a P-3 biosecurity leve] 
facility. Following infection, mice were killed by exsan­
guination under anaesthesia at days 1, 3, 7, 14, 21, 28, 60 
and 120 post-infectiun; lungs were collected immediately to 
perform quantitative reverse transcription-polymerase 
chain reaction (RT -PCR) and immunohistochemistry 
(IHC). 

mRNA extraction and reverse transcription (RT) 

Five lungs per group per day of killing were placed into 2 ml 
of RPMI-1640 medium (Invitrogen Life Technologi~s, 

Carlsbad, CA, USA) containing 0·5 mg/ml of collagenase 
type 2 (YVorthington, Lakewood, NJ, USA) and incubated 
for l h at 37"C; the lung was then macerated and pa:::.sed 
through a sterile 70-)lm cell sieve (BD Biosciences, Bedford, 
:tv1A, USA). The cell suspension was centrifuged at 250 g 
for l min at 4"C and washed with RPMI-1640 medium. The 
supcrnatant was removed and red cclls >vcre lysed with l ml 
oflysis buffer [0·34 M ammonium chloride, 0·12 rru\II ethyl­
enediamine tetraacetic acid (EDTA) nnd 1 mM pota_':,úum 
carbonate], and finaUy the cells were ·washed and centri­
fu.ged under the same condilions. Fiv~ x 105 cells >vere 
counted, and 350 [ll of buffer RLT was added (Qiagen, 
Hilden Germany) with ~-mercaptoethanol. RNA was iso­
lated u.sing the RNeasy minikit (Qiagen, Hilden, Germany), 
passing thc sample through a column, centrifuged ar 
10 000 g for 1 min at 4°C. The RNA bound to the column 
was ovashed with 700 ,ul of two other hu.ffers of the mini 
RNeasy kit (Qiagen, Hilden, Germany) and finally eluted 
with 50 [ll of RNase-free \Vater. The RNA was treated with 
one unit of DNase (Invitrogen Life Technologies) per 
microgram of RNA. The quality and quantity of RNA were 
also evaluated by spectrophutometry (260 nm and A::., ~· 2,,,, 

ratio, NanoDrop-1000; Thermo Fisher Scientific, Waltham, 
MA, USA) and agarose gels. The cDNA was synthesized 
using Omniscript RT kit lQiagen, Hilden, Germany), aligo 
dT (Promega Corporation, Madison, \VT, USA) and 100 n~ 
of RNA. The expression of glyceraldehyde-3-phosphate 
debydrogenase (GAPDH) wns confirmed by conventional 
PCR and the cDNAs were amplified with Taq DNA 
polymerase Hot Start (Qiagen, Germantown, l\JD, USA). 

Real-time PCR 

Real-time PCR was developed using the computer real-time 
PCR system 7500 (Applied Biosystems, Bedford, MA, USA). 
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\Ve used lOO ng of cDNA, 12·5 J ... ll of the mix Quantitect 
SYBR Green PCR (Qiagcn, USA): QuantiTect SYBR Green 
PCR buffer containing Tris-Cl, KCI, (NH4)~S04 , 5 mM 
1vlgCt, pH 8·7, the mi.:xture of dNTPs (dATP, dCTP, dGTP, 
dTTP/dUTP), SYBR green l and ROX, plus primer sense 
and primer anti-sense (50 pmol of each). The formation of 
a single PCR product and the expected amplicon size were 
confirmed previously by electrophoresis of the conventional 
PCR product. The standard curves of PCR products, quan­
tificd and dil,uted, and negative controls were included in 
each real-time PCR run. The specific primers were desígned 
·using Primer Express software (Applied Biosystems) for the 
following targets: GAPDT-J: 5' -GGCGCTCACCAAAACAT 
CA-3', 5'-CCGGAATGCCATTCCTGTTA-3' [232 base pairs 
(bp) expected amplicon size]; inducible NO synthase 
(iNOS): 5'-AGCGAGGAGCAGGTGGAAG-3', 5'-CATTTC 
GCTGTCTCCCCAA-3' (206 bp expected amplicon sizel: 
TNF-cx: 5'-TGTGGCTTCGACCTCTACCTC-3', 5' -GCCG 
AGAAAGGCTGCTTG-Y (205 bp expected amplicon .size); 
!FN-·t: 5'-GGTGACATGAAAATCCTGCAG-3', 5'-CCTCA 
AACTTGGCAATACTCATGA-3' (180 bp expeeted ampli­
con size); GM-CSF: 5'-GCCATCAAAGAAGCCCTGAA-3', 
5'-GCGGGTCTGCACACATGTTA-3' (114 bp expected 
amplicon sizc); and IL-12: 5'-GGATGGAAGAGTCC 
CCCAAA-3', 5'-GCTCTGCGGGCATTTAACAT-3' (!25 bp 
expected amplicon siz:e). 

Conditions used were: initial denaturation at 95°C for 
15 min, followed by 40 cydes at 95°C for 20 s, 60°C or 58°C 
for 20 S and 72°C for 34 S. The number of copies of each 
cytokine mRNA were related toa million copies of GAPDH 
mRNA. Data were reported as mean .:::: standard deviation 
(s.d.) of five diffcrent m ice for each of hvo indepcndcnt 
experiments. 

IHC for F4/80 and GM-CSF 

The same paraffin-embedded tissues were used for IHC; 
5-).lm sections ·were obtaincd on slides loaded \-\o'ith poly 
L-lysine (Biocare MedicaL Lake Concord, CA, USA). For 
dcwaxing, the slides were placed at 60-70°( for 20 min, 
then incubated for 5 min into xylene. The slide.s were 
changed five times into the medium in the following 
sequence: {i) xylene-alcohol (1.:1), {ii) absolute alcohol, (ii.i) 
alcohol 96% and (iv) d.i.stilkd H10. Once hyqrated, endog­
enous perox.idase was blocked with metbanol-10% H::O> 
The washing.s were performed with HEPES-huffered saline 
(HBS)-Tween 20 (10 miví HEPES, 150 mM NaCl, 2 mM 
CaCh, 0·05% Tween 20). The arcas of tissue \Vere deline­
ated and then blocked with lOO !J.l of HES with 2% back­
ground sniper (Biocare }.:íedical) and incubated for 30 min 
in a :'lumid chamber. The slides were then incubated \•,rith 
monoclonal antibody anti-F4/80 conjugated with biotin 
(eBioscience, San Diego, CA, USA) for 12 h at room tem­
perature. Subsequently, slides were \Vashed and 1 00 )11 
of antibody-horseradish peroxidase (AB/HRP) complex 
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{Vectastain ABC System, Burlingame, CA, USA) was added 
and íncuhated t0r 30 min to he revcaled with 100 pl 
of diaminobenzidine/H20c (0·004 g diaminobenzidine + 
lO ml HBS + 4 J.ll H 20 2 ). S lides were \Vashed and contrasted 
with haematoA·ylin. Staining for GJ\.'f-CSF took a primary 
antihody monodonal anti-Glv1-CSF (Santa Cruz Biotech­
nology, Santa Cruz, CA .. USA} and incubated subsequently 
with biotin-conjugated secondary antibody (Invitrogen) for 
1 h, washed, and the processing was pcrformed based un 
the same procedure as ahovc. To obtain the pcrccntagc of 
F4/80-positive AMs ur GM-CSF-positi,·e cells, an image 
analyser was u sed ( Q \V in Leica, Milton Keynes, UK). \Ve 
analysed 50 different random ficlds with an incrcase of 
xlOO in interstitiaL pnet.1monic, peribronchial and perivas­
cular areas as well as all the granulomas found per slidc. 
lv[easurements \·vere taken by investigators who were 

blinded to the trealment groups, and the data are reported 
as tbe mean values ± s.d. from five different mi.ce at e;Kh 
time-point in each of two Jifferent experiment.s. 

Determination of the most effective dose of 
AdGM-CSF to induce GM-CSF transcription and 
cytokine production in healthy BALB/c mke 

The construction, expression, biological effect and titration 
of AdGM-CSF and its vector control Addl70-3 have been 
reported previously [15]. Groups of five healthy maJe 
8-week-old BALB/c m ice vvere anaesthetized with sevollu­
rane vapom (Abbott Laboratorics, lVTexico City, Mexico) in 
a sealed acrylic cage. Anaesthetized mouse was fixed (lil 

cardboard and recombinant adenoviruses \\'ere adminis­
tcred through a stainlcss steel cannula (Thoma.s Scientific, 
Swedesboro, NJ, USA) connected to an insulin syringe. The 
cannula was introduccd fi.rst into the mouth and then 
directed into the trachea, wbere the selected dose of recom­
binant adenoviruses suspended in 100 Jll of isotonic sterik 
endotoxin-free saline solution ·was injected .. Tbree different 
doses wcre tested: 1 x 107 

• .5 x 107 and l x 108 plac¡uc­
forming units (pfu). Groups of five m ice per ea eh dose were 
cutbanizcd by cxsanguinaüon undcr terminal anaestbcsia 
after l and 7 days post-administration; one lung lobe, right 
or left, was collected immediately and fwzen in liquid nitro­
gen for total RNA isolation and determination of GM-CSF 
gene expression hy quanlitative RT-PCR (qRT-PCR), as 
described above, vvhile the other lung \Vas perfused with 
ahsolute ethanol for fixation and embedded in paraffin for 
histological evaluation aT)d GM-CSF detection by IHC. 

Studies on the effect of AdGlVl-CSF administration in 
the experimental model of progressive puhnonary TB 

We used the previously described. model of progressive TB 
to study the effect (lf TT AdGM~CSF [19,201. Male BAI.B/c 
6-8-week-old mice were treated with 1 x 10·~ pfu of AdGM­
CSF or Addl70-3 i.t... as described above, then 1 day later 
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animals were anae~i.hetized with sevot1urane, and 100 ,ul of 
isotonic sterile endotoxinMfree salinc solution with 2·5 X 105 

viable bacilli V\ras inoculated i.t. Following infection, mice 
were killed by exsanguination under anaesthesia at days 1, 
3, 7, 14, 21, 28, 60 and 120 post-infection to obtain the 
lungs and perform bacteriological, histomorphometric and 
molecular biology studies. Five m ice pcr group were eutha­
nized at every time-point selected for the various analyses. 

For quantification of bacilli loads by colony-forming 
units ( CFUs), lungs were colkcted at tbe selectcd times, 
as mentioned, and homogenized using a polytron (KinM 
ematica, Lucerne, Switzerland) homogt:"nizer. The suspen­
sions \v-ere thcn dilutcd witb 0·05'/í¡ T\vc:en-80 toa final1-ml 
vnlume. Three consecutive logarithmic dilutions V·.'ere made 
Crom this homogenate. Ten ¡.d of each dilution were plated 
in duplicate on BactoMiddlebrook 7H10 agar (Difco, 
Detroit, I\U, USA) enriched with okic acid, albllmin, dex­
trose and catalase. Plates were then incubated at 37°C and 
se¡;, C02 for 21 days to quantify the CFUs. 

For histological study, the right or left lungs from five dif­
ferent mice per group were perfused ÍJ. witb absolute 
cthanol. Parasaggital sections \Ven~ dehydrated and embed­
ded in paraf-fin (Oxford Labware, St Loui.", MO, USA), sec­
tioned and stained with haematm ... -ylin and eosin (H&E). 
The granuloma area (measured in square microns) and per­
centage of lung surface affected by ~meumonia íNere deter­
mined using an automated imagc analyser (Q V\lin Leica), as 
described previously [20]. Measurements were performed 
blind, and the data are reportcd as the mean values ::'::: s.d. 
frum five different mice at each time-point in each of VNo 

difJerent experimenrs. For IHC detection of GM~CSF, the 
procedure was a.s described above. 

For quantification of activated DCs by cytofluorometry, 
tlve lungs pcr group per day of killing were placed into 
2 mi of RPMI-1640 medium (Invitrogen Life Technolo­
gies) containing 0·5 mg/ml of collagenase type 2 (\Vor­
thington) and incubated for 1 h at 37°C; the 1ung was rhen 
maccraled and passed through a 70-¡..tm sterile strainer 
(BD Biosciences). Tbe cell suspension was 'entrifuged 
at 250 g for 1 min at 4°C and washcd with RPMI.-1640 
medium. The supernatant was removed and red cells were 
lysed with 1 ml of lysis buffer (0·34 iVI ammonium chlo­
ride, 0·12 mM EDTA and 1 m~vl potassium carbonate). 
Cells were washed and centrifuged under the same condi~ 
rions; 1 x 1 O" viable cells were counted {by trypan blue 
cxclusion) and stained for activated DCs determination 
[majar histo,ompatibility complex class II (MHC 
lltCD11c+CDs6-]. The antibodics used were: t1uores­
cein isothiocyanate-labelled anti-1-A/I-E (MHC II-FITC; 
BD Ph3rmingen), allopbycocyanin-labelled anti-CD llc 
(CDllc-APC; BD Pharmingen), phycoerythrin-labelled 
anti-CD86 (CD86-PE; BD Pharmingen). In each cell sus­
pen.sion for each day of sacrifice, staining controls '"'ere 
included to check specificity. Individual stains were made 
>vith each of the antibodies u.sed as positive controls and 

their respective i._c;otype controls. Finally, we induded nega­
tive contro]s (unstained) and a dual control mark (MHC 
WCDllc"'). The double-positive control was the negative 
parameter for determining the zone of histogram consid­
ered positive for CD86; 1 x 1 O" events were acquired for 
eacb sample using fluorescence activated cell sorter (FACS­
)Calibur cytofluorometer and CellQuest software (BD BioM 
sciences). The data collected were analysed using Flo,.vJo 
software version 6·1. Data were reported as mean::'::: s.d. 
of five different mice for each of two independent 
experiments. 

For cytokines and iNOS gene e:\.-pression determined by 
qRT -PCR, five lungs, right or lcft, from two diffcrcnt 
experiments were removed and used for isolating RNA 
from the different groups, following the prorocol as pub­
lished previously [21]. 

Experimental model of chronic infection similar to LTB 

The murine model of LTB has been described previously 
[22]. Two groups of five 8-week-old female mice B6D2Fl 
(C57BL/6J X DBA/2J) were infected i.t. with 4UOU viable 
bacteria H37Rv strain suspended in 100 ¡..tl of isotonic 
sterile endotoxin~free saline solution. After 7 months of 
infection, groups of five mice were treated with AdGM -CSF 
( 1 X 108 pfu) or Addl70~3 ( 1 X 1 o~ pfu) administerd by i.t. 
instillation as described above. One month la ter, corticoster­
one was then administered in drinking water (3 mg/l) for 1 

month. Mice were killed under terminal anaestbesia and the 

lungs \'llere oblained and used to determine bacilli burdens 
and pneumonia by CFU quantificatíon and automated his­
tomorphometry, as described above. 

Mtb transmissibility experimental model ñn 
BALB/cmice 

The transmissibility experimental m o del has been described 
previously [23]. Five BALE/e mice infected (2·5 x 10' 

bacilli) with Mtb H37Rv or highly virulcnt Beijing strain 
9001000 were co-housed in the same micro-isolator from 
the first day of infection with five healthy non-infected 
BALB/c mice (contacts), which received AdG!Vl-CSF 
(1 x lOB pfu IT) by the i.t. roule. Control groups received 
Addl70-3 (1 x 10~ pfu IT) or INH by intragastric cannula­
tion (0·2 mg/day). Delayed-typc hypersensitivity (DTH) to 
mycobacterial antigens was perfonned in the footpads after 
2 months of co-housing, following the reportcd method 
[20]. Animals were killed after 2 months of co-housing and 
their lungs were collected and homogenized for CFU deter­
mination. The suspensions were diluted with 0·05% 
Tween-80 to a final volume of 1 ml. One part of the lung 
suspension was diluted into three parts of PBS and 1 OU ,ul of 
each dilution were plated in triplica te on BactoMiddlebrook 
7H10 agar enriched with oleic acid, albumin, dextrose and 

286 © 2012 British Society for lmmunology, Clínkal and Experimenrallmmunology, 171: 283-297 



catalase. Plates were then incubated at 37"C and So/o of C02 

for 21-45 days to quantify the CFü. 

Statistical analysis 

Results are expressed as mean ± s.d. Student's t\No-tailed 
t-rest was used for comparing experimental groups, with a 
P < 0·05 value considered significan t. 

Ethical approval 

Animal studies were approved by the Institutional Ethics 
Committee of the National Institute of Medical Sciences 
and Nutrition 'Salvador Zubirán' in accordance to the 
guidelines of the Mexican national regulations on Animal 
Care and Experimentation 1'-.'0M 062-Z00-1999. 

Resul!s 

Kinetics of endogenous GM-CSF gene expression 
during progressive pulmonary TB 

\Vhen BALE/e míe e are infected by the i.t. ro u te with a high 
dose of the reference Mtb strain H37Rv, an early phase of 
temporal bacilli growth control is produced and dominated 
by high expression of TNF-a and IFN -y with granuloma 
formation. After 3 weeks of infection, a progressive disease 
phasC devclops, characterizcd by higb pulmonary bacilli 
burdens, tissue damage (progressive pneumonia), lower 
production of Tl\"F-a and IFN-y with high expression of T 
helper type 2 (Th2) cytokines, such as IL-4 and IL-13 
119,20]. In order to investigare the potentíal role ol 
GM-CSF in this model, gene expression kinetics was deter­
mined by qRT -PCR. After Mth infection a low but progre.s­
sive in crease of GM -CSF gene eA""Pression was seen peaking 
at day 7, followed hy a rrogressive decreasc to day 120, 
when the lowest leve! was detected (Fig. la). IHC and auto­
mated morpbometry showed that during the course of 
infection the principal GT\:1-CSF cellular source was the 
bronchial and bronchiolar epithelium; from days l to 14 
after infection 10-20% of ain.vay epithelial cells showed 
strong Gtvi wCSF immunostaining, rising to ma.ximal per­
centage at day 21 (90°;0) but Y\'ith lower staining per cell, fol­
lo\ved by progressive decrease until day 120, \vhen 30% of 
thcse cells were immunostained (Fig. lb). Macrophages also 
showed GM-CSF immunostaining in the alveolar-capillary 
interstitium at day 14 and during late infcction at days 
60 and 120, when 10-14% showed positive staining. Granu­
lomas at days 60 and 120 also showed immunostained macw 
rophages (Fig. lb-d). 

Determination of the rnost suitable AdGM-CSF dose to 
induce transgenic GM-CSf expression in the 1ungs of 
healthy mice 

Three different doses of AdGM-CSF administered by tbe 
i.t. route in healthy BALE/e mice were used to define tbe 
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Fig. 1. Kinctics of granulocy!L'--mscrophagc colony-stimubting 

factor (Giv!-CSF) during progrcssive pulmonary tuberculosis {TB). 

(a) Pivc lungs from lhc sam<.: numba o( Mycobacrerium tllbermlc>~i~ 
(Mtb)-infected micc Jt e,H:h indicatcd timc-point wcrc uscd to 

isolak total Rl\A and determine thc gene cxprcssion of Gi'vl-CSF 

·, 

• 

by qu;mtilJ.tivo:: n::v<::rsc tr,msaiplion-polymcmse chain reanion 

(RT-PCRJ. (b-d) G!'vl-CSf protón exprcssion was dct<.:ctcd by 

irnmunohistochcmistry anJ thc pcrccntagc of f"'llSitivc cclls was 

determined in thc indicakd lun¡; compartm.onts by automdled 

morphometry; rcpr..;scr\lativc histologka.l Rgurcs ot' each 

compa1·tmcnt are t<J thc right of thc morphomctry graphs (scdlc bar 

reprcscnts 20 Jlm). Al! val u es ¡¡re means :t standard deviation (s.J.) 

from two independcnt cxpcriments \VÍth fivc mícc pcr group 

(40R x 552 mm; ISO :•, !Sil OPJ). 

most suitable dose to induce G:VJ-CSF gene expre.s­
síon. GM-CSF expre.s.sion was dosc-dependent, witb the 
l x 10~ pfu dose inducing the highest transgene ex-pression 
(Fig. 2a). The control group received the empty adenovirus 
vector (Add170-3 ). The cellular so urce of GM-CSF \'>'as 
determined by lHC; at day 1 post-treatment it was dett'ct­
able and the bronchiolar epithelium showed strong immu­
nostaining. No detectable basal expression was seen in tbe 
alveolar epithelium or AMs. Addl70-3 did not induce 
Gl\il-CSF production detectable by IHC in healthy mice 
(Fig. 2b,c). 
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Fig. 2. l.iranulocyll:-ma(Toph~ge colony-.stimulating factor {GM-CSP) 

expre%ion after intrJtracheal (i.t.) administration of diff-::n::nt doses of 

adcno\·iruscs L'ncodin:; Glvl-CSF (¡\dGivi-CSF). (a) Gwups ol'hcalthy 

m ice wcre trealcd with the indicatcd dose of AdGiv\-CSF (bLKk bars) 
ur the control adenoviruses Add\70-3 (white bars, undetectable levels), 

,md vuthnniwd alkr 1 and 7 days; thc lungs WL'rc u sed to determine 

th..: .:xprtssion ot' GM-CSP reverse trQnscription-polymcrase cbain 

ft'J.ction (RT -PCR), v<Jlues ar<:: mc:ans ::1::: standard Jeviation (s.d.) from 

Lwo indcpcndcnt cxpcrimcnts with llvc m ice pcr group; '!' < 0·05. (b) 

(;~1-CSF protein expression v.·as detected hy immunohistochemistry; 

the mousc lung aftcr 1 day of \ x lO' plaquc-fnrming unit~ (pfu) 

i.t. administration shows stron¡:: immunostaining in the airways 

cpíthclium in bronchioles (B) and negative immunostaining in 

alveolar walls (/\).(e) !n contras!, the mousc lung trt•ated with thc 

sam..: dos..: of ..:unlrol adcnovirus ALld170-3 Jocs nol sl10w 

immunostaining (sea le bar represents 60 ~lm) 0:07 x 386 mm; 

_~()0 x 300 DPlJ. 

Effect of transgenic GM-CSF expression by AdGM-CSF 
delivered 1 da y befo re infection in the murine model of 
progressive pulmonary TB 

Considering the low percentage of GM-CSF immunos­
tained cells during early infection, two independent experi­
ments 'INere performed to assess the effect of i.t. 
administration of AdGM-CSF or vector control Addl70-3 1 

day before i.t. infection with Mtb H37Rv. The AdGM-CSF 
administration effect >vas determined by changcs in lung 
bacterial loads, the histomorphometry uf tissue damage 
(percentage of pneumonic area) and number and size of 
granulomas. A single dose of AdG?vf-CSF {1 x 10~ pfu) 1 

da y befo re infection induced a significan! decrease of bacte­
ria! loads from day 14 post-infection until the end of the 
experiment (day 120) (Fig. 3a). \\.,.itb regard to the histo­
logical changes, animals that received AdGM-CSF exhibited 
a significantly lower pneumonic area and more and bigger 
granulomas than mice treated with Addl70-3 ( Fig. 3b-h). 

In this model of murine pulmonary TB there is a deiay in 
DC activation [ 17]. Considering that Gtvl~CSF is a signifi­
can! factor in promoting DC activation, this effect could be 
a mechanism which explains the observed protective effect 
of AdGM-CSF. To this end, tlO'iv cytometry was used to 
quantify activated DCs (MHC Ir'CD11c'CD86"') in lung 
cell suspensions from each selected da y after infection. Mi ce 
treated with AdGM-CSF shovved a significantly higher 
number of lung-activated DCs on day 7 post-infection 
compared with the group treated with Addl70-3, in whicb 
there was an increase of these celis until day 21 post­
infection (Fig. 4a). Both groups shm.ved a progressive 
decrcase of activated DC during late disease. 

GM-CSF induces the local differentiation and activation 
of Ai'vfs [14], and this could be another participating 
mechanism in the observed efficient protective activity of 
AdGM-CSF. High expression of F4/80 has been associated 
1vith the presence of inflammatory macropbages, over­
expression of MHC II, CDSO. CD 11 b and increased pro­
duction of NO and IL-12 [24,25]. Similarly, F4/80 has been 
related to the early formation of granulomas induccd by 
bacillus Calmette-Guérin (BCG) [26]. Thus, we used the 
F4/RO marker to monitor macrophages determined by IHC 
in different histological compartments (perivascular, peri­
hronchial and alveolar-capillary interstitium areasl and 
lesions (pneumonia and granulomas). In comparison v.ith 
the control group, mi ce treated with AdGM -CSF showed 
significan!. earlier and higher recruitment of activated AM 
F4/80+ in perivascular, perihronchial and interstitial areas at 
day l. This significantly higher recruitment of AM F4/80' 
remained in perivascular and peribronchial areas at day 3 
(Fig. 4b). At day 14 post-infection, significantly higher AM 
F4/80+ was detected only in the interstitial area in the group 
treated With AdGivf-CSF compared with the control group. 

At day 28, in the peribronchial and interstitial areas a sig­
nificantly higher number of F4/80-positive ce lis was seen in 
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Fig. 3. Erfect of a singk <.ldministration of 

adcnovirus<.'S cncoding granulocytc­

mdcrophage colony-stimul<lting factor 

(AJGM-CSF) 1 day befare infection in the 

murinc modcl ot· progrc~sivc pulmonary 

tuben:ulosis (TB). (a) Groups of m ice were 

Ln-:~led with AdGM-CSF (black bars) or control 

vi1·us Addl70-3 (Y..'llitc barsl 1 day bcforc 

intratracheal (i.t.) infection with a high dose of 

Mycobacterium tubaculosi;; (Mtb) H37Rv; fivc 

m ice wm.· killi:d aleach day indicalcd and thc 

lungs were ust'd to determine bacterialloads by 

colony-IOrming units (CH:). ¡\significan! CFU 

dccrcasc was produccd by t\dGM-CSF 

administration. (b) The morphometry study 

sho\vcd a significanliy lowcr pcrccntagC" of lung 

surface affectcd by pneumonia in animals 

treated with AdG,\1-CSF. (e) The number 

ul' ~rdnulumas ilt days 21, 2('1 and oü was 

significJntly hig,hu in tl1e /\dGl'd-CSF-treated 

grotTp, as well as the granuloma size at day~ 60 

~nd 120 (d). Rcprcscntativc hi~topathology of 

the lung from trcatcd m ice after 120 days of 

infection with lvltb, (e) the moust; lung treated 

with i\ddl7rkl sh{nvs cxtcnsiv.:: arca.~ of 

pn.::umonia. (f) ln contras!, mome treatcd with 

;\dGr-...'1-CSF shows scarcc inflammation. (g) 

Small granulomas ~r<.: sccn in micc ln:akd 

with r\ddi?0-3. (h) In comparison, bigger 

granulomas are formed in mousc trcatcd with 

,\JGJ\.1-CSF; scak bars rtprcscnl60 ).lm (c) 

and í fl. and 20 ).lm (gJ and (h). :\JI valucs of 

hJcilli luads and histomorphomctry are 

mcans =standard dcviation (s.d.) of two 

independent experiments wirh fíve micc per 

group; 'P<0·05 í1JbóX771 mm: 15üx 150 

DPJJ. 
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the AdGM -CSF treated gro u p. At late infection, da y 60, in 
the peribronchial and pneumonic areas the number of 
F4/80-posítive AMs was significantly higher in the AdGM­
CSF-Lreated group (Fig. 4h,c), while in granulomas this 
group showed a significantly earlier and higher recruitment 
of AI\Ils at days 21 and 28 (Fig. 4h,d). 

In human and murine TB, protective immunity is medi­
ated hy Thl responses (IFN-y, IL-12) and activated macro­
phages Vv'hich produce TNF-cx. and NO by activity of the. 
enzyme-iNOS [27]. GM-CSF prometes the production of 
Th 1 cytokines [ 11, 12]. Thus, higher induction of the Th 1 

response is another mechanism which could be involved in 
the AdGI'vf-CSF pwtective activity. Murine lungs from each 
treated group were homogenized for total RNA extraction 
and subsequent retrotranscription and real-time PCR 
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(qRT-PCRl to quantify the transcription of GM-CSF, 
IFN-y, IL-12, TNF-cx. and il\'OS. In comparie:on with the 
control group, mice treated with AdGlVl-CSF showed higher 
transcription of GM-CSF, which began at the same time as 
IL-12 expression (Fig. Sa). Similarly, an earli.er and signifi­
cantly higher transcription of IFJ'\-y, T:'-JF-cx andiNOS \vas 
seen in the AdGM-CSF-treated group, showing a peak at 
days 21 and 90 post-infection (Fig. Sa). Tbe ccllular produc­
tion of GM-CSF protein was evaluated by JHC. In the 
group treated vvith AdGM-CSF, tbe bronchial and bronchi­
olar epithelium showcd strong G1'vf-CSF immunostaining at 

various examined time-points, while by comparison with 
the control group the immunostaining was much vv"eaker at 
these time-points (Fig. Sb). Animals treated with AdGM­
CSF sbowed GM-CSF immunostaininp: at days 1 and 3 
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Fig. 4. EtTcct o( a singk administration oí adcnovirt1scs cncoding granulocytc-macroplmgc colony-stimulating factor (.A.dG!v1-C:SF) on th<.: 

production of <IClival<:d dt:ndritic cdl~ and macrophagt:s in Lht: murinc modd of progrt:ssive pulmonary tubcrculosi~ (TB). (a) llroups oí m in: wcrc 

trcatcd wilh AdGlvl-CSF (bld.ck symbolsl or Addi70-:> { whit.- symbols) 1 day befo re infection wüh Mycubrlctaium /u/;erculosis C'v1tb) l-137Rv; lungs 

wcrc us..:d tu ubtain cdl suspct1sions and thc numb(·r of activatcd dcndritic cclls was dctcrmincd by flow cytomctry using antibodics against MIIC 

ll-Jluortsct'in isotbioc-yanate (FlTC), CD 11 c-allophycocyanin (APC) and CDS6-phycoaythrin (PE). For each lung sample 1 X 1 O·' events wae 

acc¡uired anJ rhe populatíon of .:clls positive i"or FITC (FLI) and APC (FL4) (i.c. MHC JJ+ CD!lc.¡- cells) were sdectcd for obtaining rhe histogrmn 

i'nr thc numbcr oF po~itivc cvcnt.~ for PE rru¡ (i.c. MI IC W CDIIc- CD86- cclls). Thc trcatmcnt with AdCivl-CSr: induccd more rapid and highcr 

mtmbers of activated Jendriti..-: cells. (b 1 Lung sections from treated a.nimals with adenoviruses ·were used ro detect the marker of dctivated 

macrophages F·l-/80 by immunohistochemistry, and the percentage of immunostained cells were determined in the indicated lung compartments and 

k..;iom. Re~ults ar(· cxprc;.;~cd as mcans::!: standard dcviation (s.d.) from fivc m ice pcr timc·-point and pcr group in two independent cxpcrimcnl~. 

Hxpresentative immunohistochemistry detection of F4/so· cells in the lungs of animals treated with J\dGM-CSF or Addl70-3 at the indicated 

timc-point (lcft comer) in pncumonic art'JS (e) or gran u lomas (d). Then: are more F4/80-· cclls in animills trc~tcd with AdGM-CSF; sea k bar 

n:pn:s.:nls 20 ~tm (51¡; X 553 mm; 200 x 200 DPI ). 
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:Fig. S. Effccl of a single <1dministration oC adenovirus..:s encoding gnmulocyte-macrophage colony-~limubting (¡~..:lor (AJG\·1-CSf) on lhe cylokines 

and inducible ni trie ox:idc synthasc (iN OS) gene transcription in thc murinc modd of progressive pulmon~ry tuberculosis (TB). (a) Grou~>s o( mict; 

infcctcd hy thc intratrachcal (i.t.) ro u te v.cith a high dosc of A1ycohncterium ruberculn.<:i.< (JV!th) to induce progrcssivc TB wcre trcated 1 day bcfmc 

with AdGi'vl-CSF (bl<1ck symbols) or Addl70-3 (white symbols), and Ll1eir lungs were used to isolate total Ri\:t\ and qudntify thc expres~ion or th<: 

indicated cytokincs by real-time reverse transcription-polymcrase chain rcaction (RT -PCR). i\nimals trcatcd with /l.dC/vl-CSF showed a highcr 

cxprcs~ion of cytokincs andiNOS. Rcsults are cxprcsscd as mcans ±standard dcviation (s.d.l of two indcpcncknt cxpcrimcnts \Nith fivc m ice pcr 

sroup; ~p < 0·05. Repn::sentativc immunohistochemistry or Glvl-CSF cellular detection in tn:ated animJis with AJG:vl-CSF or Add 170-3 at dirtCrt'nt 

timc-points in bronchial cpithclium (b). alveolar--capillary intcrstitium (e) and grant1lomas ( d); more immunostaincd cclls are obscrv.:d in animills 

tr.cdted with AdGM-CSF, thc strongest being labelkd thc airways epithelium; -;cale bar rcprc:sents 20 pm (439 x475 mm; 200 :< 200 DPI). 
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~,ost-infection in pneumocytes type IJ, while AMs were 
negativc at tbc same time-points and showed thc strongcst 
positivity later, suggesting that these cells were the most 
important Gl.Vl-CSF cdlular source. In contrast, the lungs 
from the control group showed Gí\:1-CSF positivity until 14 
dcly post-infection in type li pneumocytes and i\...Ms 
(Fig. Se). In granulomas, mice treated. vvith AdGM-CSF 
shO\ved immunostained macropbages with heterogeneou.s 
distribution, predominantly in the granuloma periphery, 
until day 28 post-infection. A simílar distributíon was seen 
in the control gruup until day 60 posr-infection (Fig. 5d). 

Effect of transgenic GM-CSF expression on reactivation 
of chroníc LTB infection 

When female B6D2Fl mice are infected by the i.t. route 
with a low dose of Mtb strain H37Rv, a chronic form of TB, 
similar to latenr infection, is produced [22]. It is character­
ized by a low and stable lung bacillar;.·' load {fewer than 500 
CFU) without v·;eight loss, tissue damage, spontaneous 
n.:activation or death. lf a 3*mg/l concentration of corticos­
terone is administered by drinking water during late infec­
tion (7 months), supraphysi0logical plasma levels are 
reached, and the disease reactivation is then manifested by 
an incremc-nt of bacilli grovvth and progressive pneumonia. 
This chronic/latent infection model was used to determine 
if transgenic expression of GM-CSf by AdGIVl-CSF deliv­
cred at 7 months post-infection could prevent reactivation. 
One month after AdGM-CSF ddivery, reactivation was 
induced 'i·vith cortisone administered for 1 month in drink­
ing water. Pulmonary Mtb burdens and histopathology 
·were evaluated at L) months post~infection. ?viice treated 
\vith AdGM-CSF showed significantly lesser bacterialloads 
and exhibited lower pneumonic areas than mice that 
received the control vector Addl70-3 (Fig. 6a,b). 

Effect of transgenic GM-CSF express-ion on the 
transmission of Mtb from infected to healthy mi ce 

Our transmissibility model is base-d on long co-housing 
between infected and healthy mice [.23]. This model vvas 
u..-c:J to determine whether or not AdGM -CSF treatment 
was able to prevent infection of healthy mice co-housed 
with animals infecled with moderare {H37Rv) or highly 
virulent (Beijing 900-1000) strains. The negative control 
group was represented by m ice treated with Addl70-3, while 
the positive control animals received antibiotic INH treat­
ment. Cultures of lung bomogenates from healthy mice 
(contacts) treated with AdGM-CSF or INH did not show 
Jv1tb growth after 2 months of co-housing with infected 
rnice ·with H37Rv {Fig. 6c) or Beijing (Fig. 6d) strains. In 
contrast, contact mice treated with Addl70-3 showed bacil­
lary loads after 2 months of w-huusing, being highe~t 

in the group that co-housed 'i•iith mice infected with the 
highly virulent strain Beijing 900-1 UUO. Asan independent 

verification of the status of Mtb transmission, cutaneous 
DTH response to mycohacterial antigens was also per­
formed in healthy contact mice after 2 months of 
co-housing v.rith infected mice. Co-housed contact mice 
with H37Rv-infected animals treated with INH or AdGM­
CSF showed a significantly lower DTH response than 
contact mice treated with Add17ü-3 (Fig. 6e). Co-housed 
contact mice with animals infected váth the highly virulent 
Beijing strain and treated with AdGM-CSF shuwed signifi­
cantly less DTH than contact mice treated with INH or 
Addl70-3, and no dif:ference \Vas fuund bern>een thcsc 
control groups (Fig. 6f). 

Disc1..1ssion 

GM-CSF was first identified in mouse lung follov>'ing 
lipopolysaccharide injection by its ability to slimulate pro­
liferation of bone marrow cells and generate colonies of 
granulocytes and macrophages [ 2R ]. lnterestingly, m ice 
with homozygous deletion of the GM -CSF gene develop 
normally without sígníficant alteration of haematopoiesis, 
but they develop lung abnormalities such as extensive accu­
mulation of pulmonary surfactant phospholipids and 
incrcased susceptibility to opportunistíc bacteria] and 
fungal infections [13]. Thus, GM-CSF has significant physi­
ological and immunological regulatory activity in the lung, 
such as increasing myeloperoxidase activity in neutrophils 
[29], stimulating differentiation and activation of macro­
phages and Toll-Jike receptor 4 (TLR-4) cxpre.ssion and T 
cell activation [30]. Indeed, most uf the GM-CSF-mediated 
effects on T cells are believed to be exerted indirectly 
through antigen-presenting cells {APCs). Regarding its 
participation in mycobacterial infection, it was reported 
that mice lacking GM-CSF died rapidly, showing severe 
necrosis when exposed to an aerosol-delivered .lvltb infec­
tion because of their inability to mount a Thl response 
r 31). Our resulrs confirm and e¡.,:tend these observations, by 
showing progrcssive GM-CSF cxpression during early infec­
tion peaking at day 7 and maintaining high levels until day 
2R, which coincide \Vith the transit0ry bacilli growth control 
in this model mediated by a predominan! Thl response and 
proinflammatory cytokine expression [ 19,20]. 

GM-CSF can be produced by a wide variety of cells, 
including macrophages, fibroblasts, endothelial cells, T cells, 
mesothelial and epithelial cells, among others r32]. In these 
cells, bacteria] antigens and inflammatory cytokines such as 
IL-1, IL-6 and TNF-cx are potent inducers [33,34]. Thus, 
these factors should contribute to the observed higher 
expression of this grovvt:h fu.ctor, considering that all these 
cytokines are produced preferentially during the first month 
after infection in this model [20]. During late stages of the 
disease there was a progressive decrease of GM -CSF expres­
sion, showing its lowest level at day 120 po.st-infection. The 
expression of GM-CSF can be inhibited by IL-10 and IL-4 
[35] or glucocorticoids [36]. These anti-inílammatory 
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Fi.g. 6. Adenovirus tncoding granulocyte-macrophag,;: colony-stimu!Jting factor (AdGM-CSF) lreatmcnl pncvt::nts reactivarían of chronic 

tuberculosis (TB} similar to latcnt infcction following immunosupprcssion and prcvcntion of transmissiun in co-houscd hcalth~· micc. (a) M ice wnc 

infected with low-dose }v!rcobactcrium tubcrCtJlosis (I'vftb) H37Rv to induce chronic infection similar to ldlent infection, and after 7 month~ anim~ils 

wcre treated with AdGM-CSF (black bars) or Addl70-3 (white bars); after 1 month micc- were treated with cortisone for 1 momh to induce disease 
r..::nctivation. Animal~ trc:atcd with AdGlVI-CSr showcd ]owcr pulmonary bacilli loads and (b) k~scr tissu.:· d~magc (pncumonia) tl1an m ice tr~·att.xl 

witb Addl70-3. (e) Vl/ith regard to evaluation of tbe effect of AdGM-CSF treatmenr in the prevention of transmission, groups of m ice were infect.:d 

with mild virulcnt lvltb strain 1--U?Rv or (d) wilh the highly virulent Beijing strain 9001000 anJ co-houscJ with healthy m ice trcated with isoniazid 

(JNH; hatchcd bar), AdGM-CSF (black bar) or ¡\Jd170-3(whiLc bar) for 2 month~; thc lung~ wcre US(·d i"nr bacilli burdcn dctcrminatie>n b) 

quantification of colony-forming unit.; (CFUs). In comparison with animals treated with Addl70-3, thc lungs of animals treated with 1>-JH or 
;\dGivi-CSF do not show bacilli growth. (e) Si¡;nificantly lowcr Jclaycd-typc hypcrscnsitivily (DTJ--l) was mcawrcd in animnls lrcatcd with JNJ-l or 

.-\dGIVl-CSF Lhan mio.: Ln.:al~:d with i\JJ170-3 lhal w¡:re co-hous~·d wilh micc inkctcd wilh :VHb str~in H37lh. Wt In contras!, thcr(o" was no DTH 

diffaence in animals tredld with JNH or Addl?0-3 when co-housed with mice infected with highly virulcnt Beijing strain, 1vhile animals treated 

<.Nith .1\dGM-CSF sl1owcd significanlly lowcr DTH. All valucs are mcans ± st;;~ndard dL'viation (s.d.) from lwo indcpcndcnt cxpl-rimc:nts with 1-ivc 

mict- pa group;~ P < 0·05 (561 x 632 mm; 200 X 200 O PI). 

t3ctors might he related to GM-CSF decrease during 
advanced disease, when there is a significan! decline in 
immune protection in this modd co-existing with extensive 
tissue damage and high hacilli burdens [ 19,20]. 

The significan! participation of GM-CSF in Mtb infec­

tion was supported by our current results obtained after the 
administration of only one dose of recombinant adenovi­

ruses eA1Jressing this cytokine, 1 day before infection with 

Mth. This prctreatmcnt resulted in efficient Glvl-CSF trans­

genic expression in the airurays epithelium that induced 
fourfold more activated DCs and significantly higher 

expression of the immunc- protective factors TNF-a:, JL-1 2, 

IFN-y andiNOS, which led to more and bigger granulo mas, 
more AMs F4/SU"', lesser pneumonia and a prolonged 

dccrease in bacilli loads. Thus, although GM-CSl~ is pro­

duced preferentially in our model during early infectiun it 

© 2012 Brit1sh Society for l:nm;_¡nology, Clínica/ and Experímentallmmunology, 171: 283-297 293 



A. Francisco-Cruz et al. 

appt:ars not to be enough, as is indicated by the late emer­
gence of activated DCs, and overproduction hy AdGM-CSF 
administration bo~sts the Thl cdls and DC activation, pro­
d.ucing a significant improvement in tbe immune protective 
response. 

Cytokines involved in the activation of Thl lymphocytes 
can be used clinically as a form of immunotherapy to 
increase anti-mycobacterial activity through activation of 
DCs, AMs and T lymphocytes. In this regard, the use of 
recombinant cytokines s11ch as IFN-y [37] or aerosolized 
IY:N-u. [38], in conjunction with antibiotics, produced clini­
cal improvement in patients with TB. Using the same 
rnurine TB modcl, it was showed that gene thcrapy bascd 
on adenoviruses encoding lFN-y controlled disease progres­
sion successiuUy in mice infected with drug-sensible and 
drug-resistant strains [21]. Furthermore, vaccines based on 
recombinant viral vectors encoding mycobacterial antigens 
[3LJ] or vaccines based on recombinant BCG [40,41] have 
shown effectiveness in experimental modds of TR, and have 
also demonstrated that tbe respiratory mucosal route of 
administration ís the hest \vay to induce an effi.cient protecw 
tive immune response against res~iratory infections. This is 
greatly augmented. when Glv1WCSF is used as adjuvant [42], 
reaching improved protection against disseminated infec­
tion associated \vith expansion and activation of APCs 
f 40,41]. Moreover, it has been shO\vn recently that recom­
hinant BCG cxpressing GlVl-CSf is highly efficient in prew 
venting TB in a mouse mude] [41], inducing a similar 
cytokine response that we observed v,rhen AdGi'vl-CSF was 
administered 1 day before infection. In fact, administration 
of G.tvf WCSF, or inducing its expression, has been use fui in 
thc trcannent against othcr pulmonary infcctions such as 
'lspergillosis [ 43], Chlomydia trachonuÚi;; [44] and pneumo­
coccal pneumonia [ 451. Moreover, lhe delivery of recom­
bin;.tnt human GJ\·1-CSF hy inhalaticrn was sbov-,rn to be 
benei1cial in thc trealment of alveolar proteinosis and it \vas 
well tolerated in healthy subjects [ 46]. Ho·wever, there are 
no a\'ailable data about thcir prophylactic use to augment 
anti-micobacterial host defencc for mainly immunodefi­
cícnt patient.s. In linc with this, one disadvantage i.s tbat 
recombinant cytokines are extremely expensive and have a 
short in-vivu half-life. Thus, as shown in om current study, 
the use of only one dose of adenoviruses encoding GM-CSF 
could have a potential benefit during early Mtb infection. 

Both adenoviral vectors AdGMWCSF and Addl70-3 have 
heen >veU characterized; they are exprcssed tcmporarily in 
the lung (for 12-14 days) [47] and essentially infect the res­
piratory epithe!ium resulting in detectable Gtv1-CSP in the 
lung until the third week poshuhninistration, without evi­
dwce of serum increments, when administered in healthy 
micc. This transicnt cxprcssion is importan!, considering 
that transgenic mice that over-express GM-CSF showed 
m,Krophage accumulation, blindness and severe damage to 
various tissues [481; these mice also exhibited a signi:ficant 
increment of many cytokine.s and inllammatory mediatnrs, 

and failed to focus T cells and macrophages into sites of 
Mtb infection [31], suggesting that bigh and permanent 
expression of GM -CSF leads to defects in cytokine and 
chemokine regulation. Therefore, excess of GM-CSF does 
not induce an overly Thl response, and very fine control of 
this cytokine is needed to fight infections. VVith regard to 
Addl70w3, they did not induce detectable levels of GMWCSF 
and did not cause significan! viral-mediated inflammation 
[,¡?). 

Our experimental results suggest that the immunostimu­
latory effcct of GM-CSF promntcs not only protcctinn 
against primary TB, but also prevention of LTB reactivation. 
Compared with mice treated with Addl70-3, a single dose of 
AdGM-CSF was able to prevent reactivation after immuno­
suppression induced by the administration of corticoster­
one in mice, with chronic infcction similar to latent 
infection. These preclinical results offer an alternative for 
future immunotherapeutic trials in high-risk individuals 
preventing reactivation of LTB, such as patients with rhcu­
matological diseases treated with anti-TNFwa therapy [ 49], 
or HJV/AIDS patients who can dcvelop TB after primary 
infection or after LTB reactivation. However, this therapeu­
tic approach in HIV infection should be taken with sorne 
caution, considering that sorne studies have sbmv·n an 
increase of viral replication in HIVwinfected patients dueto 
higber immune cell activation induced by Gl'vf WCSF [50], 
while others report beneficia! therapeutic effects induced by 
this cytokine [51]. 

Another clínica! scenario for the potential application of 
gene therapy codifying cytokine:-> such as GM-CSF ¡,_ to 
prevent infection in the healthy contacts of TE patients. 
The World Health Organizatinl} (VVHO) recommends thc 
screening of household wntacts from a TB source case to 
identify infected individuals, principally children under 6 
years of age, in order to supply prompt treatment to ill indi~ 
viduals and provide preventive chemotherapy to subjects 
·who do not develop the disease [ l]. The only current alter­
native to BCG vaccination for preventing TB is chcmo­
prophylaxis, particularly with INH administered for at least 
6 months. However, a systematic review of TB prophylaxis 
in HTV-infected adults showed that TNH reduced the inci­
dence of TB in those subjects with positive DTH, but ;vas 
ineffective in those with negativc DTH, suggcsting that chc­
moprophylaxis does not prevent primal)' infection [7]. Our 
current results in the BALB/c mouse model of transmissi­
bility confirm this suggestion, particularly in animals 
co-housed with mice infected with the highly virulent 
Beijing strain, as contact mice tbat were treated v·-lith JNH 
chemoprophylaxis did not show any statistically significant 
difference in DTH compared with the Addl70w3 control 
group, confirming that INH did not prevent primary infecw 
tion, although it inhibited the growth and viability of Mtb 
efiiciently. In contrast, administration of AdGM-CSF was 
more efficient in preventing transmission, as suggested by 
the lower DTH without detectable CFU exhihited by treated 
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contact mice. These results are in agreement with clinical 
trials whích have shown that admínistration of INH as chc­
moprophylaxis in children living in a TB-endemic zone did 
not reduce the risk of infection, illness or death due to TB 
[52]. However, JNH has shown effectiveness in preventing 
active TE in individuals who have had contact with TB 
patients [53]. Considering the increased prevalen ce of MDR 
and XDR strains, our results, using tbe murine transmissi­
bility model, suggest that gene-based immunutherapeutics 
using adenovimses encoding GM-CSF could be useful to 
prevent infection in close contacts of TE patients. In addi­
tion, chemoprophylaxis with INH takes 6-9 months and is 
potentially hepatotoxic; substitution by only one adminis­
tration of AdGM-CSF without toxic effects could have sig­
nifican[ implications in the control ofthe transmissibility of 
this disease. 

In ccmclusion, GM-CSF is a significant cytokine in the 
immune protection against Mtb. Gene tberapy based on 
adenoviruses encoding GM-CSF increased protective 
immunity when administered in a single dose 1 day before 
]'vith ínfection in BALB/c mice, after recombínant adenovi­
nJses infected the airways epithelium and macrophages 
increased production of Gl\il-CSF, which induced rapid and 
efficient activation of DCs that enhanced thc production of 
IF:K'-y, TNF-a and il.'\OS, permitting the efficient control of 
bacilli grovvth. The same treatment was effective in prevent­
ing LTE reactivation and transmission. VVhether adminis­
tration of AdGM-CSF during late progressive disease could 
also be benefícial in drug-susceptible and drug-resistant 
disease is currently under investigation in our laboratory. 
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Alveolar macrophages (AM) and dendritic celJs (DCs) are the main antigen presenting ce lis (APCs) in the 
respiratorytract. Whereas macrophages have been extensivelystudied in tuberculosis. in siru interanion~ 
ofDC with Mycobacterium tuberculosis (Mtb) are poorly explored. We aimed to characterize lung '\PC 
during pulmonary tuberculosis in Balb/C m ice infected wirh Mtb H37Rv. 

Keywords: 
Alveolar macrophages 
Dendritic ce lis 
In vivo 
Tuberculosis 

Mtb-infecrion via the airways induced a delayed and conrinuous accumulation ofDCs and AM ir1 rhc 
lungs. While lung DCs increased after day 3 post-infection. macrophages increased after 2-3WI'Cks. 
Although both populations accumulated in lungs during the infection. DCs decreased _in the late s1 ,l):';es. 
lnfection induced differential expression of co-stimularory molecules in these lung APCs. decreasrng to 
basal levels in both APCs in the late stages. A remarkable segregation was found regarding bacillar:,' 
burden. Many macrophages contained numerous bacil!i, but OC conrained scarce mycobacteria or rwne. 
Mtb-infection al so induced delayed accumulation of OC in draining lymph nades. This delayed rerruit­
mentwas not associated with a lack oflL-12p40. which was detected from day 3 post-infecrion. Although 
AM and lung DCs behave differently during pulmonary tuberculosis, Mtb apparently manipula tes hoth 
!ung APCs subverting early protective responses resulting in disease progression. 

nntrodu.ction 

DCs. the most potent antigen presenting cells, are the only 
APCs able to stimulate nai've T lymphocytes and are involved in 
both tolerance and immunity (Steinman and eohn 1973: Steinman 
and Banchereau 2007). However, their interactions with microbial 
pathogens of human relevance are poorly understood, especially 
in vivo. Mycobacterium tuberculosis, one of tbe most fearsome 
infectious agents worldwide, is able to survive and growinside non­
activated macrophages causing pulmonary tuberculosis (Leemans 
et al. 2005. 2001 ). Des are present throughout the respiratory 
traer and play important roles in the regulation of local immune 
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responses to inhaled antigens (Hammad and Lambrecht 20081. but 
their potential role and interactions with Mycobacterium b<Killi 
still are not well elucidated. AM and Des are the main APC of 
the respiratory traer. but it has been observed that AM express 
limited APC activity, and in sorne circumstances they can ~up­
press T cell activation (Lambrecht 2006: Bilyk and Holr 1'103: 
Holt et a!. 1988). In vitro studies have shown that both DCs 
and macrophages can internalize Mycobacteria, but bacilli grow 
more easily in macrophages than in DCs (Bodnar et aL 2001: 
Tailleux et al. 2003). Furthermore. these APes responded with 
a differential cytokine production since DCs produced mdinly 
IL-12, while macrophages produced IL-10 (Bodnar et al. 7íl01: 
Mohagheghpour et al. 2000; Giacomini et aL 2001 ). Mycohac­
terium bovis has often been used in vivo for systemic infenion 
to srudy the functions of DCs Uiao et aL 2001; Lagranderie 1·t ctl. 
2003). However. to date there is scarce research in animal models 
using virulent Mtb infection via the respiratory traer to evctlu­
ate the poten tia\ role of pulmonary Des during tuberculosis. We 
therefore aimed to characterize the behavior in situ of \ung DCs 
compared to AM during the course of experimental pulmonary 
tuberculosis. 
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Materials and methods 

Experimental model of pulmonary tuberculosis 

The experimental model of pulmonary tuberculosis has been 
previously described in detail (Hernandez-Pando et aL 1995, 
199il). Briefly, male Balb/C mice 6- to 8-week old were intratra­
che<'llly injected with 2.5 x 105 viable M. tuberculosis H37Rv. Control 
m ice were inoculated only with sterile saline. Experiments were 
performed in P3 biosecurity facilities in accordance with the insti­
tutional guidelines for animal care and experimentation. Three 
separa te experiments were performed, and at Jeast 3 mice were 
samficed at each selected time point. In sorne experiments mice 
were intratracheally inocu!ated with heat-inactivated Mtb H37RV 
or w1rh soluble mycobacterial antigens (1 tubercu!in unir ofPPD). 

Ce I/ .\uspensions of lungs and draining lymph nodes 

U pon sacrificing the animals. the respiratory tractwas surgically 
exposed and mediastinal lymph nades (MLN) were careful!y dis­
se"Cted and collected for digestion in RPMI 1640with 5% offetal calf 
serum (lnvitrogen. USA), 1 mgjml collagenase type 2-(Worthington 
Biocllemical Corporation, USA), and 2 U/mi of DNase 1 (Invitrogen, 
USA:i for 30m in at 37 C. To re m ove AM from lungs, bronchoalveo­
lar 1.-wage (BAL) was performed with 5 x 1 mi of PES. Then, lungs 
werr perfused via the right ventricular cavity of the heart with 
1 O mi of sreri!e PBS to remove peripheral blood ce lis from lung 
vasculature. Lungs were carefully removed and cut in small pieces 
which were digested for 1 h at 37'"C as described above. Tissues 
were homogenized and cell suspensions were passed through cell 
strainers. Single cell suspensions were subjected to red blood cell 
lysis and viability was determined by trypan blue exclusion. 

F/ow cytometry analysis 

Cell suspensions from lungs. MLN and BAL were analyzed by 
flow cytometry. Antibodies used were: anti-CD11c-APC (Arme­
nian hamster IgG, clone HL3, BD Biosciences), anti-1-A/I-E FITC 
~Rat lgG2a. clone 2G9, BD Biosciences), anti-CD40-biotinylated (Rat 
lgG~,1 • clone 3/23, BD Biosciences), anti-CD80-PE (Hamster lgG, 
clone 16-1 OAI, BD Biosciences), anti-CD86-PE (Rat lgG2a· clone 
GL1 BO Biosciences) and anti-DEC205 (Rat lgG2a. clone NLDC145, 
kinclly donated by Ralph Steinman, NY, USA). Cells were incubated 
with antibodies for 30m in at 4 ''C in the dark, and then washed 
thret' times. In the case ofbiotinylated antibodies, incubation with 
streptavidin-PE or Cy-Chrome followed for 15m in at 4 -·c. Finally, 
cell:; were washed and fixed with 1% paraformaldehyde andana­
lyzed in a BD FACScalibur. In addition of removal of BAL cells, FL-3 
channel was always used to exclude auto-fluorescent cells in lung 
parenchyma cell suspensions. 

lmmunohisrochemistry 

Lungs were perfused and fixed with absolute ethanol and 
embedded in paraffin. Lung sections of S ¡.t.m thickness were 
mounted on slides and deparaffinized. Antigen retrieval was 
achif'ved with citrate buffer (Dako, USA) in a pressure cooker for 
S m in. Endogenous peroxidase was blocked with 6% of H20 2 in 
PBS for 15 min. Lung sections were incubated with the primary 
antibody (rat anti-human IL-12 p40. Santa Cruz Biotechnology, 
USA) overnight at room temperature. A secondary biotinylated 
antibody was used to detect the primary bound antibody, fol­
lowe"cl by HRP-conjugated streptavidin. Enzyme-linked antibody 
was revealed with 3,3'-diaminobenzidine/H20 2 for 10-15min at 
room temperature. As a final point, tissue sections were stained 
with Ziehl-Neelsen and counterstained with hematoxylin. Frozen 

sections of MLN and lung tissue were used to evaluare DEC205+ 
and CD11 e+ cells. Positive ce lis were counted in at least 1 O fields. 
and the percentages ofpositive cells were calculated relative to the 
total nurnber of cells per field. 

lmmunolabeling of ce lis in cytospin preparations 

Lung cell suspensions from control and Mtb-infected m ice were 
subjected to metrizamide gradients to enrich lung APC. Enriched 
cells were fixed with paraforma!dehyde (to inactivate the bacilli), 
and then spun onto slides. Cytospin preparations were used for 
immunolabeling of MHC-Clf molecules (I-A/1-E). Ziehi-Neelsen 
staining was subsequently performed to reveal the bacilli. 

Statistical analysis 

Differences between mean values were analyzed for statisti­
cal significance with GraphPad Prism Software (version 4.0). using 
unpaired ttests. Pvalues less than 0.01 were considered statistically 
significan! ('"P< 0.01; up< 0.001: '"*'P< 0.0001 ). 

Results 

Alveolar macrophages in tuberculosis 

AM expressed CD11 e and were highly auto-fluorescent (Fig. 1 A). 
During the firstweeks ofpulmonary tuberculosis. there was a slight 
decrease in the absolute number of AM, but they increased after 
21 days, reaching their maximum in the late stage (Fig. 1 B). In ani­
mals inoculated with either dead Mtb H37Rv or PPD, there were no 
overt changes in AM, except for a decrease seen only at day 1 with 
dead Mtb and PPD (Fig. 1 B and C). The proportion of AM decreased 
during the course ofpulmonary tuberculosis (Fig. 1C). suggesting 
that other popu!ations might be recruited to the alveolar spaces 
during infection. 

In Mtb-infected mice the activation state of AM was modified 
progressively (Fig. 2). CD40 expression increased late around day 
28 while CD80 increased frorn day 1, reaching its maximum at 
da y 3, and was maintained for at least 3 weeks. CD86 was poorly 
expressed in AM from control m ice and started to be up-regulated 
in infected mice at day 3. Significan! expression was observed after 
1 month of infection. In the late phase of pulmonary tuberculosis 
the expression of these three markers decreased. CD40 fell te near 
basal leve!, while COSO was even lower than the baseline. 

Lung DCs dun·ng pulmonary tuberculosis 

Characterization oflung DCs was first performed in healthy non­
infected m ice. Single cell suspensions of lung tissue were labeled 
for MHC-CII and CD11c. There were two populations regarding 
MHC-CII expression, CD11c+ /MCH-cn-/low and CD11 c+/MHC­
CII11igh. region R2 and R3, respectively (Fig. 3A). Trying to get 
a better discrimination between these two subsets, mice were 
treated intraperitoneally with FLT3-L, a factor known to selec­
tively increase the number of O Cs. After 9 days of treatment, 
CD11 e+ /MHC-Cnhigh ce lis increased in lung tissue and MLN, around 
sevenfold compared with control mice (Fig. 3B). In contrast, the 
lung CD11c+jMHC-Cn-/1ow subset did not change significantly 
under this treatrnent. Furthermore, when AM were excluded either 
by using FL-3 channel for auto-fluorescent cells or by removing 
BAL ce lis, only region R2 was affected (Fig. 3A). Altogether the data 
indicare that R2 corresponds to lung monocytejmacrophages (and 
perhaps sorne very immature DCs), whereas R3 most likely corre­
sponds to lung DCs. We thus used these settings and this approach 
for the subsequent analyses of lung OC populations during the 
infection. 

Please cite thls; artjcle in press'as::Garda-Romo, G5., et-aCM.YcobÍlcteri~nl-tiÍ11'ércu1óSiS manipulateS-:Pulinonary APC:s subvertin'g_early-immune 
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region ofmacrophages. based on their size and complexity (Rl). showing auto-fluorescence in the FL-3 channel compared with the rest ofthe cells. Sin ce auto-tluore~c','llC'C' 
was not detected in the FL-4 channel, this was rhen used to assess the expression of CDllc in these cells (right histograms). (B and C) CD11 c+/Auto-flourescem AM werr 
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During pulmonary tuberculosis the number and proportion 
of lung DCs changed dramatically increasing from day 3 post­
infection, doubling their basal number by day 7, reaching the 
highest level at day 21. lnterestingly, in the late infection DCs 
decreased notably (Fig. 3C and D). We compared the numbers of 
Jung OC from mice inoculated either with intact live Mtb H37Rv, 
dead Mtb or PPD. Upon inoculating dead Mtb the number of DCs 
decreased slightly at da y 1. returned to basallevels at da y 3, while 
with PPD there was a significan! increase between days 1 and 3, 
and then cel\s returned la ter to normal Jevels. Thus, compared to 
the other conditions, only live Mtb was able to induce a de'Jayed 
accumulation ofDCs in the lungs until day 28. 

lncreased expression of C040, COSO and CD86 was observed 
in lung OCs during pulmonaJY tuberculosis. C040 started to 
increase as early as day 3 post-infection and was maintained 
throughout the infection (Fig. 4). COSO and CD86 increased 

la ter by day 14, but after 2 months of infection they were 
down-regulated. 

Mtb infection up-regulates DEC-205 expression in lungAPCs 

The macrophage mannose receptor (MMR) is apparently 
involved in interactions with virulent strains of Mtb (Schlesinger 
1993 ). We wanted to knowwhether expression of0EC205. a C-rype 
lectin evolutionarily related to MMR, changes during pulmonary 
tuberculosis. We thus analyzed the expression of OEC205 in lung 
sections from non-infected and Mtb-infected mice.ln normallung 
tissue DEC205+ cells were observed in the alveolar spaces cmd in the 
interstitial alveolar wa!ls (Fig. SA). DEC205+ ce!ls clearly increc1secl 
during Mtb infection. In fact. OEC2os+ cells were present wirhin 
granulomas in tuberculous lesions (Fig. SB), and also in the pneu­
monic areas (Fig. SC). A remarkable 60.9±10.9%-ofOEC205+ cells 
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was positive for the bacilli by Ziehl-Neelsen staining and contained 
4.4±2.6 bacilli per cell. Expression of DEC205 on lung DCs was 
analyzed by flow cytometry. They expressed DEC205 throughout 
the infection (Fig. SE). However expression decreased in advanced 

infection in accordance with the lower number of these cells in rhe 
late phase (Fig. 3). These data suggest that DEC205+ cells observed 
in pneumonic areas in the cbronic stage might correspond mainly 
to lung macrophages. 
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DEC205 on lung CD11 e+ DCs was analyzed by flow cytometry in cell suspensions, excluding BAL and auto-fluorescent celis. (F-H) Lung APCs were enriched by metri7-'fl11(k 
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on the right illustrates the intracellular bacilli while the one on the left illustrates the morphology of the same cells. (G) Shows the percentages of Mtb+ ce lis and ( H, thte 
number ofbacilli per cell. 

Lung DCs and AM exhibit a differential interaction with Mtb 
in vivo 

Previously, we reported that CD14+ cells in the lungs of 
Mtb-infected mice had the higher burden on intracellular bacilli 
(Pedroza-Gonzalez et aL 2004). To extend this analysis, the inter­
action of Mtb bacilli with lung APCs in vivo was evaluated by 
immunolabeling MHC-Cll molecules and Ziehi-Neelsen staining 
using cytospin preparations of enriched lung APCs. Lung DCs and 
macrophages were distinguished both by the morphology and by 
the relative expression of MHC-Cll (Fig. SF). Intracellular bacilli 
were quantified at day 28. when they are more abundantly found 
in lung tissue in this experimental model (Lopez et al. 2003). Over 
70% of macrophages were positive for the bacilli. They contained 
an average of 8 bacilli per ce\\, with a broad range frorn 1 to 30 
(Fig. SG-H). Jnterestingly, the ce\Js with the highest number of 
intracellular bacilli showed numerous cytoplasmic vacuoles cor­
responding to the so-ca\Jed foamy macrophages. In contrast, only 
37% of lt,;ng DCs were Ziehi-Neelsen positive, with an average of2 
bacilli per ce\1. anda much narrower range, from 1 to 7. 

Delayed anive of DCs to MLN was obsenred during MTb infection 

We quantified the DCs in the MLN which drain the respi­
ratory tract. and found a delayed accurnulation of DCs in mice 

infected with live Mtb in comparison with mice inoculated with 
PPD (Fig. 6A). PPD induced an increase ofDCs in MLN at early rime 
points post-inoculation (from days 1 to 7), while in Mtb-infectecl 
mi ce DCs numbers started to have a very slight increase betV\'een 
days 3 and 7, and the maxirnum number was observed at day 21. 
At this time point the presence of CD11c+ ce lis bearing Mtb b,1cilll 
was observed in MLN (Supplementary Fig. 1 ). Similarly to the lung. 
the nurnber ofDCs in MLN decreased nearly to basallevels in the 
advanced stage of the disease ( day 70). 

IL-12p40 is actively produced by injected lung APCs 

JL-12 has been shown to be critica! in tuberculosis (Nolt ancl 
Flynn 2004: Flynn et al. 1995: Cooper et al. 1997), and 1L-12p40 
seems to be involved in the migration oflung DCs to MLN, requ1recl 
for the activation of nai"ve T cells (Khader et al. 2006: Wolf l'f al. 
2008). For these reasons we were interested in determining the 
in situ production of IL-12p40 during the course of pulmonary 
tuberculosis. JL-12p40 was detected from da y 3 post-infection a ncl 
increased throughout the infection (Fig. 6B). Immunohistochcm­
istry analysis oflung sections from control and Mtb-infected m ice 
showed that JL-12p40 was clearly detected only in Mtb-infecred 
mice (Supplementary Fig. 2A and B). IL-12p40+ cells wúe lncal­
ized in a rather concentric way inside the tuberculous lesions. ctncl 
in the first days of infection they were localized mainly in tl1e 
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·.,v,1s qu,mtified by counting at least five differenr fields for each slide. 

c<lwolar spaces (Supplementary Fig. 2C and D). To determine 
wherl1er Mtb bacilli were associated with the production of !L-
12p40 we stained !L-12p40 togetherwith Ziehl-Neelsen and found 
1 h.:n the majority ofthe cells expressing IL-12p40 were al so positive 
r-or J\iltb bacilli (Supplementa1y Fig. 2C). 

Discussion 

When BALB/c mice are infecred intratracheally with a high 
dos(· ofvirulent Mtb H37Rv, an initial phase is dorninated by high 
procluction of Th1 cytokines that. together with high levels of 
runwr necrosis factor (TNF) and inducible nitric oxide synthase 
,-¡NOS), temporally control the infection (Hernandez-Pando et al. 

99 7, 2001 ). One rnonth after infection the expression of Th-1 
cyrokines, TNF and iNOS start to decline. Gradually, pneumonic 
<1reas prevail over granulomas. Pneumonia in co-existence with 
;¡ high burden of bacteria causes death. In the present study we 
extended the immunological characterization of this model by 
sruclying the kinetics and in siru localization of rnacrophages and 
clendritic cells in the lung and MLN. Our results showed that AM 
wert' rapidly infected by Mtb and their number increased drarnat­
tcally in the advanced phase, when the bacillary burden is high. 
AM up-regulated the expression of co-stimulatory molecules dur­
rng t he first month of infection, while in the late stage, when 
they were heavily infected, a down-regulation of these molecules 
was observed. Interestingly, many macrophages collected dur­
rng late infection showed numerous cytoplasmic vacuo les (foamy 
macrophages), which are predominant in the pneumonic areas 

1: Peclroza-Gonzalez er al. 2004; Hernandez-Pando et al. 1997). 
Besides their high content of cytoplasmic bacilli, these foarny 
macrophages show little immunostaining for TNF or iNOS, but 
~trong rransforrning growth factor beta (TGF~) immunoreactivity 
1_Hemandez-Pando et al. 2001 ). Thus, the low expression of CD40 
and CD86 rnolecules by AM during late infection, plus their abilityto 
produce immunosuppressive cytokines could porentially hamper 
an etTective protective response. They might induce local anergy 
ro bacillary antigens by presenting these antigens without an ade­
quare co-stimulátory function (Gimmi et al. 1993). 

111 pulrnonary Mtb-infection we found a delayed accumulation 
of lung DCs in comparison with mice inoculated with PPD. Early 
DCs recruitment has been observed in other infections through 
rile ,rrrways (Lagranderie et al. 2003; jakubzick et al. 2006; McGill 
,,, <1i. 2008; Muralimohan et al. 2008) and also with BCG infec­
tion (Lagranderie et al. 2003; Reljic et al. 2005). This delayed DCs 
accumulation in the lungs could be an Mtb evasion/pathogenic 
mechanism to avoid the early generatlon of protective responses, 
by clelaying the early expansion oftruly effector T cells.ln this con­
rext, ít has been shown that Mtb-infected DCs had low capacity to 

present mycobacterial antigens and stimulate Mtb-specific CD4+ 
T cells in vivo (Wolf et aL 2008; Balboa et aL 2010). Furtherrnore, 
Mtb-irífection induced the production of severa! cytokines like IL-
10 which can decrease DC trafficking to draining lymph nodes 
(Demangel et al. 2005). We have found a similardelay in the recruit­
ment of DCs into MLN during pulmonary infection with virulent 
Mtb. Delayed recruitment of DCs was not associated with a miss­
production of IL-12p40, which has been reported to be involved 
with the migration of lung DCs ro the MLN (Khader et aL 2006; 
Robinson et al. 2008). Thus, perhaps the accumulation of DCs in 
the infected lungs could account at least partially for the delayed 
arrival ofthese ce lis in the MLN. In accordance with our results there 
are reports showing that the onset of immune response in tuber­
culosis is delayed and depends of the arrival of the antigen to the 
draining lymph nodes (Wolf et al. 2008; Garcia-Rorno et al. 2004; 
Humphreys et al. 2006; Bhatt eral. 2004). Furthermore, the delay 
of Mtb-specific T cell response Jed to impaired control of bacillary 
replication (Wolf et aL 2007; Tian et al. 2005). 

In the advanced phase of Mtb-infection the number of lung 
DCs decreased importantly and their activation status was down­
regulated. Severa! cytokines produced during Mtb-infection can 
modulare the differentiation ofDCs. These cytokines can induce the 
preferential development of macrophages instead of DCs {Balboa 
et al. 201 0; Fortsch et al. 2000; Mariotti et aL 2002, 2004; Hanekom 
et al. 2003), favoring Mtb survival and dissemination. Thus iris pos­
sible that this might be happening in the lung tissue infected by 
Mtb. Of note, we observed an important de crease in lung DCs, but 
not of AM in the late stage ofMtb-infection. Furthermore. lung DCs 
from Mtb-infected mice contained intracellular Mtb bacilli, but in 
much smaller numbers than AM. Thus, we hypothesize that one 
of the mechanisms that Mtb might use to progress is by induc­
ing the differentiation ofmacrophages in preference to DCs in lung 
tissue during active infection, promoting an uncontrolled bacillary 
growth in non-activated macrophages which. eventually resulrs in 
progressive tissue damage, respiratory insufficiency and death. 

AM and lung DCs behave differently during pulmonary tuber­
culosis. This seems In accordance with the long held assumption 
that AM are focused in controlling the bacteria] growth, while 
DCs initiate and regulate the response against the infection by 
transporting and presenting rnycobacterial antigens to Jympho­
cytes in the MLN. These crucial functions can be subjected to 
alterationsjmanipulations by virulent Mtb to induce disease pro­
gr:ession. 
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Extrapulmonary Locations of Mycobacterium 
tuberculosis DNA During Latent Infection 
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Background. One-third of the world's population has latent infection vvith Mycobacterium tuberculosis, and 
10%-15% of cases of reactivation occur at extrapulmonary sites \v:ithout active pulmonary tuberculosis. 

Methods. To establish the frequency and location of mycobacterial DNA, organ specimens from 49 individu­
als ,.,rho died from causes other than tuberculosis were studied by means of polymerase chain reaction (PCR), 
PCR plus DNA hybridization, in situ PCR, real-time PCR, and spoligotyping. 

Results. Lung specimens from most subjects (36) \lrere positive for NI. tuberculosis, as were specimens from 
the spleen (from 35 subjects), kidney (from 34), and liver (from 33). By in situ PCR, mycobacterial DNA was 
found in endothelium, pneumocytes, and macrophages from the lung and in Bowman's parietal cells and convo­
luted proximal tubules from the kidney. In spleen, macrophages and sinusoidal endothelial cells were positive, 
whereas in liver, Kupffer cells and sinusoidal endothelium were commonly positive. Spoligotyping of 54 pulmo­
nary and extrapulmonary positive tissues from 30 subjects showed 43 different genotypes, including 36 orphan 
types. To confirm the viability of mycobacteria, 10 positive tissue samples were selected for isolation of mycobac­
te:rial RNA. All samples shov,red 16S ribosomal RNA expression, while 8 and 4 samples showed expression ofthe 
latent infection genes encoding isocitrate lyase and a-crystallin, respectively. 

Condusions. lvJ.. tuberculosis persists in several sites and cell types that might constitute reservoirs that can 
reactivare infection, producing extrapulmonary tuberculosis without lung involvement. 

Aiycobacterium tuberculosis (Mtb) can produce pro­

gressive disease or latent infection [ 1]. In areas of high 

endemicity, infection :first occurs in childhood and in 

most cases is controlled. Only 10% of these primary 

infections lead to progressive disease [l, 2]. However, 

some bacilli remain in tissues in a nonreplicating 

dormant or slowly replicating stage for the rest of the 

individual's life. This latent form of tuberculosis (TB) 

is clinically asymptomatic. In couri.tries ·with low or 

moderate endemicity, most active TB cases arise as a 

result of reactivation of latent bacilli [1, 2]. It is 
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estimated that one-third of the world's population 

carries latent Mtb, and millions of cases of reactivated 

TB are predicted in the coming years [3, 4]. 

One important point is the location of the bacilli 

dming latent infection [ 1]. It has been assumed that 

latent bacilli are located in old fibrotic pulmona:ry 

granulomas, where the low nutrient supply and 

hypoxic microenvironment induce the low-level me­

tabolism characteristic of latent bacilli [1]. However, 

we have detected mycobacterial DNA by conventional 

and in situ polymerase chain reaction (PCR) anaJysis 

in histologically normal lung tissue specimens from 

humans and mice during latent infection [5, 6]. This 

suggests that latent mycobacteria can reside not only 
in macrophages from old granulomas, but aiso in non­

professional phagocytic cells from superfi.cially nonnal 

tissue. However, recent results have shmvn mycobacte­

rial DNA in apparently histologicaJly norma] adipose 
tissue from nontuberculous persons living in countries 

where TB is endemic (eg, Mexico) or nonendemic 

Extrapulmonary Mycobacteria! D0-'A in Lalent Tnfection o JID ., i 



í ~'ti,, France), as >vell as in adipose tissue from mice with latent 

11fection [7}. This is important because approximately 15% of 
.. -1ses of reactivation occur at extrapulmonary si tes (ie, liver, 

,pine, kidney, spleen, and brain) without active pulmonary TB 

':, 9]. These findings suggest extrapulmonary reactivation 

1·,1ther than reactivation from pulmonary' sites and subsequent 

migration of bacilli to other si tes. The aims of this study were 

lP determine whether Mtb DNA and RNA are present in ex~ 
'tclpulmonary tissue specimens (from the liver, kidney, and 

'.pleen) from individuals who had no histopathologic findings 

-,pecific for TB and died from causes other than TB and, if 
.\Jtb DNA and RNA are present, to identíf)r their cellular loca­

,'ions. \Vt> confirmed our findings for humans in a murine 

;11odd of chronic infection that is similar to latent infection. 

METHODS 

Human Samples 

1-urty-nine subjects 'Nho died from causes other than TB were 

.. ncluded. The necropsy and tissue samples were coUected at 

:he Department of Pathology of the General Hospital of 

,\lexico. Sex, age, and causes of death are presented in Table l. 

>:;ubjects with human inmmnode:ficiency virus infection or im~ 

munosuppressive treatment were excluded. Tissue samples 

\,·ere obtained during legally authorized autopsies "llvith signed 
f~érmissíon by a relative, who agreed to the donation of addi~ 

lÍcJnal sample~ for the present study. The Ethics Committee of 

Ll1e General Hospital of México approved the study (code DI/ 

11/310/03/083). 

Bet\\-'een 4 and 6 hours after death, tissue samples were ob~ 

L,lined from the lung, liver, spleen, and kidney. Samples were 

:aken from random sites of aU organs except Jungs, in ívhich 

~<ltnples were obtained from the base and apex. Samples were 

t ,1ken using sterile technique (ie, new scalpel blades, sterile 

~lothes, anda flame) and divided into 2 fragments. One frag­

ment \Vas frozen in liquid nitrogen for DNA and RNA extrac­

t i~m and culture of Mtb in :tvJiddlebrook 7H9 broth (Difco 

ikcton Dickinson, Sparks, MD), while the other fragment was 

!lxed in 10% fonnaldehyde for histological analysis, acid-fast 

\laining, and mycobacterial DNA detection by in situ PCR. 

Detection of Mycobacterial DNA by Conventional 
and In Situ PCR 

\ fragment of each frozen sample was homogenized in a 
mini-bead beater (Biospec Products, Bartlesville, OK). DNA 

~~·as extracted by the phenol-chloroform-isoamyl alcohol 

method [10]. Strict procedures and controls were followed to 

d\'oid cross-contamination between samples during DNA ex­

trJ.ction. To detect mycobacterial DNA, conventional PCR for 

the specific insertion sequence 156110 was carried out as pre­

., iuusly described [11]. Considering that >90% of newborn 

1nfants in Mexico receive BCG vaccine, it was important to 

e JID e Banios~ Payán et al 

confirm that mycobacteríal nucleic acids in positive samples 
were not deríved from l'v1ycobacteriwn bovis. V·/ e used conven~ 

tional PCR to amplify the oxyR gene, highly specific for 1\-1. bovis, 
using primers )B21 (5'-TCGTCCGCTGATGCAAGTGC-3') 

and )B22 (5'-CGTCCGCTGACCTCAAGAAG-3') [12]. We 

used DNA from Mtb H37Rv and J\1. bovis BCG Danish l33l 

as positive controls and DNA from Horno sapiens and Esclu:r~ 

ichia coli as negative controls. In negatíve samples, PCRs were 

carried out twice to confinn the result. 

To increase the sensitivity of IS6110 detection, DNA hy­

bridization was applied to aJl negative or weakly positive 

samples. In brief, Hybond N+ membrane was sensitized v.i.th 

denatured IS6110-PCR product from each necropsy, incubated 

for 2 hours with blocking reagent (Roche Applied Science, ln­

dianapolis, IN), and incubated overnight with the IS6110~Biot 

probe. The membrane was washed with 2 x SSPE/0.5% sodium 

dodecyl sulfate and incubated vvith streptavidin-HRPO (Invi­

trogen, Camarillo, CA). Probe detection was performed with 

Immobilon VVestern Chemiluminescent HRP substrate (Milli­

pore, Billerica, MA). The 1561 10-Biot pro be was made using 

the INS-1 primer 5'-CCTGCGAGCGTAGGCG TCGG-3' 

labeled >vith biotin at the 5' end, using as controls the DNA 

from H. sapiens, E. coli, and Haemophilus influenzae. 
For in situ PCR detection of mycobacterial DNA, S~Jlm sec~ 

tions from each paraffin block were examined, follm-•.:ing the 

protocol previously described [5-7]. Lung sections from 1 TB 

case were used as positive control, and lung sections from a 

noninfected mouse were used as a negative control. 

Spoligotyping 

To determine whether the detected mycobacterial DNA was 

related to a particular genotype, as well as whether > 1 geno­

type was in each necropsy specimen, spoligotyping was carried 

out for every positive sample, according to the manufacturer's 

recommendations (Ocimum Biosolution, Hyderabad, India). 

In all experiments, DNA from Mtb H37Rv and lvi. bovis BCG 

was used as a positive control. The reaction mixture was pre­

pared with AmpliTaq Gold fast PCR Master Mix, (Applied Bio­

systems, Carlsbad, CA), using DRa 5' -GGTTTTGGGTCTGAC 

GAC-3' biotiny!ated at the 5' end and DRb 5'-CCGAGAGGGG 

ACGGAAAC-3' prímers and 1 ¡..tg of total D"NA as a template. 

Spoligotypes in octal code were compared \Vith the SPOLDB4.0 

database of the Pasteur Institute of Guadeloupe (available at: 

http://wvvw.pasteur-guadeloupe.fr/tb/bd_myco.html). 

Uuantification by Real-Time PCR of Mycobacterial Gene 
Expression 

To define bacterial viability in tissue samples in which wc de~ 

tected mycobacterial DNA, vve used a previously described 

technique With sorne modi:fication to determine mycobacterial 

gene expression by real-time PCR after isolation of putative 

mycobacterial RNA [13, 14]. Ten samples from different 



Tab~e 1. Detection of Mycobacterial DNA in Pulmonary and Extrapulmonary Tissues by Conventional Poiymerase Chain Reacticn 
IPCR) Plus DNA Hybridizatioo 

Subject 

2 

3 

4 

5 

6 

7 

8 

9 
10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 
21 
22 
23 
24 

25 
26 

27 

28 

29 

30 
31 

32 
33 
34 

35 
36 
37 

38 

39 
40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

S ex 

M 

F 

M 

F 

F 

M 

F 

M 

M 
F 

F 

M 

M 

M 

M 

M 

F 

F 

F 

M 

F 
F 

M 

F 

F 
F 

F 

M 
M 

M 

F 

M 

M 

F 

M 

F 
F 

F 

M 

F 

F 

M 

F 

F 

F 

F 

M 

M 

M 

Age, Years 

61 

62 

18 

52 
27 

73 

57 

55 

40 

24 

84 

22 

93 
33 
61 

60 

28 

76 
16 

35 
20 
58 
42 

70 

45 

69 

18 

35 
64 

42 

57 

89 
29 

29 
80 

29 
83 

22 

36 
70 

50 

76 

59 
14 

40 

84 

52 
45 
37 

Abb-ev;a-¡¡ons: -, neganve; +, positve. 

Cause of Death 

Emphysema 

Systemic arterial hypertension 

Kidney failure 

Sepsis 

Systemic erythematous lupus 

Kidney failure 

Systemic arterial hypertension 

Lymphoblastíc acute leukemia 

Diabetes 

Chronic kidney failure 

Systemic arterial hypertension 

Myeloblastic acute leukemia 

Systemic arterial hypertension 

Fusiform cell sarcoma 

Acute hemorrhagic pancreatitis 

Multiple myeloma 

Ovarian cancer 

Cancer 

Sepsis 

Cardiac malformation 

Systemic arterial hypertension 

Systemic arterial hypertension 

Chronic kidney failure 

Hypovolemic shock 

Lung cancer 

Malignan! glioma 

Sepsis 

Pneumonia 

Myeloblastic acute leukemia 

Kidney cancer 

Emphysema 

Hypovolemic shock 

Brain hemorrhage 

Diabetes mellitus 

Brain hemorrhage 

Breas\ cancer 

Chronic kidney failure 

Brain hemorrhage 

Breast cancer 

Heart failure 

Myocardial infarction 

Chronic kidney failure 

Sepsis 

Brain hemorrhage 

Systemic arterial hypertension 

Emphysema 

Pneumonia 

Disseminated intravascular coagulation 

Pneumonia 

Lung 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 
+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 
+ 

+ 
+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

PCR Hybridization Finding 

Spleen 

+ 

+ 

+ 

+ 

+ 

+ 
+ 
+ 

+ 

+ 
+ 

+ 

+ 

+ 

+ 
+ 

+ 

+ 
+ 

+ 

+ 
+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 
+ 

Kidney 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 
+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 
+ 

+ 

+ 
+ 
+ 

+ 

+ 

+ 

+ 

+ 
+ 

+ 
+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 
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,ubjects that shmved the strongest PCR positivity for 156110 

\\-'-Te selected. The tissue was homogenized using a Multi-Gen 
·· mm generator and centrifuged; the supernatant contained 

, ukaryotic RNA, 'vhile the pelleted material contained the 
h,Killi. To ísolate the bacterial RNA, the pellets suspended in 

1 Rizo] (Gibco BRL, Camarilla, CA) \Vere dismpted usi.ng a 

.\liní-Bead Beater-8 (Biospec Products, Bartlesville, OK) and 

/Jrconia and silica beads. After vortexing and centrifugation, 
: iK supernatant contained Mtb RNA. Bacterial RNA was iso­

Lned using 4 cydes of purification with an Rl'\Jeasy column 

()iagen, Valencia, CA), followed by DNase incubation. VVe 

u sed mycobacterial I6S ribosomal RNA (rRNA) for reference 

._,JOstitutive gene expression andas a viability marker because 

1his gene is expressed in all grovvth conditions [13]. Primers 

• •, 

. . ' 

for 16S rRNA, isocitrate lyase (icl), and a.-crystallin (acr) :my­

cobacterial genes were designed with Plimer Express sofh,'are, 

version 2.0 (Applied Biosystems, Carlsbad, CA). The nucleo­

tide sequences of the forward and reverse primers were as 
follows: for 16S rRNA, 5'-TCCCGGGCCTTGTACACA-3' 

(forward) and 5'-CCACTGGCTTCGGGTGTAA-3' (reverse); tor 
ice 5'-ACACCTACCCCGACCAGAG-3' (forward) and 5'-TG 

CAGCTCGTAGACGTTGAG-3. (reverse ); and for acr, 

5'-CGAGAAGGACGTCGACATTA-3' (forward) and 5'-CC: 

TTGTCGTAGGTGGCCTTA-3' (reverse). The quality and 

quantity of RNA were evaJuated by spectrophotometry and 

e1ectrophoresis. Complemental)-' DNA (cDNA) synthesis was 

performed using 5 ¡.tg of total fu'JA, 2 ¡.tlv1 of random primers 

(Promega, Madison, WI), 10 U/¡.tL of ribonuclease inhibitor 

• •••••• 

, • .. , , . , 
. • ·. 

. •••• 

, 

Figure 1. Detection of mycobacterial DNA in lung and liver samples by conventional polymerase chain reaction (PCR) plus DNA hybridization. To 
··uease the sensitivity of IS6110 detection. DNA hybridization was applied to all negative (box) or weakly positive samples by conventional and in situ 
\;R. Hybridization V1/as performed in duplicate, using the PCR product the number corresponds to the patient referred in Table l. Bortom, A total of 1 DO ng 
,,j 100 pg of JIJJycobacterium tuberculosis (Mtbl DNA (positive control) and 100 ng of negative controls DNA (from Hamo sapiens [H sapiens], 
scherichia coli [E. coli], and Haemophilus influenzae [H. influenzae] and water). Abbreviations: L. liver sample; Lu, IUng sample. 

1 ., JJD o Barrios-Payán el al 



(lnvitrogen, Camarilla, CA), 1 ~L of buffer RT, 0.5 mM of 

dNTP, and 4 units of Omniscript reverse transcriptase 

(Qioo.gen, Valencia, CA). A preliminary conventional PCR 

using I6S rRNA primers was carried out with an aliquot of 

cDl'A. Real-time quantitative PCR was performed >vith the 
QuantiTect SYBR Green PCR .1\-Iaster Mix (Qiagen, Valencia, 

CA). To obtain a standard curve, 4 different PCRs were per­

formed in parallel, using as a template 10-fold dilutions of 

kno\vn amounts of the Mtb H37Rv 16S rR.NA gene (108-10 2 

copies) together '\Vith the experimental sample. Reactions were 

performed in a 7500 Prism spectrofluorometric thermal cycler 

(Applied Biosystems, Carlsbad, CA). The reaction mixtures 

consisted of 0.5 [1M of target and control primers, 12.5 f.LL of 

Master Mix, and l flg of cDNA. Cycling condítions were as 

foJlo,vs; initial denaturation for 15 minutes at 95°C, followed 

by 40 cycles at 95°C for 20 seconds, at 59°C for 20 seconds, 

and at 72°C for 34 seconds. An independent real-time PCR 

assay \vas carried out in triplicate for each tissue sample in 2 

separate eA'Periments. The messenger RNA copy number ,11 

mycobacterial genes was related to l million copies of RN, \ 

encoding the 16S rRNA gene. PCR fragments amplified fron1 

acr and 16S rRNA genes from Mtb were identified by mean, 

of a genetic analyzer, ABI PRISM 310 PE (Applied Biosy~ 

tems, Carlsbad, CA). RNA from spleen tissue of infected miel 

v•.ras used as a positive control, and RNA from lung tisSLh 

from noninfected mice and lung tissue obtained during nec 

ropsy of newborn m ice were used as negative controls. 

Murine Model of latent lnfection 

To evaluate the presence of extrapulmonary Mtb in apparentll 

histologically nort11al tissues, 've used a murine model ''' 
chronic infection that is similar to latent infection [6]. Hybrh; 

Fl C57Bl/DBA mice v.rere infected intratracheally 'ivith 1 x Jrl 

live Mtb H37Rv. Groups of 5 mice were sacdficed at days 311 

90, 150, and 210 after infection. The kidney, spleen, and !in·; 

were collected, and fragments were prepared as described abo\·l 

D 

!Figure 2. Representative micrographs of the localization of mycobacterial DNA detected by in situ polymerase chain reaction. A. Kupffer cell fron 
hepatic sinusoids shows strong positivity (arrow), as well as occasional hepatocytes {asterisk). fnset liver section from normal noninfected mouse as 
negative controL 8, In spleen, endothelial cells from sinusoids {arrows) and red pulp macrophages {asterisk) are positive. C. In the kidney, stro11 
positivity is seen in the parietal cells from the glomerular capsule and in epithelial cells from the proximal convoluted tubules {arrows; D). For ,'11 
micrographs, original magnification x400. 

ExtrapulmonaJ)' i\Jycobact.:-rial DNA in Laten\ Tnfection " JJD " 



. , :r bistological analysis and I$611 O detection. Serial sections 

··\c·re stained with Ziehl-Neelsen. Another tissue fragment vvas 

1-;ed for quantification of colony-fonning units (CFUs) I6]. 

RESULTS 

Mycobacteriai DNA in Pulmonary and Extrapulmonary Tissues 

\total of43 necropsy specimens (from 19 of 23 males and 24 
.( 26 females) were positive for mycobacterial DNA (Table 1). 

\\'e considered necropsy specimens as positive when 156110 

\\'::1S detected in at least 1 tissue by conventional PCR, PCR 

p]us DNA hybridization, or in situ PCR. As expected, the lung 

,\.:\S the organ that most comrnonly yielded specimens positive 

:ur JS6110 (in 36 cases), but spleen specimens (from 35), 

ki.J.ney specimens (from 34), and liver specimens (from 33) 

\\'<:;.TC also positive (Table l). In 35 subjects (70%), we .found 

;11ycobacterial DNA in lung and e..xtrapulmonary tissues, but 

;n 7 (14%), detection was exclusively in extrapulmonary 

· :-;sues. \Vhen the result was difficult to interpret, we per­

;prmed PCR plus DNA hybridization (Figure 1). Thus, 34 of 

1 "J.] samples (3 lung specimens, l3 liver specimens, 16 spleen 

-pecimens, and 2 kidney specimens) that were negative by 

e, mventional PCR yielded positive results after hybridization. 

~u samples were positive for .l'vf. bovis. 
By use of in si tu PCR, we detected mycobacterial DNA in 

vnd.othdial cells, type II pneumocytes, and alveolar macro­

:·bages (data not shovm), which corroborates previous find­

Ings for lung tissue [5]. In kidney, positivity \Vas localized in 

lhe parietal cells of Bowman's capsule and, on occasion, in 

c-pithelial cells from convoluted proximal tubules (Figure 2). 

lr1 spleen .. JS6110 positivity was found in red pulp macrophag­

\' and sinusoidal endothelial cells, while in liver, positivity 

\1'<\S located in KuRffer cells and sinusoidal endothelium. On 

.,~·casion, hepatocytes and portal biliary duct epithelial cells 

\\t:fe also positive (Figure 2). None of these positive tissues 

:--lwwed any apparent histological abnormality, such as granu­

l,lmas, inflammatory infiltrates, or fibrosis. 

Spoligotyping 

In 54 positive tissue specimens from pulmonary· and extrapul­

:nonary sites of 30 subjects, we found 42 different genotypes, 

hrt only 8 genotypes hada match in the SPOLDB4.0 database. 

1 he most frequently detected genotype (in 7 samples from 6 

~ubjects) corresponded to shared international type (SIT) 53. 

J'his profile has been reported 2380 times in the SITVIT data­

h..lst (54 ofwhich were reported from Mexico). Other profiles 

t• ,tmd were SIT 523 (in 3 samples), SIT 291 (in 2), and SITs 

.:-1-5,521,1166, 1196,and 1690 (in 1 each). \Viththeexception 

¡¡f SIT 33, none of the profiles found was previous1y reported 

in Nlcxico. 'Ne found 34 orphan types from different organs. 

ih~y had spoligotyping cedes, but the codes did not have 

ill<ltches in the database (Table 2). In 15 of 30 subjects, we 

o JID o Barrios-Payán et al 

found 1 genotype; 9 of 30 subjects had 2 genotypes, and 6 of 

30 carried ?,3 genotypes. 

Detection of Mycobacterial Gene Transcriptinn 

by Real-Time PCR 

To confirm the viability of m y ca bacteria, ·we selected lO tissue 

samples (4 from lungs, 4 from kidneys, and 2 from spleens) 

\\rlth the highest positi.vity to l$61 1 O detection by PCR Spleen 

taken from chronically infected mice was the positive ~ontroL 

VVe selected the mycobacterial 16S rRNA as a \rlability marker, 

and for latency we selected 0',-crystallin (encoded by acr), since 

this protein is expressed during stressful conditions [1.4], and 

isocitrate lyase (encoded by icl), because J'vltb uses this enzyme 

in the metabolism of fatty acids during chronic infection [ 13 ]. 

In the 10 selected samples, we detected I6S rRNA (Figure 3A), 

while icl vvas detected in 8 samples ( 4 from kidneys, 3 from 

lungs, and 1 from spleen) at levels varying from 1 x 101 to l x 

106 copies per 10r; copies of 16$ RNA (Figure 3). In 4 samples 

that were positive for icl, we also detected acr (in 2 kidney speci­

mens, 1 lung specimen, and J. spleen specimen). The expression 

of acr vvas higher in all cases (range, 1 x 107-1 x 10"' copies). 

Murine Modei 

We used a mouse model that mimics latency, Vlrith a lmv, 

stable lung bacillary load without weight loss, spontaneous re­

activation, or death [6]. Lm'l' and stable numbers of CFüs ·were 

detected only in liver and spleen (Figure 4 ). After histological 

analysis, acid-fast staining showed bacilli in tissue sections 

from liver and spleen, specifically in macrophages, hepato­

cytes, and endothelial cells from apparently normal tissue 

(Figure 4). In situ PCR shmved positivity in the same cells as 

in the human tissues, but the labeling was stronger, and the 

cellular distribution was much ·wider (Figure 4). 

DISCUSS!ON 

Previous work has demonstrated the presence of mycobacteri­

al DNA in macroscopically and histologically normal lung 

and adipose tissue from people \Vho died from causes other 

than TB, suggesting latent infection [5, 7]. Here, we confirm 

and extend these observations by demonstrating the presence 

of mycobacterial DNA in pulmonai}' and multiple extrapul­

monary tissues from people who died from causes other than 

TB and had no history of this disease. This agrees vvith many 

reports in which Mtb DNA was detected in extrapulmonary 

samples from patients in a \vide range of geographical loca­

tions who were putatively without illness [ 15-19]. 

Vol e found a higher percentage of pulmonary and extrapul­

monary specimens positive for mycobacterial DNA than in 

our previous study ISJ. This difference can be explained by the 

use of DNA hybridization in addition to PCR, which greatly 

increased sensitivity. We detected mycobacterial DNA in both 



Tablc 2. Spoligotyping Rosults 

Specimen Source S ex Age, Years Organ Octal Spoligotype SIT 

M. tuberculosis H37Rv 777777477760771 -~~~~~~•••~~••~~~~~oommemmammm~moooommamemm 451 

IV/. bovis from BCG vaccine 676773777777600 emommmmmommmmmmo~mmmmmm~m~mmmmmmmmmmm~ooooo 482 

Subject 2 F 62 L 777777677760771 mmmmmmmmmmmmmmmmmmmmommmm~emmmmmoooommmmmum 291 

Subject 3<~ M 18 Lu 777777777760671 mmmmmmuumummmmmmmmmmmmmmmmmemammoooommommmu 245 

S 77777777776077"1 mmmmmummmmmmmmmmmmmmmmmmmmmmmmmmoooommmmmmm 53 

L 777777777760611 mmm~mmmmmmmmmmmmmmmae~mm~ammmmmmoooommoooam 521 

Subject 5 F 27 S 777346377560771 mmmammaamommmooamoommmmmmmmmommmoooommamemm 
Subject 6 M 73 L 777777777761771 ammmmmammmmmamaaammmmmmammmmmmmmooommmmmmmm 1196 

Subject 7 F 57 K 777777777760771 mmmmmmamamaamaamammmuummmmmmmaamoooommmmmma 53 

Subject 9 M 40 Lu 777777777421771 •••••••g••••••••••••••••••••ooo•ooo•••••••• 
Subject 10b F 24 S ?57377477760771 aammommmmoammmmmmemoommmmemmammmooooamammam 

K 777777777777771 ••••••••••••••••••••••••••••••••••••••••••• 523 

Subject 11b F 84 S 77777?7T/760?71 mmmmmmmmmmmamaammmmmamammammmmmmoooommmamma 53 

K 777777777760771 naammamamaammaammamaamaamaamamaaooooammmamm 53 

L 777377777760771 amammmmmmoamaammmmmmsmmmamamammmooooaaamamm 1166 

Subject 12b M 22 Lu 777001314521770 nmammmmmmoooooooomommoomaoomomomoooaam~mmmo 

L 337046377760771 oamommmmmooomoommoommmammmmmammmooooaammmma 
m 
X 

~ Subject 13b M 93 S 776363767760671 mmmmmemmooaammoommmmmmaommmaammmoooommommmm 
" E. L 777777777760771 mmmammmamammmmanammmmmmmmmmmmmmmoooommmamem 53 
3 
o 

Subject 14 M 33 S 777777377160771 ••••••••••••••••••ommHDmameoomamooooaaammma " ~ Subject 16 M 60 Lu 777777776420730 mmmammmmmmamammaaammammmmmomooomoooomaaommo < -< Subject ·¡gh F 76 S 777777777100771 mmmmmmmmmmmmammmmmmmammmamaooaoooooomeummam n o 
~ 

" K 777777677760771 mammaammmmaamamammmmommmmmmaammmooooammumam 291 ~ 

3. 
Subject 19" F 16 Lu 777777777760771 ~•~mmmammmmmammammmmmamumaaaRaamoooommaeeaa 53 "-

e! 
K 777777776561771 maaaamemmmmmmmammmuemaamamoeommaoooammmeamm ~ 

" s· L 777365574760771 emamaammaomuamomoemomaammooammmaoooomamaamm 
~ Subject TI F 20 S 777377376700771 ammmmmmaaomaeameeeoammmammomemoooooommmmaaa , 

" 
Subject 22 F 58 Lu 777777777760771 ammmmmmmamaeaammeaammammmmamammmooooammammm 53 ,. 
Subject 28 M 35 K 774357777777761 amammmmoooammoaammmmammmmamammammmammmmamom 

" ;;· , Subject 29 M 64 S 777377377765661 amaeamaamomamm&mmmommaaaaaaamamaomommaommom 
' ~ 

8 



s¡ Table 2 contliJUad 
• 
'" • Specimen Source S ex Age, Years Organ Octal Spoligotype SIT 
~· 

Subject 30 M 42 S 777277777777620 ==~••••mmomommammmmmmmmmammmmmmaammmmmoo~oo 
;? 
'< Subject 31" F S •••••~•••mmmmmmammmo•••~•••••~•••mooamaaaam " 57 777777577774771 
" e, - K 777357477760771 ~•••mmmmmommmommammoommmmmmmmmmmoooommmmmmm 
"-

L 417243077760771 moooommmeomomooommooommmmmm&mmamoooommammmm 
Subjcct 32a M 89 Lu 777357476766771 ammmamaemoaemomammmoomaaamomamaaommoame&mmm 

K 777777677761771 maammammmmmmmmaammmaoaameeamammmooomaammmmm 
L 777357777777771 mammamamaomamoammmmamaamaaamammmmmmmmmammmm 

Subject 33" M 29 Lu 777357~76760771 mmmmmmammoammomanmmoommmmaomaammooooammmama 
S 777777777762771 mmmmmmmammammammmmuammmmmaamumamoomomummmmm 1690 

K 737377477760771 mamommmmmommmammammooaRmmammmmmmooooemamamm 
Subject 34b F 29 S 777357477760771 mmMamamamouamoamamaoommuaaaauamaooooamaumam 

L 777777476773771 mmmammaaammmammmamaoommaaaoammmmmommaammmam 
Subject 35b M 80 S 777377477760771 mmaammaemomaammmammoommmmmmmmmmmoooommmammm 

L 777377677770771 amammamumommmmmmmmmmoamuaumaammaaoooamm&mma 
Subject 36a F 29 Lu 777357676761771 BBBBDRBBROBRBOBBRRBBORRDBDODBRBBDODBRBRDDRB 

S 777357477760771 RBRRRDRRDORRBORBRRBODDBDRBBBURDBDDDDRBBRUDU 

K 777757477760771 maamma&amaummo&a&amoo•••••••••••oooommmmmma 
L 777777777777771 ••••••••••••••••••••••••••••••••••••••••••• 523 

Subject 37 F 83 S 777377677763771 mmmammam&omaamaa&aamomuammmammaaoo••••••••• 
Subject 38b F 22 Lu 777355476360671 ammmmam&&omm&ommomaoom••••ooummmoooommoma&m 

L 777377477723771 mammmmmmmom&&aammmmoo&aaamemmmomoommmmBmmma 
Subject 39 M 36 S 773257676763771 namm&&ommomomo&mmammomummmo&mm&moommammma&m 
Subject 40 F 70 L 777777777777771 ••••••••••••••••••••••••••••••••••••••••••• 523 

Subject 43b F 59 Lu 757057777777631 ammaomEmmooomommmammmamm&&maaammmmmmmmoommm 
L 777357777777671 mammmmmm&omamommmmmmEmmmm&ammaaammmammomm&m 

Data are lor 54 tissue spec1mens from !he lung (Lu), liver (U kidney (K) and spleen (S) that positive lor IS6110 by polymerase chain reaction. Forty-two d1fferent geno\ypes were detected, of which 34 were orphan 

types whose codes d!d not have a match in the SPOLDB4.0 database. No sarnple irom subjects had the pattern of Mycob<lcletiwn tuberculosis H37f~v or Mycobacterium bovis BCG. 

Abbreviation: SIT. shmed intemational type. 

~ Had ~3 nenotypcs. 

t Had 2 genotypes. 
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Fi!;Jure 3. Mycobacterial gene transcription determined by quantitative 
real-time polymerase chain reaction (PCR). Ten tissue samples were se­
lected from lungs (LI, krdneys (K), and spleens (S) (for each, the number 
corresponds to the patient referred in Table l) according their high posi­
tivity to IS6l10, as determined by conventional PCR. A, Transcription of 
16S rrbosomal RNA (rRNA) as a viability marker. B, Expression of 2 
related latency genes, acr(which enea des alpha-crystallin) and ic/(which 
encodes isocitrate lyase). The messenger RNA (mRNA) copy numbers for 
acrand icl are given relative to 1 mili ion copies of 16S RNA. 

pulmonary and extrapu1monary sites in 84% of the studied 

cases and exdusively in extrapulmonary sites in 14%. The 

organ that was most commonly positive was the lung (72%), 

but the frequency of positive findings was similarly high for 

the spleen (70%), the kidney (68%), and the liver (66%). All of 

these organs have high blood throughput, which facilitates in~ 

fection. Similarly the in situ PCR study showed mycobacterial 

DNA preferentially in Kupffer cells and red pulp macrophages. 

Thus, Mtb may be phagocytosed during hematogenous di.s­

semination by cells from the mononuclear phagocytic system, 

as well as by nonprofessional phagocytic cells, such as endo­

thelial cells, which aJso frequently showed 156110 positivity. 

Endothelial cells are easily infected by Mtb in vitro. and recent 

microarray studies showed an extensive shutdown of diverse 

bacteria! genes related to metabolic pathways, which suggests 

bacillary' dormancy, or at least greatly reduced activity [20]. 

Kidney samples commonly shmved mycobacterial DNA. l1 

situ PCR revealed positivity in epithelial cells, particularh 

Bov.,man's parietal cells. Renal glomeru!i filter a high '\'Oluml 

of blood, and the parietal Bovvrnan's epithelium is exposed tt 

the glomerular filtrate. This suggests that, despite their sí7.c 

mycobacteria can pass through capillal)' walls and infect epi 

thelial cells from glomeruli and proximal tubules. At presenl 

we have no insights into how this might occur or ·whethc' 

they are transported within cells. Interestingly, there were nc, 

histological abnon11alities in any of these extrapulmonan 
tissues, as previously reported for the lung [5]. Sin ce all the~, 

positive cells are heavily exposed to circulating blood, hypoxi, 

might not be a significan! factor in the induction of bacterL1 

dormancy. Nitric oxide could be importan! in these cellub: 

settings. Nitric oxide is produced by endothelial cells and mn.: 

rophages, and treatment with nitric oxide-blocker drugs in 

animal models provokes mycobacterial reactivation [21]. 

Because extrapuhnonary TB occurs commonly in lympi: 
nodes, genitourinary tract, meninges, and pericardium, it '\Vili b, 

important to extend these studies to material from these site.~ 

We do not know whether reactivation in these other sites i~ 

local or due to spread from sites such as those we have studied . 

The use of PCR-based genotyping methods such as spoligo 

typing to differentiate Mtb strains has revealed multipl, 

strains within single patients in several geographical arccL' 

[22-24]. These studies have been performed in patients v.riti 

active infection. Our spoiigotyping study showed 42 differen! 

genotypes from 30 individuals, including 34 orphan strain ... 

This variability suggests chronic sporadic infection. Interest 

ingly, 50% of the studied individuals showed only 1 genotypc 

while the other 50% showed 2 or 3 genotypes. Thus, miXl'<-' 
infection is a common condition in l2.tency, and latent infc~ 

tion with 1 strain does not elicit protection from infectio1 · 

with another strain. Moreover, our genotyping studies showc,· 

that all the positive cases corresponded to 1vltb infection. N(· 

samples were positive for M. bovis, whkh is important consid 

ering that BCG vaccination is a prevalent in Mexico. 

Detection of mycobacterial DNA does not mean that Ü'IL 

organisms are alive. Several studies have focused on under 
standing the quorum-sensing signals used by Mtb for resusci 

tation from the noncuJturable state. During active growth 

Mtb organisms secrete resuscitation-promoting factor (Rpf 1 

which is required for gro\l.rth of in vitro-induced vegetatiYl 

cells and for resuscitation of dormant cells [25, 26]. Laten! 
Mtb has extremely low metabolic activity and needs Rpf an,~ 

specíal requirements to promote resuscitation. HO\vever. TH 

strains could be recovered from autopsy specimens culture, 

with Rpf according the conditions described by Mukamohn·. 
et al (data not sho·wn). Therefore, we used a recently reporrc,·: 

technique for isolating mycobacterial RNA from infectc·,1 

tissues [26-28]. Ten samples were studied, and all showed e;; 

pression of the constitutive mycobacterial gene encodin¡.._ 

Extrapulmon~uy ;vrycobac!c:rial DNA in Laten\ lnfection " JID .. 
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Figure 4. Determination of extrapulmonary burdens of bacilli, and representative micrographs of acid-fast staining and IS-6110 mycobacterial trans­
¡ .. _)SDil detection by in situ polymerase chain reaction in organs from mice infected with low doses of Mycobacterium tuberculosis to induce chronic 
,,,lection similar to latent infection. Kinetics of bacilli burdens in tissue from liver (A) and spleen (B). Bars represent means and SDs of 5 mice per time 
: ,,1nt. CFU, colony-forming units. C, After 5 months of infection, liver sections shows acid-fast bacilli in the cytoplasm of a hepatocyte (arrov~~ original 

~gnification, x40 000). D, At the same time point. there are Ziehi-Neelsen stain-positive bacilli in splenic red pulp macrophages (arrow; original 
3Qnification, x40 000). E Atter 5 months of infection, low-power micrograph of a liver specímen shows numerous Kupffer cells and endothelial cells 

¡ 'liSÍtive for the mycobacterial IS-6110 transposon (arrows). Note that there is no inflammation or other evident histological abnormality (original magni­
lrl :'ltíon, x1000). F Strong IS-6110 positivíty in parietal Bowman cells (arrow) and proximal tubular epithelium (asterisks) in the kidney from mouse after 

'TIOnths of infection (original magnification, x40 000). 

· :bosomal 16S, suggesting that organisms were viable in a 
;wnculturable state [26, 29]. We extended this study by deter­

:nining the expression of factors associated vdth dormancy, 

~uch as acr and icl [30, 31]. acr is a prominent stationary 

r·hase-induced protein produced by mycobacteria in humans 
,iuring infection [1, 32]. It is upregulated in vitro after expo­

,dre of Mtb to hypoxia or nitric oxide precursors and during 

rrcatment JI4, 33]. \Ve detected acr expression in 4 samples, 

hut thc high copy numbers suggest that bacilli were stressed. 

:',¡o.xhemical studies indicate that, in chronically infected lung 

1 ~~sue, fatty acids are a major carbon so urce for Mtb [34]. In 

\ltb strain H37Rv (but not in nonvirulent strains), id activity 

kls been reported to increase in proportion to the age of the 

, ulture. Fatty acids are available >dthin the macrophage 

1• • .. JID .. Barrios- Payán et al 

phagosome, and Mtb might use these as a carbon source [31]. 

Thus, ícl prometes persistence by enhancing bacterial survival 

within inílammatory macrophages [35]. \Ve detected sorne ex­

pression of icl in 8 of 1 O tissue samples. 

By use of a murine model of chronic infection similar to 
latent infection, we confirmed the data found in the human 

necropsy specimens. In contrast with latent infection in 

humans, in the murine model the bacilli I·Vere not in a truly 

dormant state because they grew ,in culture. However, hema­

togenous dissemination of bacilli and infection of nonprofes­

sional phagocytic cells in superficially normal tissue was seen. 

Acíd fast bacilli were detected in splenic macrophages and in 

hepatocytes, and the cellular location of mycobacterial D:\A 

in murine tissues was the same as in hwnan tiS!:>Ue. 



Table 3. Guidance for laboratory Management and Quality Control to Prevent Contamination of Specimens 

Process 

Sample collection 

Standardized phenol/chloroforrn 
DNA extraction [5] 

l$67 10 amp!ification [6] 

1$61 70-Hybridization 

In s:tu 1567 70-PCR 

S¡:;oiigotyping 

Guidance 

Aseptic surgi~al in~trun:ent~ {new scalpel blades, sterile clothes) and aseptic surgica! techniques were 
used to avord mrcrobrologrcal contamination of samples and cross-contamination between samples. 

DNA from each sample was extracted on different days, using new stenle materia! and molecular bio!ogy 
gra~e chemi_cals. To avoid cross-contamination, samples vv·ere manipulated under biosafety leve/11 
cabmets untd the alcohol precipitation step, which was periormed in a laboratory where mycobacterléll 
DNA had never been isolated. 

DNA from tissues, bacteria, and the cellline used as negatíve controls was extracted under the same 
conditions. 

DNA from M. tuberculosis complex was detected by a highly specific PCR me!hod based on direct 
amplification of insertion sequence 1$671011 to >25 copies in genomeJ. 

156770-PCR is a highly specific method for detection of M tuberculosis, with the ability to detect 1 fg o• 
H37Rv DNA (corresponding to 1 genome). 

The sensitívity of the method has been reported to be 1 00"/o for smear~poSJtive clinical samples and at 
least 59% for smear~negative and extrapulmonary clinical samples. AJI of our negative controls (humar 
DNA and DNA from other nonrelated organ·rsms} were negative by fS6170 PCR. 

M. bovis infection was discounted by PCR amplifícation of the oxyR gene, which is specific for M. bov1s 
and attenuated BCG vaccine substrains [12]. 

Sequence~specific hybridization of IS67 70 wi!h a PCP,~generated s·rngle~stranci probe in creases the 
threshold of detection and might reduce false~negatrve results (ie. weakly positive and negatrve 
samples) obtained by !S6710 PCP •. 

High~stringency conditions decrease the chance of nonspecific binding of the pro be to human DNA; to 
bacteria! DNA. su eh as that from E. cofi and H. inffuenzae; orto the oligonucleotides u sed for IS67 1 O 
PCR. 

This has a lower sensitivity than conventional f$611 O PCR. but the intracellular loca!ization of the DNA. 
signa! as small dots in professional and nonprofessional phagocytes in posítive samples with corree¡: 
positive and negative controls drrectly disproves cross~contamination, which would yield a random 
distribution of the DNA signals. 

This is a genotyping method used for simultaneous detection and typing o·f M. tuberculosis complex 
bacteria. The obtained SITs did not correspond to spoligotype patterns of the commonly used laborator\ 
reference strain, M. tuberculosis H37Rv, or the common vaccine strain, M. bovis BCG. Human DNA drU 
not show any band. 

Abb~ev:ations: E. coli, Escherich'1a co1"1; H. 1nfluenzae; Haernophilus rnfluenzae; M. bOvis, Mycobactenum bo·.IIS; M. tuberculosis, Mycobacterrum ruberculos,· 
PCR. p:Jiymerase chair: reac~ion: SIT. shared intemational type. 

A majar concem in this study is the possibiUty of contamina­

tion, especially as the conditions in the autopsy room were not 

ideat Vlf e conducted tissue sample collection and the associated 

techniques ·with strict procedures to avoid contamination 

(Table 3). V'/ e emphasize in particular the follmving 2 facts. First, 

contamination from other activities in the Iaboratorywould yield 

spoligotypes characteristic of BCG and of H37Rv, but these were 

not found. Second, in situ PCR showed DNA in professional 

and nonprofessional phagocytes, whereas contamínation would 

give a random distribution. These and other points are highlight­

ed in Table 3. Thus, we believe that the results are reliable. 

In conclusion, we have confirmed the often forgotten classi~ 

cal studies by Opie and Aronson, who demonstrated in guinea 

pigs in 1927 that latent l'vitb survives ín histologically normal 

tissue, not in old granulomas [36}. Moreover, we have shown 

that the bacteria persist in extrapulmonary tissues almost as 

frequently as in lung and that they are located v.':ithin cells 

with limited antigen-presentation abilities, such as epithelial 

cells. This may be of great advantage for the tubercle bacillus 

a-nd can explain the lack of local histological reaction. The fre­

quent presence of bacteria in endothelial cells in various 

organs suggests that hematogenous dissemination of free Mtl' 

occurs during the infection process. 

Another important fmding is that there can be latent infec 

tion with >l strain of Mtb in the same individual. Therefon· 

latent infection witb one straín does not elicit protection fwJ' 1 

infection with another .strain. Moreover the bacterial .stmins i1· 

different individual.s were of different genotypes, indicating th~·~~ 

the ability to disseminate and establish latent infection in multi 
ple organs is a fundamental strategy used by Mtb for survi\',)-1 

and notan unusual property of a particular strain. Clearly. ther, 

is more to Mtb infection than phagocytosis by macrophage­

sunrivaJ in these cells, and granuJoma formation. 
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introduction 

Summary 

Tuberculosis is a worldwide health problem, and multidrug-resistant (MDR) 
and extensively multidrug-resistant (XMDR) strains are rapidly emerging 
and threatening the control of this disease. These problems motivate the 

search for new treatment strategies. One potential strategy is immunotherapy 
using cationic anti-microbial peptides. The capacity of t-isoleucine to induce 
beta-defensin expression and its poten tia] therapeutic efficiency were studied 
in a mouse model of progressive pulmonary tuberculosis. BALB/c mi ce were 
infected \vith Mycobacterium tuberculosis strain H37Rv o:r 'A--ith a MDR dini­
cal isolate by the intratracheal route. After 60 days of infection, when disease 
was in its progressive phase, mice were treated with 250 J.Lg of intratracheal 
t-isoleucine every 48 h. BaciBary loads were determined by colony-forming 
units, protein and cytokine gene expression were determined by immuno­
histochemistry and reverse transcription-quantitative polymerase chain 
reaction (RT-qPCR), respectively, and tissue damage was quantified by auto­
mated morphometry. Administration of t-isokucine induced a significan! 
increase ofbeta-defensins 3 and 4 which was associated with decreased bacil­
lary loads and tissue damage. This was seen in animals infected with the 
antibiotíc-sensitive strain H37Rv and witb the MDR dinical isolate. Thus, 
induction of beta-defensins might be a potential therapy that can aid in the 
control of this significan! infectious disease. 

Keywords: anti-microbial peptides, defensins, L-isoleucine, therapy, 

tuberculosis 

Tuberculosis (TB) is a worldwidc health problem. Reports by 
the World Health Organization indícate that there are 8 
million new cases and 1·6 million deaths yearly due to this 
disease [ 1,2], Moreover, Mycobacterium ~uberculosis (l\-Itb) is 
highly infectious. lt has been reported that nearly one-third 
of the world's population ís latently ínfected, but only 
ahout 10% of these infected individuals \vil! develop active 
disease [2]. 

problems have motivated thc search for new trcalmcnl 
strategies. One such strategy is immunotherapy, \vhicb 
requires a better understanding of tbe immune response 
against Mtb. Innate immunity has been recognized as a sig­
nifican! participant in the control of mycohacterial growth 
[4]. In this regard, it is considered that lung epithelial cells 
and macrophages are the first cells that encounter IVlth 
during primary infection [4-6]. Tnterestingly, not only mac­
rophages but also bronchial cells can participate in thc 
elimination of bacilli because epithelial cells can produce 
molccules of innate immunity such as ~-defensins and 
cathelicidins, which are small cationic anti-microbial pep­
tides [4,7-12]. Defensins contribute directly to defence 
again.st pathogens by killing microbes and chemoattractin¡; 
and activating inflammatory cells in the infection site 
[8,9,13-15]. Defensins are dívided into three subfamilics: 
a, ~ and e, that differ in the position of their disulphide 
bridges. There are four different human ~-defensins (HBD 

Although IB can be controlled and cured by che~o­
therapy, treatment requires at least four specific drugs and 6 
months of therapy, which produce problems in compliance. 
The consequence of this is disease relapse, and more impor­
tantly the development of multidrug-resistant (MDR) and 
extensively multidrug-resistant (XMDR) strains. In the last 
few years these strains have increased in frequency and nmv 
aftlict approximately 2 million people worldwide [3]. These 
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l-4) that are tA'])ressed largely in epithelial cells from dif­
fercnt organs, and except for HBD-1, \-li·hich is expressed 
constitutively, all ~-defensins are induced [16-18]. The 
expression and up-regulation of these anti-microbial pep­
tides can be induced by pathogen-associated molecular 
patterns such as lipopolysaccharides (LPS) or by some proin­
tlammatory cytokines [tumour necrosis factor (TNF)-a, 
interleukin (IL)-l ~, interferon (IFN)-y] [ 19,20]. Interest­
ingly, recent reports demonstrated that aminu acids such as 
1.-isoleucine or proteins such as albumin can induce the 
expression of these peptides [18,2 J ], and a small amount of 
defensins can control infections efficiently in experimental 
animal models [22]. 

ln a murine model of progressive pulmonary tuberculosis, 
\ve n:cently showed rapid and stable expression of murine 
beta defensins (mBD) 3 and 4 by the bronchial epithelium 
Juring the early phas..:- of infection, when control ofbacterial 
growth is efficient. Then, during the late progressive phase of 
tbo: disea~e when uncontrolkd bacillary proliferation occurs, 
a pronounced decrease of both mBD was detected. These 
ohservations provided circumstantial evidence that mBD-3 
and mBD-4 provide significant control of bacterial grov..1:h 
during the early phase of experimental tuberculosis [12]. To 
confirm this, and to determine if mBD could be a novel form 
of immunotherapy, we sought to determine whether it is 
possible to reinduce expression ofthese anti-microbial pep­
tides with L-isoleucine during the late progressive phase of 
experimental tuberculosis and, if so, whether induction of 
mBD leads to control of bacteria! growth. 

Materials and methods 

Induction of ~-defensins in type H pneumocytes by 
L-isoleucine in vitro 

To determine if L-isoleucine is able to induce ~-defensin 
production in lung epithelial cells in vitro, human type 11 
alveolar pneumocytes [A549; American Type Culture Col­
Jection (ATCC) reference number CCLl85] were first grown 
in 75 cm~ culture Hasks (Costar, Ontario, Canada) with 
antibiotic-free RPMI-1640 medium (Gmco BRL, Grand 
JdanJ, NY, USA) supplemented wilh 10°/!J fetal calf serum 
(FCS) (HyClone Laboratories, Logan, UT, USA) at 37°C with 
5% C02. Then A549 cells wcre seeded into 24-v.rell plates ata 
concentration of 105 cells per ml of culture medí u m wi.th 1% 
of FCS and after 24 h they were stimulated with different 
concentrations of L-isoleucine (3, 7, 12, 25, 50 and 100 ).!g/ 
m!) in the presence of 5% C02 at 37"C.After 1, 6, 12 and 18 h 
of incubation, A549 cells were collected and lysed in 350 Jll 
RLT buffer (Qiagen, Valencia, CA, USA) for each 10-; 
cells and kept at -70°C until use. Published results have 
shown that very high concentrations of the enantiomer 
n-isoleucine are necessary to induce ~-defensin production 
[21]. Thus, we used selected concentrations of D-isoleucine 
as negative control (50 )lg/ml per well). 

© 2011 The Authors 

~-Defensins as immunotherapy in tuberculosis 

Human defensin-2 (HBD-2) gene expression was deter­
mined by real-time polymerase cbain reaction (PCR) follow­
ing the method described previously [4], and protein 
production by immunohistochemistry. 

For immunohistochemistry, A549 cells were grown 
to confluence (95%) on four-well chamber slides (Costar) 
with F~IO medium. Subsequent to L-isoleucine stimuli, as 
reported above, cells were fixed with formaldehyde 10% for 
2 h and stored at 4°C in phosphate-buffered saline solution 
(PBS). Slides were blocked with 5% goat serum for 20 min, 
and incubated subsequentlywith l: 5000 dilution ofHBD-2 
antibody (Peptide lnternational, Osaka, Japan) in 5% goat 
serum at 4°C for 18 h. S lides wcrc then developcd v.rith bio~ 
tinylated goat anti-rabbit immunoglobulin (lg)G using 
Vectastain ABC kit (Vector Laboratories, Burlingame, CA, 
USA). Then, slides were counterstained 'ivith haematm·.._'Ylin 
and visualized with a light microscopy axiovert 200 m ( Carl 
Zeiss, Gen·a, Germany). 

Jnduction of ~-defensins in murine lung 
by L-isoleucine 

To test whether L-isoleucine induced ~-defensin production 
in vivo, we dissolved it in physiological saline solution obtain­
ing different concentrations from 25 ,ug/100 !-J.l to l mg/ 
100 ¡_!l. These preparations were then administered to mal e 
BALE/e mice by the intratracheal route. After 12, 18, 24 and 
48 h animalswere euthanized and their lungs removed imme­
diately for analysis of defensin production. As control, wc 

used the vehicle (saline solution) and selected concen­
trations of o-isoleucine (250 ,ug/100 _ul). Due to the high 
number of samples, conventional reverse transcription ( RT)­

PCR was used to determine defensin expression. After the 
mice were euthanized, lungs \Vere removed, hilar lymph 
nades and thymus were eliminated and the tissue was frozen 
immediately by immersion in liquid nitrogen. Three lungs, 
rigbt or left, from different m ice ,..,·ere used to isolate mRNA 
from each group at each tíme-point, and the cDNA from the 
three micewas analysed separately. mRl\A was isolated by use 
of Triwl (Gmco BRL); cDNA was syntbesized by use 
of Maloney murine leukemia virus reverse transcriptase 
(Gmco BRL) and priming with oligo dT. The PCR products 
were electrophoresed on 6% polyacrylamide gels, and 
molecular-weight standards with known DNA mass con­
centrations (low DNA mass ladder; Gmco BRL) were 
run. The PCR products were then analysed hy use of an 
image-analysis densitometer linked to a computer program 
(ID image-analysis software; Kodak Digital Science, Sn 
Leandro, CA, USA). To determine, in nanograms, the quan­
tity of PCR product the computer program compared the 
optical densitíes from the experimental samples with the 
molecular~marker bands, the DNA content of which was 
provided by the manufacturer. To correct for errors in the 
quantity of starting material, the densitometer reading of the 
glyceraldehyde-3-phosphate dehydrogenase (G3PDH) PCR 
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product was used. Production of mBD was confirmed by 

immunohistochemistry following the procedure described 
below. 

Experimental model of pmgressive pulmonary 
TB in BALB/c mice 

Thc experimental model of progrcssive pulmonary TB has 
been described in detail elsewhere [12,23,24]. Briefly, the 
laboratory Jrug-sensitive Mtb strain H37Rv (AT\:C no. 
2561R) and MDR strain ( clinical isolate, resistant to all first­
Iin~ antihiolics) were grown in Middlebrook 7H9 broth 
(Difco Laboratories, Detroit, MI, USA) supplemented with 
0·2% (v/v) glycerol, lO% oleic albumin dextrose catalase 
(OADC) enrichment (Difco) and 0·02% (v/v) Tween-80 at 
37°C. Mid log-phasc cultures wcre used for all experiments. 
Mycobacteria were counted and stored at -80°C until use. 
Bacteria} aliquots were thawed and pulse-sonicated to 
rCffiO\'e clumps [25]. 

Male BALB/c mice, 6-8 weeks of age, were anaesthetized 
in a gas chamber using 0·1 ml per mice of sevofluorane and 
infected through endotracheal instillation with 2·5 X lO" live 
bacilli. iVíice were maintained in the vertical position until 
spontaneous recovery. Infected mice were maintained in 
groups of five in cages fitted with micro-isolators. Animal 
work was performed in accordance with the national regu­
lations on Animal Care and Experimentation (NOM 062-
Z00-1999). 

Treatment of the infected mice with L-iso]eucine 

After 60 days of infection, survivor animals were allocated 
arbitrarily into four groups of 20 animals each. L-isoleucine 
treatment was started 60 days after infectio;n, when advanced 
progressive disease is well established. The experiments con­
ducted to determine in vivo the efficiency of mBD produc­
tion by t-i.o;olucine shnwed that 250 ~g/1 00 !JI was the most 
efficient concentration to induce mBD in non-infected m ice. 
Thus, we used this dose for the therapeutic experiments, 
performing two separate experiments. 

Six animals in cach group werc cutbanizcd at 15,30 and 60 
days after starting treatment. The first group infected with 
the drug-sensitive H37Rv strain received L-isoleucine 
(250 ¡..tg/100 ,ul), dissolved in saline solution, every 48 h by 
intratracheal instillation. A second group (controls) was 
infected with H37Rv strain and received only the vehicle 
(saline solution) by the same route and timing. The third 
group was infected with the Iv1DR strain, and received 
L-isoleucine by thc samc route and schedule. The fourth 
group was infected with the MDR strain but served as a 
control, receiving. only the vehide. The efficicncy of the 
L-isoleucine treatment was determined by quantifying the 
lung bacillary loads by counting colony-forming units 
( CFU), extent of tissue damage by histopathology and auto­
mated morphometry and lung cytokine gene expression by 
real-time RT -PCR. 

Determination of CFU in infected lungs 

Right or left lungs from three mice in each time-point in t\vo 
different experiments were used. Ltmgs were homogenized 
with a polytron (Kinematica, Lucerne, Svátzerland) in steríle 
tubes containing l ml PBS, Tween-80 at 0·05%. Five dilu­
tions of each homogenate were spread onto duplicate plates 
containing Bacto tvliddlehrook 7H10 agar (Difco) enriched 
with oleic acid, albumin, catalase and dextrose-enri..:h,;d 
medium (Becton Dickinson, Sparks, MD, USA). The p!Jtcs 
were incubated at 3rC with 5% CO;_. The number of cnlo­
nies was countc:d 21 days after plating. 

Preparation of lung tissue for histology/morphometry 
and mBD detection by immunohistochemistry 

Right or left lungs from three different animals per time­
¡:¡oint and group were perfused intrarracheally with ethyl 
alcohol (J:T: Baker, Me;<ico City, Mhico). Lungs >vere dehy­
drated and embedded in paraffin (Oxford Labware, St Louis, 
MO, USA), sectioned and stained with haematoxylin and 
eosin. The percentages of the lung surfaces affected by pncu­
monia were determined using an automated image analyser 
(Q v..rin Leica, Milton Keynes, Cambridge, UT-.:). 

For immunobistochemical detection of mBD-3, 5-f.ll\·l­
thick sections were mounted on silane-coated slides, Jepar­
affinized, the endogenous peroxidase quenched ·with O·OY}O 

H20 2 in abso!utc mcthanol and blocked with 2%• human 
serum dissolved in PBS. Lung sections \Vere incubated tOr 
18 h with goat anti-mouse mBD-3 (Santa Cruz BiotcchnPl­
ogy, Santa Cruz, CA, USA). After \Vashing, sections >vere 
incubated for 2 h with a donkey anti-goat IgG biotin­
labelled antibody. Bound antibodies ·were detected with 
avidin-biotin peroxidase (Biocare Medical, Concord, CA, 
USA) and counterstained with haematoA-ylin. 

Expression of anti-microbial peptides and cytokines 
determined by real-time RT -PCR 

Three lungs, right or left, from two different experiments 
were used for isolating. RNA and synthesis of cDNA as 
described previously r12]. Real-time PCR was performed 
using the 7500 real-time PCR system (Applied Biosystems, 
Foster City, CA, USA) and Quantitect SYBR Green Master­
mix kit (Qiagen, Hilden, Germany). Standard curves of 
quantified and diluted PCR product, as well as negative con­
trols, were included in cach PCR run. Thc primers uscd for 
the real-time PCR analysis were: mBD-3: 5'- ATC CAT TAC 
CTT CTG TTT GCA TTT C-3' and 5'- TGT AGG TGGAGA 
CAG CAG C-3'; mBD-4' 5'-CAC ATT TCT CCT GGT GCT 
GCT-3' and 5'-TGA TAA TTT GGG TAA AGG CTG CA-3', 
IFN-y, 5'-GGTGACATGAAAATCCTGCAG-3' and 5'-CC 
TCAAACTTGGCAATACTCATGA-3'; T~F-cxo 5'-TGTGG 
CTTCGACCTCTACCTC-3', 5'-GCCGAGAAAGGCTGCT 
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TG-3'; and glyceraldehyde-3-phosphate dehydrogenase 
(G3PDH), 5'-GGC GCT CAC CAA AAC ATC A-3' and 
5' -CCG GAA TGC CAT TCC TGT TA-3'. The specificity of 
each product WJ.s confirmed by PCR in agarose gels. The cell 
cycling conditions used were initial denaturation at 95"C for 
15 mio, followed by 40 cycles each at 95"C for 20 s, 60"C or 
:)~°C, respectively, for 20 S, and 72°C for 34 S. Quantities 
of the specific mRNA in the sampk \Vere measured in 
accordance with the corresponding gene specific stan­
dard. The mRNA copy number of each cytokine was 
rebted to 1 million copies of mRNA encoding the 
G3PDH gene. 

Statistical analysis 

Data from the qPCR assays as well as CFUs and histopathol­
ogy were analysed as follows. Kolmogorov-Smirnov normal­
lty tests were performed for each data set to choose the 
<ippropriate group comparison test. For each treatment the 
dependent variable was the expression, CFGs or variable of 
interest compared among different time-periods, treatment 
ur not vvith L-isoleucine and the interaction of both in an 
interaction model. Results that were significan! overall with a 
regular DNo-way analysis of variancc (A-¡..;ovA) (not repcated­
measures) were submitted to pairvvise comparisons by Bon­
fcrroni's post-test. Two-sidcd P-values of < 0·05 wcre 
considered statistically significant. Statistical analyses were 

Fíg. l. f..:inetics of huma.n ~+defensin 2 gene 

cx¡1rcssion in thc lung cpiLhclial cclllinc A51':1 

aft<:r ~tinmlation with different concentrations 

of L-isokucine. (a) A549 cdls were ~timulated 

wiLh 1.-i~nlcucinc using thc indicatcd 

conc~·nrrations. At the indicated time-poinrs the 

cdls w~-rc collcctcd, thc RNA was isolatcd and 

Lhc numbcr of mRN:\ copies of f)-dcfcnsin 

(a) 

8e+9 _,h 
=6h 
¡;az¡¡12h 
=18h 

~-Defensins as immunotherapy in tuberculosis 

performed using the GraphPad Prism version 5·02 for 
Windows (GraphPad Sofu.vare, San Diego, CA, USA). 

Results 

Induction of ¡3-defensin by L-isoleucine in the lung 
epithelial cell line A549 in vitro 

lt has been demonstrated that r.-isoleucine induces the pro­
duction of ~-defensins efficiently in bovine kidney epithelial 
cells in vitro, while its enantiomcr n-isoleucine required 
much higher concentratíons to achieve this [21]. In order to 
evaluate if there is a similar effect on human pulmonary 
epithelial cells, we determined the expression of HBD-2 ( of 
which the homologue in mouse is mBD-3) hy real-time 
RT-PCR using the lung epithelial cellline A549. Our results 
showed that the expression of this anti-microbial peptide 
increased with the concentration and time of exposure to 
L-isoleucine. The highest gene expression was seen after 
e::q1osure to 25 ¡.tg/ml of L-iso!eucíne for 11) h (Fig. la). 
Immunobistochemistry confirmed the higb production of 
this anti-bacterial peptide induced by L-isoleucine at this 
time-point (Fig. lb). In arder to confirm the specificity of 
mBD production by L-isoleucine, A549 cells \I.Tere incubated 
during 48 h with 50 )J.g/ml of D-isoleucine. Figure le shows 
that in thcse conditions n~isolcucinc did not induce the 
expression of HBD-2. 

(b) 

w~s quantifíed by real-time reverse 

transcription-polrmcras<: chain reaction 

·:RT-PCR). ;\11 valucs an: mean ::t::: slan~Lml 

tkviation of tive differem experiments. :\srerisks 

rq•rc~cnt statisticai signiticancc whcn comparcd 

with thc control non-stimuhncd cdls. (b) 

Immunocytochemistry confirmed protein 

prudtKtion in the condition in which thc cdb 

showcd the highest ~-defensin exprcssion 

L-lsoleucine (Mglm!) 

(e) 

125 p~ml for 18 h), whik non-stimulated cdls 

du not sho\~· immunostaining (insct). (el In 

com¡'Mison with L-isolcucinc, r\549 cclls 

slimulatcd with 50 j.lg of o-isoleucine dc1ring 

1R h did not induce human ~-ddCnsin ~gene 

l:xpn:ssion. :\sterisks represen! statisticll 

~i,:.;nihcancc whcn comparcd with thc control 

non-~timulated ctlls. 
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lnduction in vivo of j)-defenslns by L-isoleucine in the 
lung of non-infected BALB/c mice 

After the confi.rming in vitro that 1.-isoleucine induced 
~-defensins efficiently in pulmonary epithelial cells, we 

tested if the intratracheal instillation of this amino acid had 
a similar effect in the lung of non-infected mice. '0/e tested 
multiple concentrations of L-isoleucine at severa! time­
points. Both mBD-3 and mBD-4 were induced efficiently 
using this treatment (Fig. :?.). The highest expression of 
mBD3 was seen after 12 h of stimulation with 250 )J.g/100 J.ll 
of L-isoleucine, while for mBD4 the peak was at 48 h with the 
same concentration. Tn contrast ·with L-isoleucine, either 
saline solution or 250 ).lg/100 ).ll of n-isoleucine instilled in 
control animals induced significantly hJ\I.rer exyression of 
both mBD (Fíg. 2). 

Effect of ]ntratracheal L-isoleucine administration 
during late progressive tuberculosis produced by the 
drug-sensitive strain H37Rv 

Beca use 250 .ug/100 ¡...t.l of L-isoleucine administered by 
intratracheal instillatiun induced ~-defensin produc­
ti.on efficiently during 24 to 48 h, this concentration was 

administered intratracheally every 48 h for 2 months. This 
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treatment ,,vas started after 60 days post-infection, vvhen 
advanced active TB was well establisbed and production 
of ~-defensins decreased. In comparison with control mice, 
animals treated \vith L-isoleucine showed significantly 
higher expression of ~-defensins 3 and 4 and lower lun,; 
bacillary loads during the whole treatment (Fig. 3). Consis­
tent >Nith these findings, after 4 weeks of treatment, hísto* 
logical examination revealcd that the lung areas affected by 
pneumonia were smaller than in control m ice, and the bron­
chial epithelium in the lungs of treated mi ce shm.,'ed strong 
mBD-3 immunostaining (Figs 3 and 5). 

Considering that ~-d.efensins are chemotactic and 
can actívate T hclpcr typc l (Thl) cdls and macrophagcs 
[26,27], we determined the expression of IFN-y and TNF-o. 
in these animals. In comparison wilh control m ice, therc 'A'i.l." 

a significan! increment of IFN-y and TNF-u. expression in 
the L-isoleucim>lreated group (Fig. 3). 

Effect of intratracheal L-isoleucine adrninistration 
during late progressive tuberculosis produced by 
multidrug-resistant strain 

Due to the emergence of MDR strains, and given the 
improved course in L-Ísoleucine-treated mice infcctcd 
with the drug-sensitive H37Rv strain, \Ve decided to study 
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Fíg. 2. Etfecl on thc ¡3-dcfcnsin gene cxprcssion 

in non-infected mice afrer the administration of 
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thc indkatcd amoUtH ol L-Ísolcucinc by thc 

inrratrochcal route. and 1.vere euthanized Jt 

diffcrcnt timc-points anJ their lungs wcrc useJ 

lo isolalc total mRNt\ to determine the 

expression of murine ¡3-dcfensin 3 (a) and 4 

(hJ. In compari:>On with L~isolt'ucinc, 

administration of 250 ¡..tg ol" D-isolcucine 

or the vebicle salín e solution (control group) 

did not induce gene cxprcssion of ¡3-dcfcnsin 

3 (e) or ¡3-defcnsin 4 (d). All values are 

mean :::t standard 1.lcviation of five mice from 

thrcc indcpcndcnt cxpcrimcnt~. Astcrisb 
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'>-Vhether this therapy has the ability to produce similar ben­
di.cial effects on mice infected with a clinical isolate resistan! 
to all first-Jine :mtibiotics during late active disease. In com­
parison v•.rith control animals, MDR-infecteJ mice treated 
\·vith L-isoleucine showed a significant increase of mBD-3 

and 4 and lower lung bacillary loads (P < 0·0 1 ), compatible 

with the participation of )3-defensins in the control of bacil­
lary growth and supporting the beneficia! ef.fect of this 
therapy (Fig. 4). Similarly, improved lung histopathology 
v..-·as seen, with a significant decrease .pf pneumonia (Figs 4 

and S) at 60 days of treatmc:nt (P < 0·01 ). Determination of 
cytokine gene cxpression hy real-time PCR showed higher 
TFN-y and TNF-a expression in the lungs of L-isoleucine­
treated animals (Fig. 4). 

Discussion 

Deknsins are anti-microbial peptides that are considered as 
a prototype family of mediators of innate immunity. They 

have efficient anti-microbial activity on a broad spectrum of 
organisms, including Mtb [26,27]. Besides direct bactericida] 
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activity, anti-microbial peptides also have immunoregula­
tory functions, su eh as chemotaxis [28], immature dendritic 
cell activation [29] and activation of other immune ceUs 
[30,31]. Mtb induces production ofHBD-2 in lung epithelial 
cells and it seems that these peptides could contribute to 
bacteria killing [ 6]. In murinc modcls, expression of mBD-3 
and mBD-4 correlates with control of mycobacterial growth 
in progressive pulmonary tuberculosis [ 12] and latent infec­
tion [ 10]. Our results confirm and extend these observation.s 
hy demonstrating that stimulating P-defensin production 
during late active disease significantly increases control of 
hacillary growth. 

Both mBD-3 and mBD-4 ar.e inducible mainly through 
pathogen-associated molecular patterns (PAlviPs) such as 
lipoarabinomannan [4] or lipopolysaccharide (LPS) [32] 

and proinflamatory cytokines [33,34]. However, none of 
these molecu\es can be used as therapeutic inducers of 
defensins because they can produce collateral toxic effects. 
Conversely, adminú,tration of recombinant defensins is not 
practical due to its high cost and the short half-life of the 
peptides. Thus, the use of defensin inducers is an attractive 
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and low-cost immunotherapeutical alternative. lnterestingly, 
Fehlbaum and co1".rorkers showed that the essential amino 
acid L-isoleucine induces ~-defensin production efficiently 
in !\.1fadin-Darby bovine kidney epithelial cells through a 
chiral receptor or enzyme and nuclear factor (NF)-KB/rel 
spccics activation, aftcr reaction with a rccognition si te in an 
isoleucine-inducible defensin prometer [21]. Here we dem­
onstrate that lung epithelial cells (type II pneumocytes) 
stimulated v,rith L-isoleucine also produce high amounts of 
]3-defensin. Furthermore, L-isoleucine caused no cytotoxic­
ity even at concentrations as high as l. mg/ml (data not 
shown). Similar results were ohta:ined in vivo after intratra­
cheal instillation of this essential amino a cid in non-infected 
m ice. In contrast, in the tested concentration of 50 ].lg/ml or 
250 ].lgll 00 ~1, o-isoleucine did not induce ~-defensin pro­
duction, respectively, in in-vitro and in-vivo experiments, 
supporting the specificity of L-isoleucine. Thus, L-isoleucine 
can be considered as a novel immunostimulant with very 
limited toxic activity and low cost, whích are importan! 
attributes considering that TB is a devastating disease in 
poor countries. 
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\Vhen BALB/c m ice are infected by the intratracheal ro u te 

with a high dose of the drug-sensitive H37Rv strain, there is 
an early high production of ~-defensins and Tb 1 cytokines 
which, togcther \vith high lcvds of TNF-cx, temporarily 
controls tbe infection. After 4 \Veelcs of infection, there is <l 

decrease in the levds of ]3-defensins, IFN-y and T0JF-cx. 
Gradually, pneumonic areas prevail over granulomas. Exten­
sive pneumonia plus a high burden of bacteria cause death 
[24]. 'vVe started the treatment with L-isoleucine after S weeks 
of infection, when active disease \Vas in course and the 
expression of f$-defensins 1-vas very lo>o.'. This treatment effi­
ciently restored high expression of mBD-3 and ~4, and thcrc 
was a simultaneous decrease in lung bacillary loads and 
tissuc damage. This is compatible witb the view that thc 
re-establishment of ~-defensin production permitted sig­
nificant control of bacillary grovvth. This could be attribut­
able to its direct anti-microblal activity [35], orto blockage 
ofbacterial DNA replication [36], orto its wdl-known prop­
erty of immune cell activation [36-38], including produc­
tion ofThl cytokines [29], which we confirmed by the high 
IFN--y expression observed in L-isoleucin-::-treated animals. 
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Fig. 5. Rcpn:scntJtivc lung histopatholof!.y and 

immunohistochcmistry aftcr 2 months of 

llTatmL'nt with L~isolcucinc andina control 

non-trcated m o u~.;. (al Very low cxpn::ssion o( 

mBD3 in thc bronchial cpithclium (arrows) in 

thc·lun,; ol" control mou~c ¡¡ftt:r 'l months ol" 

inl"<:ction with H37Rv strain. (b) In contras\, 

thL-r<: is strong mBD3 immunostainin¡; in thc 

brl'nL·hd cpíthdium (arrows) and in somt· 

TTl<tcrophagcs in thc lung of thc mousc ini"cctcd 

with _.,train ll37Rv and trcatcd with 

t-isolo:ucínte. (e) The control animal shows 

c>.tcnsivc pncumonia aftcr ,¡ months of 

infcctinn with drns-scn~itivc strain H37Rv. 

(d) ln comparison. the L-isolwcine treatc:d 

mousc shows kss .lung surface arczt affcctcd 

hr pnc:umonia (arrow). {e) Rcprcscntzttiv<.: 

mkrop.raph showing extL·nsi\·e pneumonia 

<~i"tcr ·1 months of in(cction \vith thc 

multid.rug-rL·sistant clinical isolate, whik the 

L-isoleucinc·-tn:atcd mouse shows less !un¡::, 

cunsolidation ((). 

!v1oreover, alveolar macrophages can uke externa! defensins 
and use them as anti-microbial effectors to eliminate intra­
ccllular mycohactcria [37 .38]. Thw:, severa! ~-deknsin­

dependent mechanisms could explain the observed control 
or murinc tuberculosis produccd by trc:atment with 
L-isoleucine. However, at this stage we mnnot assess formally 
the possibk role..- of other mediators or biological effects that 
might be caused by L-isoleucine. 

Another important problem in the control of TB is the 
emergence of MDR strains. Approximately 400 000 nev-: 
c1ses of MDR :rvlth emerge worldwide each year, and this 
fl1rm of TB has been identified as a significant problem in 
every region under \Vorld Health Organization surveiUance. 
Treatment of I\·1DR strains is resource-intensive and usually 
requires a combination of second-line drugs that are more 
expensive, more toxic. and less effective tban drugs used in 
standard therapy. Our results showed that intratracheal 
administration of L-isoleucine in mice intected "~Nith MDR 
bacilli during the advanced phase of infection reduced sig­
nitlcantly lung bacillary loads and tissue damage. Similarly to 

@ 2011 The Authors 
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H37Rv strain-infected mice, l month after treatment the 
expression of IFN-y and TNF-cx \Vas higher than in control 
micc. Thus, L-isoleucine administration was also able to 
stimulate the production of protective cytokines during 
MDR progre.ssive di.sease, reducing di.sease severity as 
occurred with the drug-sensitive H37Rv strain infection. 

In conclusion, o m results show that repeated intrapulmo­
nary administration of L-isoleucine induced ~-defensin pro­
duction i11 vivo, and that this correlated with improved 
protective immunity and higher resistance to mycobacterial 
infection when adminístered during late progressive disease 
induced by drug-sensitive or drug-resistant virulent 
mycobacteria. Althougb this treatment was not completely 
curative, these results suggest that continuous administra­
tion of L-isoleucine by the respiratory route is a potential 
therapy that rnight a id tbe control of this signifícant infec­
tious disease. Moreover, there are efficient devices for deep 
administration of aerosols to human lung.s that might reach 
the infected areas more reliably than the simple intratracheal 
injection used here. 

87 
Cllntcal and Expcrimentallmmunology © 2011 British Society for lmmunology, Clínica! and Experimental /mmuno!ogy, 164: 80-89 



C. E. Rivas-Santiago et al. 

Acknowledgements 

C.R.-S. was supported by the National University of Mexico 
(UNAM) and a scholarship of the National Council for 
Science and Technology ( CONACyT) Mexico. This study 
\VZIS supported by CONACyT (contract: 84456). 

Disdosure 

The authors ha ve no n:levant affiliations or financia} involve­
ment \Vith any organization or entitywith a financial interest 
in, or financia! conflict with, the subject matter or materíals 
discussed in the manuscript. This includes employment, 
consultancies, honoraria, stock ovmership or options, expert 
testimony, grants or patents received or pending, or royalties. 

References 

Dy<O C, Sche.:k S, Dolin P, Pathania V, Raviglione MC. Consensus 

statemenl. Global burden of tuberculosis: estimated incidence. 

prevalen ce. and mortality by country. WJ 10 Global Survcillann· 

and Monitoring Project. JAMA 1999; 282:677-86. 

2 Lonnroth 1\:, R~viglione M. Global epidemiology of· tuberculosis: 

pros¡,ect.<; ft>r contrt>L Scrnin Respir O"it Can.:- 1\kd 2001'; 29:4.S1-

91. 

l'v1itnick CD, l\ppkton SC, Shin SS. Epidemiology and trcatmcnt of 
rnultidrug r~siStdnt tub~rc:nlosis. Scmin Respir Crit Ca re Med 2008; 

29:499-524. 

4 Rivas-Santiago B. Schwandcr SK, Sarabia C ¡;¡al. Human ~bctal­

dt:{ensin 2 is cx:presso::d ami associatcd wiLh Mycobactcrium tubcr­

nlh;ú; during in(ection of humdn alveolar epithelial cells. Jnfect 

lmmun 2005; 73:4505-1 L 

5 Korbel DS, Schneickr BE. Schaible UE. Innatc imrnunity 

in lt1berculosis: myths and truth. Microbes lnfect 2008; 10:995-

1 UU'1. 

6 van Crcvel R, Ottenhoff TH, van dcr :Vlccr )\Al. lnn~te irnmtmity 

to Mycobactrrium tubawfo.~ís. Adv Exp :V!ed Biol 2003; 531:241-7. 

Rivas-Santia~o B. Sad~ E, l lcrnandez-Pando R, Tsutsumi V. [t\nti­

microbial peptidcs in thc im1ate immunity of infectious diseasc~]. 

Salud Publica \-kx 2006; 48:62-71. 

R Suzuki T, Chow C\V, Downcy GP. Role of innatc immunc ccll~ and 

their products in lung immunopathology. lnt J Biochern Cell Biol 

2008; 40:1348--61. 

Pazg.i.:r M, Hoowr DM. Yang D, Lu W, Lubkowski ). Human bda­

dcfensins. Cdl :VIol Life Sci 2006:63:1:294-313. 

lO Rivas-Santiago B, Contrcras JC, Sada E, HemCJ.ndcz-Pando R. 

Thc pol<:ntial role o( lung cpitl1clial cclls ~nd bd~-J~(ensins in 

CX)'erimmtallatent tuberculosis. Scand J Immunol 2008: 67:448-

52. 

1 J Rivas-S,mtiago B, Hcrnandcz-Pando R, Carranza C ct al. Expres­

sion of cathclicidin LL-37 during Mycobo.cterium tuberculvsis infec­

tion in human alveolar macrophap;cs. m(>nocytcs, ncutrophils, and 

cpitheEal cclls. lnfect lmmun 2008: 76:935-1 L 

:2 Riva~-Santiago B, Sada E, Tsutsumi-V. Aguilar-Lcon D, Contreras 

)L, 1 krnandcz-Pando R. Beta-defcnsin gene cxprcssit>n during thc 

coursc of experimental tuberculosis infcction. l lnfcct Di~ 2006; 

194:697-701. 

13 Bt>wdish DM, Davidson 0), Sct>tt MG, Hancock RE. Jmmuno-

modulatory ~clivilies oC sma11 host tldense peptides. Antimicrob 

Agcnts Chcmother 2005: 49:1727-32. 

1"1 Fundcrhurg :---!, Lcderman \.'1\-'L Fcng Z et al. llurn:m-defcnsin-_'1 

activates lJrofessional antigen-presenting cells via Toll-like rcccp­

tors l and 2. Proc :-Jatl A.cad Sci USA 2007; 104:18631-5. 

15 Yang D, Chcrtov O, Bykovskaia SN et d. Bcta-dcfcnsim: linkin::< 

innate and ad~ptiw imrnunity through dtndritic and T cdl CCR6. 

Sciencc 1999; 286:525-8. 

16 Ganz T. Dcfcnsins: antimicmbial pcptidcs of vertebra tes. C R Rinl 

2004: 327:539-49. 

17 Canz T. Dcfcnsins and othe1· antimicrobial pcptidcs: a historie,¡] 

pcrspective anLl an update. Comb Ch~m High Throughpul .S!.TL'l:'ll 

2005; 8:209-17. 

18 Shcrman I-1, Choq,nik N, Froy 0. 1\lbumin anda mino acids uprq!,ll­

late the t:xpn:ssion of human b.:-ta-der~nsin l. Mol lmmunol 2006: 

43:1617-23. 

19 Oppcnhcirn JJ, Biragrn .A., Kwak L\1/, Yang D. Roles of antirnicn>hial 

peptidcs-such us d<::IC::nsins in innate and ~daptivo:- immunity. i\nn 

Rhc·um Dis 2003; 62 (Suppl. 2):iil7-2L 

20 lvlcncnde;: /\. Brctt rinlay B. DcFC'n~ins in tl1C immunolog¡ 

of bacteria\ infection~. Curr Opin frnmunol 2007; 19:.'1<5-

91. 

21 Pehlbaum P, Rao :VI, Za.~1ofr·lv1. Andcrson G:v1. An c~-~cntial ami no 

a cid induces cpithelia 1 beta-dcfensi n expression. Pro e Na ti Ac~d Sci 

USA 2000; 97:12723-8. 

22 \'l,'clling rv11v1, J-Iicm~tra PS, van den Barsclaar /viT etal. Antihactc­

rial activity ofhuman neutrophi} dden~ins in experimental in(cc­

tions in m ice is accomp<Jnicd by incrc<Jscd lcukocytc accumulation. 

) Clin lnv~sl 199R: 102:JSR3-90. 

23 1-lernmdez-P<mdo R. Orozco 1-1, Aniaga K, s~mpkri A, 

Larriva-Sahd ). lvl~drid-lvlarina V. /\nalysis o( thc lo~.:<1l kinctics 

and localizalion or· Ínkrleukin-1 <~lpha. turnour n<.:crosi~ liJ<.:tor­

alpha and t1'a_nsfonnin~ growth factor-beta. during the cour~c of 

experimental ~'ulmon<try tubcrculosis.lmmunology 1'::197; 90:óll7-

17. 

24 Hernandez-Pando R, Orozcoc H, Sampieri A ct al. Corrdation 

bctwccn thc kincLics ui'Th 1, Th2 cclls and patho logy in il murinc 

rnodcl of expet·imcntal pulrnonary tuberctllosis. lrnmunolt>g) 

1996; 89:26-35. 

25 )arnagín )l., Luch~ingcr D\.V. The use t>C fhwrcsccin diacclat~· 8nd 

ethidium brornidc a~ a stJin for evaluating viability pf­

mycobacteria. Sta in T~'chnol 1980; 55:253-8. 

2A Sl1arma S. Vcrrna l, Khullcr GK. Antibacterial activity or hurn,ln 

n~utrophil pcptidc~ 1 against ]'vfyr.:obacterium tuhacufosl' H37Rv: in 

vitro and ex l'ÍVD study. Eur R~pir j 2000; 16:112-17. 

27 Sharrn,1 S, Vc:rrnu 1, l':hulkr GK. Th<o:r~p<.:ulic potcnti::tl or· hum;m 

ncutrophil peptidc 1 againsr experimenwl tuberculosi~. t\ntimi­

crob Ag~·nts Chemothcr 2001; 45:639-40. 

28 Durr ~1. Pcsch.:l ,\. Chc:rnokines rncd J<o:knsins: thc merging con­

cepts of chcmoattractants and antimicrobi,l] peptides in ht>~\ 

dcfensc. lntt.-ct lmmun 2002:70:6515-17. 

29 Bimgyn /\, Ruffini 'PA, Lcifcr Ct\ eral. Toll-likc n.:ccptor 

4-dcpendent activation of dendritic cells by beta-defcnsin 2. 

Scicncc 2002: 298:1 U2S-'1. 

30 I--lancock RE, Brown J.:L Mookherjee N. Ho~t dclCnc~· pcptid..:.' 

from invenebrates - cmcrging antimicrobi<Jl str~tegics. lmmui1P­

biology 2006; 211:315-22. 

31 :vJookhcrjce N. Hancock RE. Cationic host dcfcnce pcptide~: inn<ll<.: 

inm~une rcgulatory pcptidcs as a nDvcl appmach for trcating 

infections. Cdl Mol Lit"c Scí 2007; 64:922-33. 

88 © 2011 The Author<> 
Clinical and Experirnentallmmunology © 2011 British Society for lmmunology, Clinical and Experimental lmmunology, 164: 80-89 



.H Y,mg D, Liu Zl-1, "1\:wary P, Chen l), de la Ros:~ G, Opp~nh~im jj. 

n~-fensin participation in innate anJ aJaptivc immunity. Curr 

Pharm Ucs 2007: 13:3131-9. 

33 Bt:isswenga C, Bals R. Antimicrobial peptides in lung 

infbmmatioD. Chcrn lmmunol AI!ergy 2005; 86:55-7]. 

:;.¡ Ikis:-:wcngcr C, Bal~ R. Functions of antimicrnbial pcptidcs in ho:-:t 

Jcl"cnse anJ immunity. Curr Prottcin Pt:pl Sci 2005; 6:255--64. 

55 Fattoríni L Gcnn,_¡ro R, Z,1ncni .11.·1 eral. !n vítro activity of 

prmcgrin-1 and bcta-dd"ensin-1, alonc and in combinatit)n with 

isoninid, ag<tinst /'vi)'cobactr.:ritJm tubcrculosi;;. PeptiJes 2004; 

25:1075--7. 

© 2011 The Authors 

j)-Defensins as immunotherapy in tuberculosis 

36 Gera ]P, LichLenskin A. Human neutro¡.,hil p~pLide Jei"ensins 

induce single strand DNA bn:aks in targd ccll~. Ccll lmmunol 

1991; 138:108-20. 

37 Tan BI-1, :vleinken C, Bastian ]VJ eral. Macrophages acL¡uire neutro­

phi] granules for antimicrobial activity against intracdlular 

pathogcn.~. J lmmunol 2006; 177:1 K6·1-7l. 

38 Martineau AR, Newton Sl'vl, Wilkin~on KA ctal. Neucrophil­

mcdiated innate immune resistan.:<.: to mycobacteria. J Clin Jnvcst 

2007; ll7: 198&--94. 

89 
Clm1cal and Expcrimentallmmunology © 2011 British Society for lmmunology, Clinica/ and Experimentallmmuno/ogy 164:-80-89 



Journal of lnfectious Diseases Advance Access published August 21, 2012 

Extrapulmonary Locations of Mycobacterium 
tuberculosis DNA During Latent Infection 

Jorge Barrios-PayánY· Milena Saqui-Saices,2 Mangalakumari Jeyanathan,3 Avissai Aicimtara-Vazquez,4 

Mauric[o Castañon-Arreoia,1 Graham Rook} and Rogeiio Hernandez-Pando2 

· Genomic Science Program, Autonomous Universíty ot Mexico City, 2Experimental Pathology Section, Department of Pathology, Nationallnsti:ute 
of Medica! Sciences and Nutrition Salvador Zubiran, and 4Pathology Unit General Hospital of Mexico, Mexico City, Mexico: and 3DepaTtment 
of ln7ection, University College L8ndon (UCL), London. United Kingdom 

Background. One-third of the world's population has latent infection with Mycobacterium tuberculosis, and 
10%-15% of cases of reactivation occur at extrapulmonary sites without active pulmonar;' tuberculosis. 

Methods. To establish the frequency and location of mycobacterial DNA, organ specimens from 49 individu­
als who died from causes other than tuberculosis were studied by means of polymerase chain reaction (PCR), 
PCR plus DNA hybridization, in situ PCR, real~time PCR, and spoligotyping. 

Results. Lung specimens from most subjects (36) were positive for lvf. tuberculosis, as were specimens from 
the spleen (from 35 subjects), kidney (from 34), and liver (from 33). By in situ PCR, mycobacterial DNA was 
found in endothelium, pneumocytes, and macrophages from the lung and in Bovvman's parietal cells and convo­
luted proximal tubules from the kidney. In spleen, macrophages and sinusoidal endothelial cells were positive, 
whereas in liver, Kupffer cells and sinusoidal endothelium were commonly positive. Spoligotyping of 54 pulmo­
nary and extrapulmonary positive tissues from 30 subjects showed 43 different genotypes, including 36 orphan 
types. To confirm the viability of mycobacteria, 10 positive tissue samples >vere selected for isolatíon of mycobac~ 
terial RNA. All samples shovved 1.6S ribosomal RNA expression, while 8 and 4 samples showed expression of the 
latent infectíon genes encoding isocitrate lyase and a-crystallin, respectively. 

Conclusions. lvJ. tuberculosis persists in severa} sites and cell types that might constitute resenroirs that can 
reactivare infection, producing extrapulmonary tuberculosis without lung involvement. 

]Vfycobacterium tuberculosis (IVltb) can produce pro­

gressive disease or latent infection [1]. In areas ofhigh 

endemicity, infection first occurs in childhood and in 

most cases is controHed. Only lO% of these primary 

infections lead to progresslve disease [1, 2]. However, 

some bacilli remain in tissues in a nonreplicating 

dormant or slowly replicating stage for the rest of the 

individual's life. This latent form of tuberculosis (TB) 

is dinkally asymptomaüc. In countries with lo>v or 

moderate endemicíty, most active TB cases arise as a 

result of reactivation of latent bacilli [ l, 2]. Jt is 
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estimated that one-third of the world's population 

carries latent Mtb, and millions of cases of reactivated 

TB are predicted in the coming years [3,4]. 

One importan! point is the location of the bacilli 

during latent infection [ 1}. It has been assumed that 

latent bacilli are located in old fibrotic pulmonary 

granulomas, \ilhere the low nutrient supply and 

hypoxic microenvironment induce the low-level me­

tabolism characteristic of latent bacilli [1]. Hmvever, 

we have detected mycobacterial DNA by conventional 

and in situ polymerase chain reaction (PCR) analysis 

in histologically normal lung tissue spedmens from 
humans and mice during latent infection [5, 6]. This 

suggests that latent mycobacteria can reside not only 
in macrophages from old granulomas, but also in non­

professional phagocytic celt" from superficially normal 

tissue. However, recent results have sho,·vn mycobacte­

rial DNA in apparently histologically normal adipose 
tissue from nontuberculous persons living in countries 

where TB is endemic (eg, Mexico) or nonendemic 

Extrapulmonal)' :V!ycobacterial D~A in Lalent 1nfection o JJD .. 



, q;, Fmnce), as \vell as in adipose tissue from mice "'ith btent 

'ilJ~·ction [71. This is important because approximately 15% of 

, ,tses of reactivation occur at extrapulmonary si tes (ie, liver, 

,;1ine, kidney, spleen, and brain) without active pulmonary TB 

~;, 9]. These findings suggest extrapulmonary reactivarían 

; .1ther than reactivation from pulmonary sites and subsequent 

nigration of bacilli to other si tes. The aims of this study were 

:,1 determine whether Mtb DNA and RNA are present in ex­

r:t.pulmona¡y tissue specimens (from the liver, lddney, and 

¡1leen) from individuals who had no bistopathologic findíngs 

'l'ecific for TB and died from causes other than TB and, if 

\itb DNA and RNA are present, to identify their cellular loca-. 

11ons. \Ve confirmed our findings for bumans in a murine 

·;1udd of chronic infection that is similar to latent infection. 

METHOOS 

Human Sampies 

!-urty-níne subjects \Vho died from causes other than TB were 

·ncluded. The necropsy and tissue samples were collected at 

1 he Department of Patholog;r of the General Hospital of 

\lexko. Sex, age, and causes of death are presented in Table l. 

-.,ubjects \Vith human inmmnodeúciency virus infection or im­

:nunosuppressive treatment \Vere excluded. Tissue samples 

-.\·t·re obtained during legally authorized autopsies "'ith signed 

i'l"l'mission by a relative, who agreed to the donation of addi-

1 ~~mal samples for the present study. The Ethics Committee of 

11lc General Hospital of México approved the study (code DI/ 

• 1/310/03/083). 

Bet\veen 4 and 6 hours after death, tissue samples were ob­

i ,lined from the lung, liver, spleen, and kidney. Samples were 

l,tken from random sites of all organs except lungs, in \vhich 

'-arnples were obtained from the ba~e and apex. Samples were 

i.Lken using stáile technique (ie, ne-v.r scalpel blades, sterile 

, luthes, and a flame) and divided into 2 fragments. One frag­

. :<cnt was frozen in liquid nitrogen for DNA and RNA extrae­

' 1un and culture of lVItb in Middlebrook 7H9 broth (Difco 

i;t'cton Dickinson, Sparks, MD), while the other fragment was 

:L\:ed in 10% fonnaldehyde for histological analysis, acid-fast 

-taining, and mycobacterial DNA detection by in situ PCR 

IJetection of Mycobacteriai DNA by Conventional 

and In Situ PCR 

\ fragment of each frozen sample was homogenized in a 

mini-bead beater (Biospec Products, Bartlesville, OK). DNA 

1\'as extracted by the phenol-chloroformMisoamyl alcohol 

tnethod [10]. Strict procedures and controls were followed to 

,¡\'oid cross-contamination between samples during DNA ex~ 

1 ¡·action. To detect mycobacterial DNA, conventional PCR for 

1 he specific insertion sequen ce !5611 O V·.taS carried out as pre-

1(\usly described [ll]. Considering that >90% of newborn 

:nfants in Mexico receive BCG vaccine, it was importan! to 

<> JJD • Ban-ios-Payán et al 

confirm that mycobacterial nucleic acids in positive samples 

were not derived from Mycobacteriwn bovis. YVe used conven­

tional PCR to amplify the oxyR gene, highly specific for 1\-1. bovis, 
using primers )B21 (5'-TCGTCCGCTGATGCAAGTGC-3') 

and )B22 (5'-CGTCCGCTGACCTCAAGAAG-3') [12[. We 

used DNA from Mtb H37Rv and M. bovis BCG Danish 1331 

as positíve controls and DNA ti-om Hamo sapiens and Escha­

ichia coli as negative controls. In negative samples, PCRs were 

carried out twice to confirm the result. 

To increase the sensitivity of 156110 detection, DNA hy­

bridization 'A'aS applied to al1 negative or weakly positive 

samples. In brief, Hybond N+ membrane Vv'as sensitized 'íNith 

denatured 156110-PCR product from each necropsy, incubated 

for 2 hours with blocking reagent (Rache Applied Science, In~ 

dianapolis, IN), and incubated overnight with the 156110-Biot 

pro be. The membrane was washed with 2 x SSPE/0.5% sodium 

dodecyl sulfate and incubated \dth streptavidin-HRPO (Invi­

trogen, Camarilla, CA). Probe detection was performed \Yith 

Immobilon YVestern Chemiluminescent HRP substrate (Milli­

pore, Billerica, MA). The 156110-Biot probe \Vas made using 

the INS-1 primer 5'-CCTGCGAGCGTAGGCG TCGG-3' 

labeled with biotin at the 5' end, using as controls the DNA 

from H. sapiens, E. coli, and Haemophilus influenzae. 

For in situ PCR détection of mycobacterial DNA, S-11m sec­

tions from each paraffin block were examined, follO\ving the 

protocol previously described [5-7]. Lung sections from 1 TB 

case were used as positive controi, and lung sections from a 

noninfected mouse were used as a negative controL 

Spoligotyping 

To determine whether the detected mycobacterial DNA was 

related to a particu]ar genotype, as well as \vhether >l geno­

type was in each necropsy specimen, spoligotyping was carried 

out for every positive sample, according to the manufacture;:-'s 

recommendations (Ocimum Biosolution, Hyderabad, India). 

In all experiments, DNA from 1iltb H37Rv and lvi. bovis BCG 

was used as a positive control. The reaction mixture was pre­

pared »ith AmpliTaq Gold fast PCR Master ML,, (Applied Bio­

systems, Carlsbad, CA), using DRa 5' -GGTTTTGGGTCTGAC 

GAC-3' biotinylated at the 5' end and DRb 5'-CCGAGAGGGG 

ACGGAAAC-3' primers and 1 ¡..tg of total DNA as a template. 

Spoligotypes in octal code v,rere compared \•.rith the SPOLDB4.0 

database of the Pasteur Institute of Guadeloupe (available at: 

h Ltp:// \V\ V\ V. pasteur-guadelo up e .f r 1 t b /b d_m y co .h tml) . 

Uuantilication by Real-Time PCR ol Mycobacterial Gene 
Expression 

To define bacteria! viability in tissue samples in which \Ve de­

tected mycobacterial DNA, we used a prev:iously described 

technique with some modification to determine mycobacterial 

gene expression by real-time PCR after isolation of putz.tive 

mycobacterial RNA [13, 14]. Ten samples from different 
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F 
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F 
M 
M 
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F 

M 

M 

F 

M 

F 

F 

F 

M 

F 

F 

M 

F 

F 
F 

F 

M 

M 

M 

Age, Years 

61 

62 
18 

52 
27 
73 
57 
55 

40 

24 

84 

22 
93 
33 
61 

60 

28 
76 

16 

35 

20 
58 

42 
70 
45 

69 

18 

35 
64 

42 
57 
89 
29 
29 
80 
29 
83 

22 
36 
70 

50 
76 
59 

14 

40 

84 
52 
45 

37 

Aobreviat;ons: -. nega~ive; +, oositive. 

Cause of Death 

Emphysema 

Systemic arterial hypertension 

Kidney failure 

Sepsis 

Systemic erythematous lupus 

Kidney failure 

Systemic arterial hypertension 

Lymphoblastic acute leukemia 

Diabetes 

Chronic kidney failure 

Systemic arterial hypertension 

Myeloblastic acute leukemia 

Systemic arterial hypenension 

Fusiform cell sarcoma 

Acute hemorrhagic pancreatitis 

Multiple myeloma 

Ovarían cancer 

Cancer 

Sepsis 

Cardiac malformation 

Svstemic arterial hypenension 

Systemic arterial hypertension 

Chronic kidney failure 

Hypovolemic shock 

Lung cancer 

Malignan! glioma 

Sepsis 

Pneumonia 

Myeloblastic acute leukemia 

Kidney cancer 

Emphysema 

Hypovolemic shock 

Brain hemorrhage 

Diabetes mellitus 

Brain hemorrhage 

Breast cancer 

Chronic kidney failure 

Brain hemorrhage 

Breast cancer 

Heart failure 

Myocardial infarction 

Chronic kidney fa1lure 

Sepsis 

Brain hemorrhage 

Systemic arterial hypertension 

Emphysema 

Pneumonia 

Disseminated intravascular coagulation 

Pneumonia 

Lung 

+ 

+ 

+ 

+ 
+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 
+ 

+ 
+ 

+ 

+ 

+ 

+ 

+ 

+ 
+ 

+ 

+ 
+ 

+ 

PCR Hybridization Finding 

Spleen 

+ 

+ 

+ 

+ 

+ 

+ 
+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 
+ 

+ 

+ 

+ 

+ 

+ 

+ 
+ 

+ 
+ 

+ 
+ 

+ 

+ 

Kidney 
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+ 
+ 

+ 

+ 

+ 
+ 

+ 
+ 

+ 
+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 
+ 
+ 

+ 

+ 

+ 

+ 

L.IV' 

+ 

+ 

+ 

+ 
+ 

+ 

+ 

+ 

+ 

+ 

+ 
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,ubjects that showed the strongest PCR positivity for 156110 

-.,\·cre selected. The tissuc was homogenized using a Multi-Gen 

mm generator and centrifuged; the supernatant contained 

, ukaryotic RNA, while the pelleted material contained the 

h-tcilli. To isolate the bacteria! RNA, the pellets suspended in 

1 R1zol (Gibco BRL, Camarilla, CA) \Nere disrupted using a 

\lini-Bead Beater-8 (Blospec Products, Bartlesville, OK) and 

·: rconia and silica beads. After vortexing and centrifugation, 

1 h<: supematant contained Mtb RNA. Bacteria! RNA was iso­

!.Jted using 4 cycles of purification l¡11íth an RNeasy column 

: 1)Jagen, Valencia, CA), follmved by D::\"ase incubation. \Ve 

'.:sed mycobacterial 165 ribosomal RNA (rRNA) for reference 

e r lllStitutive gene expression and as a viabiJity marker beca use 

;his gene is expressed in all gro\'.'th conditions [13]. Primers 

• • • 

for 165 rRNA, isocitrate lyase (icl), and a-crystallin (acr) my­
cobacterial genes were designed with Primer Express software, 

version 2.0 (Applied Biosystems, Carlsbad, CA). The nucleo­

tide sequences of the forward and reverse primers were as 

follows: for 16S rRNA, S' -TCCCGGGCCTTGTACACA-3' 

(forward) and S' -CCACTGGCTTCGGGTGTAA-3' (reverse); tor 

icl, S'-ACACCTACCCCGACCAGAG-3' (forward) and S'-TG 

CAGCTCGTAGACGTTGAGM3' (reverse); and for acr, 
S'-CGAGAAGGACGTCGACATTA-3' (forward) and 5'-CC 

TTGTCGTAGGTGGCCTTA-3' (reverse). The quality and 

quantity of RNA were evaluated by spectrophotometry and 

electrophoresis. Complementary DNA (cDNA) syuthesis was 

performed using 5 J-Lg of total R:-.JA, 2 11M of random primers 

(Promega, Madison, WI), 10 U/flL of ribonudease inhibitor 

• •• ' .•. _._·_·_·-._ . 
~ ! 

• 

figure 1. 0E¡tection of mycobacterial DNA in lung and liver samples by conventional polymerase chain reaction (PCR) plus DNA hybridization. To 
uease the sensitivity of IS6J JO detection. DNA hybridization was applied to all negative (box) or weakly positive samples by conventional and in situ 

' ~:~R. Hybridization was performed in duplicate. using the PCR product the number corresponds to the patient referred in T able 1. Bottom, A total of 100 ng 
,,; 'li 100 pg of Mycobacterium tuberculosis (Mtb) DNA ( positive control) and 100 ng of negative controls DNA (from Hamo sapiens [H. sapiens], 

,;r'herichia co!í [E. colí], and Haemophilus influenzae [H. influenzae] and water). Abbreviations: L, liver sample; Lu. lung sample . 

.. JID o Barrios-Payán el al 



(Invitrogen, Camarillo, CA), 1 f.lL of buffer RT, 0.5 mM of 

dNTP, and 4 units of Omniscript reverse transcriptase 
(Qiagen, Valencia, CA). A preliminary conventional PCR 

using I6S rRNA primers \vas carried out with an aliquot of 

cDNA. Real-time quantitative PCR was performed \\lith the 

QuantiTect SYBR Green PCR Master Mix (Qiagen, Valencia, 

CA). To obtain a standard curve, 4 different PCRs were per­

formed in parallel, using as a template 10-fold dilutions of 

known amounts of the Mtb H37Rv 16S rRNA gene (108-102 

copies) together with the experimental sample. Reactions were 

performed in a 7500 Prism spectrofluorometric thermal cycler 

(Applied Biosystems, Carlsbad, CA). The reaction mi.xtures 

consisted of 0.5 f1-lVI of target and control primers, 12.5 fl-L of 

J'viaster Mix, and 1 f.lg of cDNA. Cycling conditions were as 

follov,rs: initial denaturation for 15 minutes at 95°C, followed 

by 40 cycles at 95°C for 20 seconds, at 59°C for 20 seconds, 

and at 72°C for 34 seconds. An independent real-time PCR 

assay was carried out in triplicate for each tissue sample in 2 

separate experiments. The messenger RNA copy number (': 

mycobacterial genes was related to 1 million copies of R?( ' 

encoding the 16S rRNA gene. PCR fragments amplified from 

acr and 16S rRNA genes from Mtb were identified by mean-. 

of a genetic analyzer, ABI PRISM 310 PE (Applied Biosy~ 

tems, Carlsbad, CA). RNA from spleen tissue of infected m ice 

was used as a positive control, and RNA from lung tissLh 

from noninfected mice and lung tissue obtained during nec 
ropsy of newborn m ice were used as negative controls. 

Murine Model of Latent infection 

To evaluate the presence of extrapulmonary lvitb in apparent1:. 
histologically norn1al tissues, v,re used a murine model ni 

chronic infection that is similar to latent infection [6]. Hyb1il; 

F1 C57BL/DBA mice were infected intratracheally with 1 x J(l 

live Mtb H37Rv. Groups of 5 mice were saetificed at days .3!' 

90, 150, and 210 after infection. The kidney, spleen, and liwr 

\llere collected, and fragments were prepared as described abm··. 

figure 2. Representative micrographs of the localization of mycobacterial DNA detected by in situ polymerase chain reaction. A Kupffer cell fror 1 

hepatic sinusoids shows strong positivity (arrow), as well as occasional hepatocytes (asterisk). lnset liver section from normal noninfected mouse as 
negative control. 8, In spleen, endothelial cells from sinusoids (arrows) and red pulp macrophages (asterisk) are positíve. C, In the kidney, strorr; 
positivity is seen in the parietal cells from the glomerular capsule and in epithelial cells from the proximal convoluted tubules (arrows; O). For ;:¡[· 

micrographs, original magnification x400. 

Extrapulmonary \lycohacterial DNA in Lalenl Tnfection <> JID "' 



, ,,. histological analysis and !5611 () detection. Serial sections 

\ere stained with Ziehl-Neelsen. Another tissue fragment >vas 
'hed for quantification of colony-forming units (CFUs) I 6]. 

RESULTS 

Mycobacteriai DNA in PLlimonary and Extrapulmonary Tissues 

\ total of 43 necropsy specimens ( from 19 of 23 males and 24 
, ,¡' :?.6 females) were positive for mycobacterial DNA (Table J ). 

·,\·e considered necropsy specimens as positive when IS6110 

,_.,as detected in at least 1 tissue by conventional PCR, PCR 

.\lus DNA hybridization, or in situ PCR. As expected, the lung 
\;',lS the organ that most commonly y:ielded specimens positive 

:ur JS6110 (in 36 cases), but spleen spedmens (from 35), 
Lidney specimens (from 34), and liver specimens (from 33) 

'úTC also positive (Table l). In 35 subjects (íO%), we found 

"ycobacterial DNA in lung and extrapulmonary tissues, but 
.n 7 (14%), detection was exdusively in extrapulmonary 

1~sues. \Vhen the result was dífficult to interpret, we per­

·{>rmed PCR plus DNA hybridization (Figure 1). Thus, 34 of 

-l-J samples (3 lung specimens, 13 liver specimens, 16 spleen 

-pecimens, and 2 kidney specimens) that were negative by 

, , mventional PCR yielded positive results after hybridization. 

'-.iv samples were positive for 1\1. bovis. 
By use of in si tu PCR, we detected mycobacterial DNA in 

,·IJdothdial cells, type II pneumocytes, and alveolar macro­

¡\hages (data not shown), which corroborates previous find­

mgs for lung tissue [5]. In kidney, positivity ;,vas localized in 

tlle parietal cells of Bov.'Illan's capsule and, on occasion, in 

critbclial cclls from convoluted proximal tubules (Figure 2). 

n spleen, 156110 positívity was found in red pulp macrophag­
\_" and sinusoidal endothelial cells, while in liver, positivity 

\\~ts located in Kupffcr cells and sinusoidal endothelium. On 

< ,\_·casion, hepatocytes and portal biliary duct epithelial cells 

11t.:'f<: also positivc (Figure :?.). None of these positive tissues 

-howed any apparent histological abnormality, such as granu­

icll1HS, inflamma:tory infiltrates, or fibrosis. 

Spoligotyping 

n 5-t positive tissue specimens from pulmonary· and extrapul­

·1wnary sites of 30 subjects, we found 42 different genotypes, 

¡,ut only 8 genotypes hada match in the SPOLDB4.0 database. 

he most frequently detected genotype (in 7 samples from 6 
~ubjects) corresponded to shared international type (SIT) 53. 

J'his profile has been reported 2380 times in the SITVIT data­

kl$C (54 of which were reported from Mexico). Other pro files 

:uund were SIT 523 (in 3 samples), SIT 291 (in 2), and SITs 

-.:'-i-5, 5:?.1, 1166, 1196, and 1690 (in 1 each). With the exception 

,,( SIT 53, none of the profiles found \\'as previously reported 

.n ivlexico. \Ve found 34 orphan types from different organs. 

i hey had spoligotyping codes, but the codes did not have 
1natches in the database (Table 2). In 15 of 30 subjects, we 

.. JJD .. Banios-Payán el al 

found 1 genotype; 9 of 30 subjects had 2 genotypes, and 6 of 

30 carríed ~3 genotypes. 

Detection of Mycobacterial Gene Tran.scription 

by Real-Time PCR 

To confirm the viability of mycobacteria, we selected 1 O tissue 

samples (4 from lungs, 4 from kidneys, and 2 from spleens) 

with the highest positivity to 156110 detection by PCR. Spleen 
taken from chronically infected mice was the positive controL 
\Ve selected the mycobacteriall6S rRNA as a \-iability marker, 

and for latency we selected cx-crystailin (encoded by acr), since 

this protein is expressed during stressful conditions [14], and 

isocitrate lyase (encoded by icl), because lVltb uses this enzyme 

in the metabolism of fatty acids during chronic infection [ :3]. 
In the 1 O selected samples, we detected 16S rRNA (Figure 3A), 

while icl \Nas detected in 8 samples ( 4 from kidneys, 3 from 

lungs, and 1 from spleen) at levels varying from 1 x 101 to 1 x 

10G copies per IOG copies of 165 RNA (Figure 3). In 4 samples 

that were positive for icl, we also detected acr (in 2 kidney speci­
mens, 1 lung specimen, and 1 spleen specimen). The expression 

of acr was higher in all cases (range, 1 x 107-1 x 10"' copies). 

Murine Model 

VVe used a mouse model that mimics latency, V\o"'ith a low, 

stable Jung bacillary load V\o"'ithout weight loss, spontaneous re­

activation, or death [6]. Low and stable numbers of CFUs ""ivere 

detected only in liver and spleen (Figure 4). After histological 

analysis, acid-fast staining showed bacilli in tissue sections 

from liver and spleen, specifically in macrophages, hepato­

cytes, and endothelial cells from apparently normal tissue 

(Figure 4). In situ PCR shmved positivit:y in the same cells as 

in the human tissues, but the labeling \Vas stronger, and the 

cellular distribution was much wider (Figure 4). 

DISCUSSION 

Prevíous work has demonstrated the presence of mycobacttri­

al DNA in macroscopically and histologically normal Lung 

and adipose tissue from people who died from causes other 

than TB, suggesting latent infection [5, 7]. Here, we confirm 

and extend these observations by demonstrating the presence 

of mycobacterial DNA in pulmonary and multiple extrapul­

monary tissues from people \vho died from causes other than 

TB and had no history of this disease. This agrees \Yith many 

reports in which Mtb DNA was detected in extrapulmonary 

samples from patients in a wide range of geographical loca­

tions who were putatively 'IArithout illness [15-19]. 

\Ve found a higher percentage of pulmonalJ' and extrapul­

monar¡' specimens positive for mycobacterial DNA than in 

our previous study [S]. This difference can be explained by the 

use of DNA hybridization in addition to PCR, which greatly 

increased sensitivity. \~Ve detected mycobacterial DNA in both 
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ti rabie 2 cominuod. . 
'" " Specimen Source S ex Age, Years Organ Octal Spoligotype SIT " "· ~ mmummmaemomoemammmmemmemmammmmmmmmmmmmooaoo 
-~ 

Subject 30 M 42 S 777277777777620 

w Subject 31 8 F 57 S 777777577774771 mmmmmmmmemmmmmmmmmuoumemmmmemmmmmmoommmmmmm o 
c. mmmmmmmumo•••ommmmmoommassmmmmmmoooommmmmmm e K 7713571177760771 
"-

L 417243077760771 moobommmmomomooommooommmmama&ammoooo&mmmmmm 
Subject 328 M 89 Lu 777357476766771 mmmemmmmmom&mo&m&mmoommmmmommmmmommommmmmmm 

K 777777677761771 mmmmmmmmmmemmemmmmmmommmmmmmmem~ooo~~~~~~•• 

L 777357777777771 •••~•~•mmommmommmammaammma~~•mmmmmmmmmmmmmm 

Subject 33[1 M 29 Lu 777357476760771 ammmmmmamomemommmmmoommmmmommmmmoooomammame 
S 777777777762771 ememmmmmmmmamaaaeaaammmmaamaummmoomommmmmmm 1690 

K 737377477760771 memoemmmaommaamammeoommammmmamamoooommmuamm 
Subject 34b F 29 S 777357477760771 mmmmeamamomamoamaamoommmmaammmmmoooommmmmam 

L 777777476773771 mmmmmmamammmaaaammmooemmmaommmmmmoammmmmmmm 
Subject 35h M 80 S 777377477760771 ammmaammmomaammamamoommmmmammmmmoooommmmmmm 

L 777377677770771 emeememmmoememeaaammommmamammmmmmooommammmm 
Subject 36"' F 29 Lu 777357676761771 aaaaameamomamommmam&oamaamoa&mumooomammmmmm 

S 777357477760771 BBBBBBBBBOBBBDRBBBEDDEBBBBBBBBBBDDDDBBBBBBB 

K 777757477760771 amammmmammamaommammoommmmammmmmmoooommmmmmm 
L 777777777777771 ••••••••••••••••••••••••••••••••••••••••••• 523 

Subject 37 F 83 S 777377677763771 emmmaammaommammmmmemommmemmmmammoommmmmmmam 
Subject 38b F 22 Lu 777355476360671 mmmmammamomamommommooammmmoommamoooommomamm 

L 777377477723771 RBRBBBBBBOBBBBBBBBBODBBBBBBBBBOBDOBBBBBBBBB 

Subject 39 M 36 S 773257676763771 aammaaomaomoaommammmommaaaoammemoomaaaemmam 
Subject <10 F 70 L 777777777777771 aaemmmmammamammmmmmmmmmmmmmmaamemmmmmaeamma 523 

Subject L13b F 59 Lu 757057777777631 amamommmmoooaoaamammammmmmmmmmmmammammooeaa 
L 777357777777671 ammmmammmommmomeaaamamaememaamaemammmmommna 

Data are for 54 \1ssue specin<ens from the lung (lu). livor (L) kidney (K) and sp!een (S) that posltlve for IS6110 by polymerase chain re<1C\ion. Forty-two different genotypes vvere detected. of which 34 were orphan 

types whose codes did not have a match in the SPOLDB4.0 database. 1\lo sample from subjects had the pat1ern ot Mycobacterium tuberculosis H37Rv or Mvcobacteriurn bovis BCG. 

J\bbreviation: SIT, shared international type. 

a Had ;?.3 genotypes. 

r. l-Iad 2 ~Jenotypes. 
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Figure 3. Mycobacterial gene transcription determined by quantitative 
real--:ime polymerase chain reaction (PCR). Ten tissue samples were se­
lected from lungs (l}. kidneys (K}. and spleens (SI (for each. the number 
corresponds to the patient referred in Table 1) according their high posi­
tivity to IS611 O, as determined by conventional PCR. A, Transcription of 
16S ribosomal RNA (rRNAI as a viability marker. B. Expression of 2 
related latency genes. aCí (which encodes alpha-crystallin) and íc/ (which 
encodes isocítrate lyase). The messenger RNA (mRNA) copy numbers for 
acrand ic! are given relative to 1 mili ion copies of 16S RNA. 

pulmonary and extrapu1monary sites in 84% of the studied 

cases and exclusively in extrapulmonary sites in 14%. The 

organ that was most commonly positive was the lung (72%), 

but the frequency of positive findings was similarly high for 

the spleen (70%), the kidney (68%), and the liver (66%). A1l of 

these organs have high blood throughput, which facilitares in­

fection. Similarly the in situ PCR study showed mycobacterial 

DNA preferentially in Kupffer ceDs and red pulp macrophages. 

Thus, Mtb may be phagocytosed during hematogenous dis­

semination by cells frorn the mononuclear phagocytic system, 

as '\vell as by nonprofessional phagocytic cells, such as endo­
thelia1 ce1ls, which also frequent1y showed 156110 positivity. 

Endothelial celJs are easily infected by Mtb in vitro, and recent 

microarray studies showed an extensive shutdown of diverse 

bacterial genes related to metabolic pathways, which suggests 

bacillary dormancy, or at least greatly reduced activity [20]. 

Kidney samples commonly showed mycobacterial DNA. l1 

si tu PCR revealed positivity in epithelial cells, particular!: 

Bo\vman's parietal cells. Renal glomeruli filter a high volum, 

of blood, and the parietal Bmvman's epithelium is exposed ¡,, 

the glomerular filtrate. This suggests that, despite their sizc 

mycobacteria can pass through capillm-y walls and infect epi 

thelial ce1ls from glomeruli and proximal tubules. At presen t 

we have no insights into how this might occur or ,.,-hetht" 

they are transported within cells. Interestingly, there \\rere n', 

histological abnom1alities in any of these extrapulmonan 

tissues, as previously reported for the lung [S]. Since all thC'-l 

positive cells are heavily exposed to circulating blood, hypoxL1 

might not be a significan! factor in the induction of bacteria 

dormancy. Nitric oxide could be important in the.se cdlub· 

settings. Nitric oxide is produced by endothelial cells and maL 

rophages, and treatment '\Vith nitric oxide-blocker drugs i~ 

animal models provokes mycobacterial reactivation [21]. 

Because extrapulmonary TB occurs commonly in lymrl· 

nodes, genitourinary tract, meninges, and pericardium. it '\·vill b, 

importan! to extend these studies to material from these site~ 

\Ve do not know '\.vhether reactivation in n:hese other sites i~ 

local or dueto spread from sites su eh as those we have studied . 

The use of PCR-based genotyping methods such as spoligo 

typing to differentiate Mtb strains has revealed multipl, 

strains within single patients in severa! gcographical area­

[22-24]. These studies have been performed in patients witl1 

active infection. Our spoligotyping study showed 42 differen: 

genotypes from 30 individuals, including 34 orphan strain-. 

This variability suggests chronic sporadic infection. Interec;t 

ingly, 50% of the studied indhiduals showed only 1 genotypc 
while the other 50% shov.,red 2 or 3 genotypes. Thus, miXc'l: 

infection is a common condition in latency, and latent infcc 

tion v.,ith 1 strain does not elicit protection from infectio1 

with another strain. Moreover, our genotyping studies shmvct: 

that all the positive cases corresponded to 1\üb infection. t\ (, 

samples were positive for M. bovis, which is important consid 

ering that BCG vaccination is a prevalent in Mexico. 

Detection of mycobacterial DNA does not mean that th, 

organisms are alive. Severa! studies have focused on undcr 

standing the quorum-sensing signals used by Mtb for resuscí 

tation from the nonculturable state. During active growtl1 

Mtb organisms secrete resuscitation-promoting factor (Rpf! 

·which is required for grovvth of in vitro-induced vegetativ( 

cells and for resuscitation of dormant cells [25, 26]. Laten· 

Mtb has extremely lmv metabolic activity and needs Rpf anl1 

special requirements to pro mote resuscitation. However, n( · 
strains could be recoYered from autopsy specimens culturt',' 

'\vith Rpf according the conditions described by Mukamolm·,: 

et al (data not shown). Therefore, we used a recently reportnl 

technique for isolating mycobacterial RNA from infectcd 
tissues [26-28]. Ten samples were studied, and all showed ex 

pression of the constitutive mycobacterial gene encodin;.: 

Extrapulmonary J\.:lycohacldial DNA in Lalcnt Infection ,. JID o 
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Figure 4. Determination of extrapulmonary burdens of bacilli, and representative micrographs oi acid-fast staining and IS-6110 mycobacterial tíans­
. cJson detection by in situ polymerase chain reaction in organs from mice infected with low doses of Mycobacterium tuberculosis to induce chronic 
· Jection similar to latent infection. Kinetics of bacilli burdens in tissue from liver (A) and spleen (B). Bars represen! means and SOs of 5 m ice per time 
f··-~lnt. CFU, colony-forming units. C, .LIJter 5 months of infection, liver sections shows acid-fast bacilli in the cytoplasm. of a hepatocyte (arrov": original 
,,~Jgnification, x40 000). D, At the same time point there are Ziehi~Neelsen stain-positive bacilli in splenic red pulp macrophages (arrovv; original 
r"agnification, x40 000). E, After 5 months of infection, low-power micrograph of a liver specimen shows numerous Kupffer cells and endothelial cells 
1 ~;sitive for the mycobacterial IS-611 O transpason (arrows). Note that there is no inflammation or other evident histological abnormality (original magni-

~1tion, x1 000). F, Strong IS-611 O positivity in parietal Bowman ce!ls (arrow) and proximal tubular epíthelium (asterisks) in the kidney from m o use after 
months of infection (original magnification, x40 000). 

1rbosomo.l 165, suggesting that organisms were viable in a 
ihll1culturable state [26, 29]. VVe extended this study by deter­

rnining the expression of factors associated with dormancy, 

~uch as acr and icl [30, 31]. acr is a prominent stationary 

:•hase-induced protein produced by mycobacteria in humans 

,iuring infection [1, 32]. lt is upregulated in vitro after expo­

. u re of Mtb to hypoxia or nitric oxide precursors and during 

!:·catment [14, 33]. \Ale detected acr expression in 4 samples, 

hul the lügh copy numbers suggest that bacilli were stressed. 
l·;illChemical studies indicate that, in chronically infected lung 

1 ¡-,sue, fatty acids are a majar carbon so urce for Mtb [34]. In 

.\ltb strain H37Rv (but not in nonvirulent strains), icl activíty 

has been reported to increase in proportion to the age of the 

, ulture. Fatty acids are available wíthin the macrophage 

1'' " JID " Barrios-Payán el al 

phagosome, and Mtb might use these as a carbon source [31]. 

Thus, icl promotes persistence by enhancing bacterial survival 

within inflammatory macrophages [35]. Y.le detected sorne ex­

pression of icl in 8 of 1 O tissue samples. 

By use of a murine model of chronic infection similar to 

latent infection, we confirmed the data found in the human 

necropsy specimens. In contrast íNith latent infection in 
humans, in the murine model the bacillí were not in a truly 

dormant state because they grew in culture. However, hema­

togenous dissemination of bacillí and infection of nonprofes­

sional phagocytic cells in superficially normal tissue was seen. 

Acid fast bacilli were detected in splenic macrophages and in 

hepatocytes, and the cellular location of mycobacteríal DNA 

in murine tissues was the same as in human tissue. 



Table 3. Guidaroce fOr laboratory Management ami O.Uality Control to Prevent Contamination of Specimens 

Process Guidance 

Sample collection. 

Standardized phenol!chloroform 
DNA extraction [5] 

IS67 1 O e.mplifícation [6] 

1$6170-Hybridization 

In situ 1$6770-PCR 

Spoligotyping 

Aseptic surgical instruments (new scalpel blades, sterile clothes) and asept1c surgical techniques were 
used to avoid microbiological contamination of samples and cross-contamination betvveen samples. 

DNA from each sample was extracted on different days, using new stenle material and molecular biology 
grade chemicals. To avoid cross~contamination. samples vvere manipulated under biosafety levelll 
cabinets until the alcohol precipitation step, which was performed in a laboratory where mycobacter1al 
DNA had never been isolated. 

DNA from tissues, bacteria. and the cellline used as negative controls was extracted under the same 
conditions. 

DNA from M. tuberculosis complex was detected by a highly specific PCR method based on direct 
amplificatíon of insertion sequence 1$6170 (1 to >25 copies in genomel. 

IS617CLPCR is a highly specific method for detection of M. tuberculosis, with the ability to detect 1 fg o~ 
H37Rv DNA (corresponding to 1 genome). 

The sensitívity of the method has been reported to be l 00°/o for smear~positive clinical samples and at 
least 59% for smear-negatíve and extrapulmonary cllnical samples. All of our negativa controls (huma~-~ 
DNA and DNA from o~her nonrelated organisms) were negative by 1567 70 PCR. 

M. bovis infectíon was discounted by PCR amplification of the oxyR gene, which is specific for M. bovts 
and attenuated BCG vaccine substrains [12]. 

Sequence~specific hybridization of IS67 70with a PCR~generated single-strand probe increases the 
threshold of detection and might reduce false-negat1ve results (Je, weakly poSitiva and negative 
samples} obtained by IS611 O PCR. 

High~stringency conditions decrease the chance of nonspecific binding of the pro be to human DNA; to 
bacteria! DNA, such as that from E coli and H. inffuenzae; orto the oligonucleotides used for IS611 O 
PCR. 

This has a lower sensitivity than conventional 1567 7 O PCR. but the intracellular localization of the DNA 
signa! as small dots in professional and nonprofessional phagocytes in positive sam~les with correct 
pos1tive and negative controls d1rectly disproves cross-contamination, which would yield a random 
distribution of the DNA signals. 

This is a genotyping method used for simultaneous detection and typing of M tuberculosis complex 
bacteria. The obtained SITs did not correspond to spoligotype patterns of the commonly used laborator··. 
reference strain, M. tuberculosis H37Rv, or the common vaccine strain, M. bovis BCG. Human DNA dt·.~ 
not show any band. 

Abbrev1acíons: E. coli. Escherichia ccl1; H_ infl¡_¡enzae; Haemophilus influenzae; M. bovis, l\t1ycobactenurn bo·v1s. M. 'tUberculosis, Mycobactenurn tuberculos ·· 
PCR, polymerase cha1n reaction; SIT, shared international type. 

A majar concem in this study is the possibility of con,tamina­

tion, especially as the conditions in the autopsy room were not 

ideal. V·le conducted tissue sample collection and the associated 

techniques v.r:ith strict procedures to avoid contamination 

(Table 3). \Ve emphasize in particular the following 2 facts. First, 

contamination from other activities in the laboratory would yield 

spoligotypes characteristic of BCG and of H37Rv, but these were 

not found. Second, in situ PCR showed DNA in professional 

and nonprofessional phagocytes, whereas contamination would 

give a random distribution. These and other points are highlight­

ed in Table 3. Thus, we believe that the results are reliable. 

Ic conclusion, we have confirmed the often forgotten classi­

cal studies by Opie and Aronson, who demonstrated in guinea 

pigs in 1927 that latent Mtb sunives in histologically normal 

tissue, not in old granulomas [36]. Moreover, we have shown 

that the bacteria persist in extrapulmonary tissues almost as 

frequently as in lung and that they are located v.':ithin cells 

with limited antigen-presentation abilities, such as epithelial 

cells. This may be of great advantage for the tubercle bacillus 

and can explain the lack of local histological reaction. The fre­

quent presence of bacteria in endothelial cells in various 

organs suggests that hematogenous dissemination of free 1V1tl· 

occurs during the infection process. 

Another important fmding is that there can be latent infec 

tion v.ith >1 strain of Mtb in the same indhidual. Therefon· 

latent infection ."";th one strain does not elicit protection fron ·, 

infection \vith another strain. Moreover the bacteriaJ strains i1 ~ 

different individuals were of different genotypes, indicating th~1: 

the ability to disseminate and establish Jatent infection in multi 

pie organs is a fundamental strategy used by Mtb for survi,.d 

and notan un usual property of a particular strain. Clearly, ther\ 

is more to IVltb infection than phagocytosis by macrophagc~ 

survivaJ in these cells, and granuloma formation. 

Note 

Financia/ support. This work was supported by the European Con 
munity (ICA4.CT -2002-1 0063), by the European Community's Sil.! 1 
Framework Programmc (contmcts LSHP-CT-2006-037566 and l.SHP 
CT-2006-036871), by CO::\ACyT .:VIexico (contract 84456), and h· 
JCyTDF (contraer PIFUTPOS-101). 

All aulhors have submitted the ICMJE Form for Disclosurc of Poknti.: 
Conf1icts of Inten:st. Conllicts that thc editors consider relo:vanl lü tk 
contcnt of thc manuscript ha\'C bcen di$closed. 

Extrapulmonary ;..,lycobacterial DNA in Lalent infectíon <> JJD <> l: 



References 

P;_~rrish :-.JM, Dick JD. Bishai \NR. J'vlechanisms oC lakncy in Afycobac­
ti:ríum tuberczdosi,<. Trends Microbiol1998; 6:107-12. 
Tufaridlo J, Ch;¡_n J, Fl)Jln J. Latent tuberculosis: mcchanisms of host 
and bacillus that contribute to persistent infection. Lancet Infect Dis 
2003; .3:578-90. 
Kllufmann SHE. How can immtmology conlribuk to lhe control of 
tuberculosis? Nat Rev Immunol 2001; 1:20-30. 
Frieden TR, Sterling TR, Munsiff SS, Walt CJ, Dye C. Tuberculosis. 
L:mcet 2003; 362:887-9. 

H.;rnandez-Pando R, Jeyanathrm M, Mcngi5tu G, et al Persistence of 
O:\ A from Mycobacterium tuberculosis in superficially normal lung 
tissuc during latcnt infection. Lancet 2000; 356:2133-8. 
Arriag¡¡ AK~ Orozco EH, Aguilar LD, Rook GA. Hernandez Pando R. 
lmm~nological and pathological comparativt: analysis between e.xperi­
mental latent tuberculous infection and prugressive pulmonary tuber­
culosis, Clin h.l' Immuno\2002; 128:229-37. 

Nevrolles O, Htrnánd.::z-Pando R, Pietri"Rouxel F. d al. Is adipose 
tis;ue a place for Mycobactelium luberculosis persistence? PLoS ONE 
2006; l:l.-9 . 

..,, Farer L, Lowell A, Meador M. Extrapulmonary lubaculosis in the 
United States. Am J Epidemiol t979; 109:205-17. 
Hopeweli P. Overview of clínica] tuberculosis. In: Bloom B, ed. Tuber­
culosis: pathogencsis, protection and controL \Vashington, DC: ASM 
Press, 1994:25-46 . 
. \:laniatis T, Sambrook ), Fritsch EF. A1olecu/,;¡r Cloning: A Laboratory 
Manual. Cold Spring Harbar, NY: Cold Spring Harbar Laboratory Press, 
1982. 

1 1 Donoghue HD, Spigelman M, Zias J, Gernaey-Child AM, Minnikin 
DE. Mycobacterium tuberculos¡~.; compk'\. DNA in calcified pleura 
from remains 1400 years old. Lett Appl Microbio! 1998; 27:265-9. 
Rodríguez JG, Fissanoti JC, Del Portillo P, Patarroyo J\.'!E, Romano MI, 
Cataldi A. Amplifi.cation of a 500-base-pair fragment from cultured 
isolates of Mycobacterium bovis. ] Clin .ivlicrobiol 1999; 37:2330-2. 
Shi L, )ung Y-J, Tyagi S. Gennaro ML, North RJ. Expression ofThl­
mcdiatcd immunity in mouse lungs induce~ a Mycobactetiwn tubercu­
losi;; transcriplion pattern characlerislic of nonreplicaling persisten ce. 
Pmc Natl Acad Sd üSA 2003; J00:241-6. 
Gordillo S, Guimdo EO, Gil JD. et al.. Usefulne~s of acr expression for 
monitoring latent Mywbacteri¡¡m tuberculosis bacilli in 'in vitro' and 
'in vivo' experimental models. Scand J Immunol 2006; 64:30-9. 

' ~. Shah S, :Vriller A, Mastellone A. Rapid dbgnosis of tuberculosis in 
V•Hious biopsy and body fluid specimens by AMPLICOR M,vcubacteri­
um tuberculosis polymerase ch:ün reaction test. Chest 1998; 113:1190--4. 

i'.'· Gumez-Pastrana O, Torronteras R, Caro P, et <ti. Comparison of Am­

plicor, in-house polym~rase chain reaction, and conventional culture 
for thc diagnosis of tuberculosis in children. Clin Int(>ct Dis 2001; 
32:17-22. 
Honore-Bouaklíne S, Vincensini JP, Gia ... ·uzzo V. Lagrange PH, 
Herrmonn JL Rapid diagnosis of extrapulmonary tuberculosis by 
PCR: impact of sample preparation and DNA eALraction. J Clin Micro­
bio! 2003; 41:2323-9. 

'·"· Chakravorty S, Sen MK Tyagí JS. Diagnosis of extrapulmonary tuber­
culosis by smear. culture, and PCR using universal sample processing 
technology. J Clin Microbiol2005; 43:4357-62. 

·1. iv'lagana-Arachchi D, Pcrera J. Gamage S, Chandrasckharan V. Low 
cosl in .. house PCR for the rouline diagnosis or extra-pulmonar;.' tuber­
culosis. Int J Tuberc Lung Dis 2008; 12:275-80. 

.. TJD o Barrios-Payán et al 

20. Jain S, Paul-Satyassela 1'1, Lamichhane G, Kim K, Bishai \V. /vlycobac­
lerium lubercu!osis invasion and traversal across an in \'ilro hw11an 
blood-brain barrier as a pathogenic mechanism tür central nervous 
svstem tuberculosis. J Infect Dis 2006; 193:12~7-95. 

21. éhan ). Xing Y, :tviagliozzo RS. Bloom BR. Killing ofvirulent Nlyco!wc­
tedum tuberculosis by reactive nitrogen interm.::diates produced by 
activated m.urine macrophages. J Exp Med 1992; 175:1111-32. 

22. Richardson M, Carroll :N"M, Engdke E, et aL Multiple Mycobacteri¡¡m 
tubetculosis strains in early cultures from patients ín a high-incidence 
communíty setting. J Clin Microbio] 2002; 40:2750--1. 

13. Pavlic M, Allerberger F, Dierich MP, Prodinger WM. Simultaneous 
infection with two drug-susceptible Mycobacteriu111 tuberculosis 
strains in an immunocompetent host. J Clin ::VIicrobiol 1999: 37: 

4156-7. 
24. Mallard K, McNerney R Crampin AC, et aL Molecular detection of 

mixed ínfections of ]'vfycobacterium tuberculosis strains in sputum 
samples !Tom patients in Kamnga Disttict, Malawi. J Clin }Y1icrobiol 
2010; 48:4512-8. 

25. Mukamolova GV, Kap.relyants AS, Young DI, Young M, Kell DB. A 
bacteria! cytokine. Proc Natl Acad Sci U S A 1998; 95:8916-21. 

26. Mukamolova GV, Turapov OA, Young DI, K;¡_prdyants AS, Kell DB, 
Young M. A family of autocrine: growth factors in lviycol>actcrhtm 
tuberculo.-is. Mol· Microbiol2002: 46:623-35. 

27. Souza GAd. Fortuin $, Aguilar D. ct al. Using a label-free proteomics 
method to identify differentíally abundant proteins in closely rdaled 
hypo- and hypervirulent clinical Mycobacteriun-1 tuberculosis Beijing 
isolates. Mol Cell Proteomics 2010; 9:2414-23. 

28. Campuzano J, Aguilar D, Merchant )G-y, Salas P, Espitia C, 
Hernandez-Pando R. The PGRS domain of ]ldycobactelium tuber­
culosis. PE-PGRS-Rvl759 is an efñcient subunit vaccine to pre­
vent reactivation in a murine model of chroníc tuberCulosis. Vaccine 
2007; 25:3722-29. 

29. Shleeva M. Mukamolova GV, Young M, Williams HD, Kaprelyants AS. 

Fomulion of 'non-culttrrable' cdls of lvlycobacterium smegmatis in sta­
tionary phase in respon~e to grovvth under suboptimal condition~ and 
their Rpf-mediated resuscitation. Microbiology 2004; 150:168/-9/. 

30. Dusthackeer A, Kumar V, Subbian S, et aL Construction and evaiua· 
tion of luciferase reporter phages for the detection of active and non­
replicating tubercle bacilli. J 11icrobiol Methods 2008; 73:18-25. 

31. Mícklinghoff JC, Breitinger KJ, Schmidt M, Geffers R, Eikmanns BJ, 
Bange F-C Role of the transcriptional regulator RamB {Rv0465c) in 
the control of the glyoxylate cycle in Mycobucterium t¡¡[1erculosis. 
J Bacteriol2009; 191:7260-9. 

32. Scanga CA, Mohan VP, loseph H, Y u K, Chan J, Flynn JL. Reactiva­
lion of latent tuberculosis: varialions on the Corndl murine modd. 
Infect Immun !999; 67:4531-8. 

33. DesJardin LE. Hayes LG, Sohaskcy CD, Wayne LG, Eisenach KD. 
Microaerophilic induction of lhe alpha-crystallin chaperone prolein 
homologue (hspX) mRNA of }vfycobacterium tuberculosis. J Bacteriol 
2001; 183:5311-6. 

34. Jun-ming L, Na L, Dao-yin Z, La-gen W, Yong-lin H, Chun Y. Isoci­
trate lyase from Mycobacterium tuberculosis promotes survival of 
Mycol1acterium smegmati.' within macrophage by suppressing cell ap­
optosis. Chin Med J 2008: 1221:1114-9. 

35. Gomez JE, McKínney fD. ,lo,f. tuberculosis persistence, latency, and 
drug tolerance. Tuberculosis {Edinb) 2004; 84:29-44. 

36. Opie E, Aronson ). Tubercle bacilli in latenl tuberculous lesions and in 
lung tissue without tuberculous lesions. Arch Pathol Lab Med !927; 
4:21 . 



Reg. CONACYT 84456 

Reporte final del ¡proyecto: Diseño y prueba de nuevos regímenes inmunoterapéuticos 
para tratar a la tuberculosis 

Introducción 

El objetivo del presente proyecto fue diseñar y probar nuevos regímenes 
inmunoterapéuticos que tuvieran un efecto significativo en el tratamiento de M 

tuberculosis multidrogoresistente (MDR) y en acortar la antibioticoterapia convencional 
para un mejor control de la tuberculosis drogo-sensible; bajo la hipótesis de que la 
estimulación de la respuesta Th-1 y de la activación macrofágica, así como la inhibición de 
la respuesta Th-2 y de otros factores inmunosupresores tendría un efecto terapéutico 
significativo en la tuberculosis producida por bacterias drogo sensibles y MDR. 

De acuerdo al proyecto original se propusieron los siguientes regímenes que fueron 
probadas en un modelo experimental de tuberculosis pulmonar progresiva en ratones 
BALB/c 

1.- Administración de mico bacterias saprófitas y actinomicetos. 

Se propuso usar a una mico bacteria saprofita muy inmunogenica (M vaccae) que induce 
. una intensa estimulación de linfocitos Th-1 y células T citotoxicas y también activa células 

T reguladoras que inhiben respuesta Th2. Cuando se administró M vaccae por vía oral con 
sonda nasogástrica un día antes o 30 días después de la infección, se produjo una 
disminución significativa de la carga bacilar y de la expresión de IL-4 en asociación con 
mayor expresión de TNF, IFN e iNOS, demostrando así que esta forma de inmunoterapia es 
altamente eficiente para controlar la tuberculosis pulmonar experimental. Los resultados 
fueron publicados en: Hemández-Pando R, AguiJar D, Orozco H, Cortez Y, Brunet LR, 
Rook GA. Orally administered Mycobacterium vaccae modulates expression of 
immunoregulatory molecules in BALB/c mice with pulmonary tuberculosis. Clin Vaccine 
Immunol2008 Nov; 15(11):1730-6. 
La otra proposición fue utilizar Actinomicetos que son organismos similares a M 
tuberculosis como un posible tratamiento. Considerando que estos organismos tienen 
contacto muy temprano en la vida de los seres humanos sobre todo en regiones tropicales, 
se administraron variaspreparaciones desde el destete y en dos ocasiones con una semana 
de intervalo a ratones BALB/c por vía gástrica usando dos dosis 10,000 y 100,000 bacterias 
y después de dos meses se infectaron con una dosis alta de M tuberculosis cepa H37Rv de 
acuerdo al modelo experimental de tuberculosis progresiva. 
Grupos de 6 ratones se sacrificaron a diferentes tiempos y en ellos se determino la cantidad 
de bacterias vivas por la cuantificación de unidades formadoras de colonia UFC. Dos 
preparaciones que corresponden al género Rodococus BE-DlOl (representada como D in la 
grafica y la BE-MI 02 representada como M) produjeron una disminución significativa en 
la carga bacilar. Actualmente se está concluyendo la expresión de citocinas por RT-PCR en 



tiempo real para concluir y escribir el trabajo el cual se realizo en colaboración con el Prod 
John Stanford de la Universidad de Londres. 
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En otra parte de este trabajo se compararon los proteomas de Streptomyces coelicolor con M 
tuberculosis y M bovis por sistemas computacionales y se encontró una alta homología a nivel 
genómico y de proteínas de superficie. Posterionnente se administró S coelicolor por vía 
intraperitoneal y se determino su distribución. No se encontró que estos organismos se diseminaran 
incluso probando otras vías de inoculación, pero si se produjo una importante cantidad de 
anticuerpos que cruzaron con antígenos micobacterianos y cuando a estos animales se les 
administro M bovis. controlaron la infección significativamente mejor que los animales control no 
sensibilizados en Streptomices. Estos resultados indican que Streptomyces puede ser usado para 
proteger en contra de la infección con micobacterias y puede incluso ser un vector vacuna!, pues es 
fácilmente manipulado genéticamente y por ende se pueden sobrexpresar antígenos 
mico bacterianos. Estos resultados se publicaron en: Arzuaga NO, Vi la Granda A, Gómez JC, San 
Miguel ME, Bourzac JF, Hemández YL, Elías López AL, Pólux CR, Mesa LG, Hemández-Pando 
R, Domínguez AA. The use of Streptomyces for immunization against mycobacterial infection. 
Human Vaccine. 2011 Sep;7(9):934-40. 

2.- Activación de células dendríticas 



En nuestro modelo experimental de tuberculosis progresiva, hemos demostrado que una 
característica importante desde el punto de vista inmunopatogénico es el retraso en la activación de 
las células dendríticas, tanto en el pulmón como en los ganglios linfáticos mediastinales. Estudios 
de la cinética de las células dendríticas durante el curso de la enfermedad utilizando lavados 
bronquiales y citometría de flujo, mostraron que estas células aparecen una semana después de la 
infección, alcanzan su máximo número en el día 21 y después declinan paulatinamente durante la 
fase progresiva de la enfermedad. Esto contrasta con la instilación vía intratraqueal de péptidos 
como los contenidos en el derivado proteico purificado (PPD) de cultivo de M tuberculosis, el cual 
induce en horas la aparición de un gran número de células dendríticas activadas. Por lo tanto, el 
retraso en la activación de células dendríticas es un mecanismo de evasión inmunológica de M 

tuberculosis y la posibilidad de activar a estas células de manera más temprana y eficiente es una 
estrategia potencialmente útil de inmunoterapia. Para lograr esto usamos citocinas altamente 
eficientes en la activación de células dendríticas, como el f<>ctor estimulante de colonias 
granulocítico y macrofágica (SCF-GM por sus iniciales en inglés). Nuestros resultados mostraron 
que la administración de adenovirus recombinantes que expresan esta citocina por vía intratraqueal 
en una sola dosis de 1 x 108 un día antes de la infección con M tuberculosis genero un significativa 
reducción en la carga bacilar, con menos daño neumónico y una alta activación temprana de células 
dendríticas y macrófagos activados así como un incremento significativo en la expresión de las 
citocinas protectoras IFN y TNF. Cuando se administraron 3 dosis en la etapa avanzada de la 
enfermedad (2 meses postinfección) también se obtuvo un notable efecto inmunoterapéuticos. Más 
aun, la administración de los adenovirus en nuestro modelo de infección latente previno la 
reactivación inducida por corticosterona y también evito el contagio de animales sanos que 
convivieron con enfermos en un modelo de transmisibilidad. Estos resultados se están preparando 
para ser enviados a publicación y este trabajo gano el segundo lugar del premio Glaxo del área de 
investigación básica en 2011. El MC Alejandro Francisco Cruz obtuvo con este trabajo el grado de 
Maestría con mención honorífica en Inmunología por el IPN, actualmente está cursando su 
Doctorado con el mismo tema sobre terapia génica en tuberculosis experimental. 
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La interleucina 12 tiene también un efecto eficiente en la activación de las células dendríticas, se 
realizaron experimentos similares a los anteriormente descritos con adenovirus recombinante que 
expresa IL-12. La administración un día antes y en una sola dosis también produjo activación más 

temprana de células dendríticas que permitió un mejor control de la infección. 
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Cuando los adenovirus se administraron a los dos meses después de la infección, la respuesta terapéutica no 
fue adecuada pues indujo disminución temporal de la carga bacilar, actualmente se está probando la 
administración de varias dosis del adenovirus para tratar de obtener efecto terapéutico durante la enfermedad 
tardía. Pero otra posibilidad interesante fue administrar la IL-12 en vegetales transgénicos, con la 
colaboración del Dr. Gómez Lim del CINVEST A V sede Irapuato primero se administró extractos de jitomate 
recombinante que expresaban IL-12 por vía intratraqueal para evaluar su efecto in-vivo, los resultados 
mostraron que la citocina mantenía su actividad al ser producida en jitomate y administrarla en ratones 
BALB/c por vía intratraqueal, estos resultados se publicaron en: Sánchez Hemandez C, Aguilar León D, 
Hemandez Pando R, Gómez Lim M, Gómez García B, Gutiérrez Ortega A. In vivo activity of plant-based 
interleukin-12 in the lung of Balb/c mouse. BMC Research Notes 2010, May 27;3: 151. El jitomate 
transgénico que expresa IL-12 fue administrado por vía intragástrica diario a ratones BALB/c infectados con 
M tuberculosis drogosensible y MDR tanto en la fase temprana (desde el primer dia de infección) y durante la 
fase progresiva de la enfermedad (60 días), los resultados mostraron una actividad terapéutica significativa en 
todos los casos, estos resultados fueron publicados en: Elías López A; Marquina Castillo B; Gutiérrez­
Ortega A; AguiJar D; Gómez Lim M; Hemandez Pando R. Transgenic tomato expressing 
interleukin-12 has therapeutic effect in a murine model of progressive pulmonary tuberculosis. 
Clinical and Experimentallmmunology. 2008 Oct;l54(1):123-33. 
Con este trabajo la M en C Ana Elías obtuvo el grado de Doctor en Investigación Biomédica Básica 
en el programa del mismo nombre de la UNAM. Este trabajo obtuvo el premio Roberto Kreshmer 
otorgado por la Academia Nacional de Medicina al mejor trabajo publicado en Inmunología en 
2010. 

3.- Promoción de apoptosis macrofágica. 



La infección de macrófagos por M tuberculosis induce apoptosis y esta produce no solo la muerte 
del macrófago, sino también de la bacteria. En nuestro modelo experimental existe una gran 
cantidad de macrófagos activados apoptosicos después del primer y tercer día de la infección, 
mientras que durante la fase progresiva de la enfermedad los macrófagos vacuolados expresan 
mucho la molécula anti-apoptósica Bcl-2, lo cual los hace muy resistentes a morir por apoptosis, 
permitiendo así a la bacteria tener un hábitat celular de larga vida, que además es una fuente muy 
importante de moléculas inmunosupresoras. Por lo tanto, probamos el uso de moléculas o fármacos 
que promuevan la apoptosis macrofágica y así eliminen el nicho de la bacteria y la fuente de 
moléculas inmunosupresoras. 

El abundante infiltrado inflamatorio intralveolar consecuencia del crecimiento de la bacteria es un 
aspecto distintivo de nuestro modelo experimental, lo cual produce insuficiencia respiratoria e 
hipoxia. En nuestro modelo la neumonía induce la expresión del factor relacionado a hipoxia (HIF), 
específicamente en los macrófagos vacuolados. El factor HIF entre otras funciones, induce la 
expresión de Bcl-2 previniendo la apoptosis de células inflamatorias. El 2-metoxiestradiol es un 
eficiente y selectivo inactivador de HIF y su administración intratraqueal durante la fase progresiva 
en nuestro modelo, disminuyó significativamente la carga bacilar, en coexistencia con abundantes 
macrófagos apoptósicos ·en las áreas neumónicas. Este trabajo está en su última etapa de revisión 
del manuscrito para ser enviado a publicación y obtuvo el premio CANIF ARMA de investigación 
básica en 2010. 

4.- Péptidos antimicrobianos como agentes terapéuticos en la tuberculosis. 

En nuestros modelos experimentales de tuberculosis progresiva y latente hemos observado que el 
epitelio bronquial produce gran cantidad de defensinas beta 3 y 4, ambos péptidos se producen 
durante la fase temprana de nuestro modelo de tuberculosis progresiva y después durante la 
enfermedad progresiva disminuyen significativamente, lo cual sugiere que este tipo de péptidos 
antimicrobianos participan en el control del crecimiento bacilar. Las defensinas beta recombinantes 
están disponibles comercialmente pero son muy costosas por lo que usamos inductores de la 
expresión de defensinas beta como el aminoácido isoleucina. Utilizando una linea celular de 
neumocitos tipo 11 la cual es susceptible a la infección por M. tuberculosis y en consecuencia 
produce una gran cantidad de defensinas beta se confirmó que isoleucina es capaz de inducir la 
producción de defensinas beta 3 y 4 y su administración intratraqueal en ratones Balb/c no 
infectados confirmo que este aminoácido es también capaz de inducir la producción de defensinas 
in-vivo. La administración cada 72 hr de isoleucina intratraquealmente en ratones Balb/c con 
tuberculosis avanzada (dos meses post-infección) indujo una alta producción de defensinas lo cual 
permitió un control eficiente de la enfermedad constatado por una menor cantidad de UFC y 
neumonía en ratones infectados con bacterias drogosensibles o MOR, estos resultados se publicaron 
en: Rivas-Santiago C, Rivas-Santiago B, Aguilar León O, Castañeda-Delgado J, Hemández Panda 
R. lnduction of ~-Defensins by L-isoleucine as. novel immunotherapy in experimental murine 
tuberculosis. Clínica! and Experimental lmmunology 2011, 164: 80-89. El QFB Cesar Santiago 
obtendrá con este trabajo próximamente el grado de Doctor en Ciencias Bioquímicas por la UNAM 
y ha sido contratado por la Universidad de Nueva Jersey USA para realizar un postdoctoral. 
Otro péptido antimicrobiano de importancia en tuberculosis es la cathelicidina, la cual se estudió su 
cinética de expresión y fuente celular en nuestros modelos experimentales, de forma similar a las 
defensinas, la cathelicidina también se produce en mayor cantidad durante la fase temprana de la 
infección y durante la enfermedad progresiva sus niveles disminuyen bastante, estos resultados 
fueron publicados en: Castañeda-Delgado J, Hemández-Pando R, Serrano C, Aguilar-León D, 
León-Contreras J, Rivas Santiago C, Méndez R, González- Curiel 1, Enciso-Moreno A, Rivas-



Santiago B. Kinetics and cellular sources of cathelicidin during the course of experimental latent 
tuberculous infection and progressive pulmonary tuberculosis. Clin Exp lmmunol 20 lO, 161: 542-
550. 
Actualmente en colaboración con los Ores. Bruno Santiago del IMSS y B Hancock de la 
Universidad British Columbia en Canadá se están estudiando varios péptidos como la cathalicidina 
de ratón (CRAMP) y los péptidos sintéticos derivados de esta y defensinas: E6, E2, 1 O 18, 10002, 
HH2, todos ellos mostraron se eficientes en un primer experimento en los que se administraron 
intratraquealmente a ratones BALB/c con dos meses de infección por la cepa drogosensible H37Rv. 
También se están estudiando bajo el mismo esquema experimental péptidos antimicrobianos 
obtenidos de arácnidos (péptidos SSC y La) en colaboración con el Dr. Corzo del Instituto de 
Biotecnología de la UNAM y el Dr. G Sandoval de la Compañía Silanes, los cuales también 
mostraron ser muy eficientes para disminuir la carga bacteriana pulmonar y actualmente se están 
realizando experimentos con ratones infectados con la cepa MOR. Esta es en realidad toda una línea 
de investigación que surgió de este proyecto, pues además de los péptidos mencionados existen 
algunos más obtenidos de animales marinos específicamente de caracoles en colaboración con los 
Ores. Alexei Licea del CICESE en Ensenada BC y G Sandoval de Silanes. También estamos 
empezando a estudiar péptidos antimicrobianos obtenidos de la saliva de perros y hienas en 
colaboración con el Dr. T Melgarejo de la Universidad Estatal de Kansas USA . 
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5.- Uso de anticuerpos como agentes inmunoterapéuticos en tuberculosis 

Siempre se ha considerado que la inmunidad celular es la única que confiere protección en las 
infecciones por organismos intracelulares facultativos como M. tuberculosis. Sin embargo, estudios 
en modelos experimentales de tuberculosis incluido el nuestro han mostrado que la administración 
de anticuerpos es una eficiente forma de inmunoterapia. En un primer estudio se incubaron 
bacterias con anticuerpos policlonales humanos y asi se administraron intratraquealmente a ratones 
BALB/c, después de 21 y 60 días postinfección se sacrificaron y se determino la cantidad de 
bacterias vivas, en el día 21 se observó una disminución significativa pero al dia 60 no existió 
diferencia, parece entonces que los anticuerpos durante la fase temprana de la infección pueden 
tener efecto terapéutico por actividad directa en contra de la bacteria o por mediar actividad 



opsonica estos resultados fueron publicados en: Olivares N, Puig A, Aguilar D, Moya A, Cádiz A. 
Otero O, Izquierdo L, Falero G, Solis RL, Orozco H, Sarmiento ME, Norazmi MN, Hemández­
Pando R, Acosta A. Prophylactic effect of administration of human gamma globulins in a mouse 
model oftuberculosis. Tuberculosis (Edinb). 2009 May;89(3):218-20. 
Para estudiar el efecto directo de los anticuerpos en contra de los antígenos de la bacteria, se 
seleccione un antígeno de secreción que se expresa en situaciones de stress bacteriano, este es la 
proteína alfa cristalina y en contra de esta se produjeron anticuerpos monoclonales de clase lgA 
para la cual no hay receptores de su porción FC, al administrarlos a ratones infectados se mostro un 
efecto eficiente en la eliminación de la bacteria, estos resultados se publicaron en: López Y, Yero 
D, Falero-Diaz G, Olivares N, Sarmiento ME, Sifontes S, Solis RL, Banios JA, Aguilar D, 
Hemández-Pando R, Acosta A. lnduction of a protective response with an lgA monoclonal 
antibody against Mycobacterium tuberculosis 16kDa protein in a model of progressive pulmonary 
infection. lnt J Med Microbio!. 2009 Aug;299(6):447-52 

La actividad terapéutica puede depender de la porción F AB que reconoce epitopes de la bacteria o 
como recientemente empieza a evidenciarse, de los residuos de carbohidratos que existen en el 
dominio constante 2 del FC y que son reconocidos por receptores en células dendríticas (DC sign) o 
por receptores FC y de complemento en macrófagos y linfocitos. En pacientes con TB avanzada se 
ha descrito que dichas cadenas de azucares carecen de galactosa lo cual les confiere actividades 
proinflamatorias. Recientemente concluimos experimentos en los cuales a ratones infectados con 
M. tuberculosis se les administro uno y tres días después de la infección anticuerpos policlonales 
usados para terapia en humanos y a otro grupo se les administro anticuerpos del mismo tipo pero a 
los que se les eliminaron los azucares de los por tratamiento enzimático. Los animales tratados con 
los anticuerpos completos mostraron una disminución significativa de la carga bacilar 14 días 
después de la infección, mientras que los ratones tratados con los anticuerpos sin azucares 
mostraron una disminución mínima de la carga bacilar. El manuscrito con estos resultados ha sido 
enviado recientemente a publicación a la revista PLos One, el título es: Olivares N, Marquina B, 
Mata Espinoza D, Hemandez Pando R, Collin M, Rook G. The effects of high dose human 
intravenous immunoglobulin in a model of pulmonary tuberculosis in BALB/c mice is highly 
dependen! on lgG glycosylation 
Artículos publicados 
1.- Elias Lopez A; Marquina Castillo B; Gutierrez-Ortega A; AguiJar D; Gómez Lim M; Hemandez Panda R. 
Transgenic tomate expressing interleukin-12 has therapeutic effect in a murine model of progressive 
pulmonary tuberculosis. Clinical and Experimentallmmunology. 2008 Oct;154(1):123-33. 
2.- Hemández-Pando R, AguiJar D, Orozco H, Cortez Y, Brunet LR, Rook GA. Oral!y administered 
Mycobacterium vaccae modulates expression of immunoregulatory mo\ecules in BALB/c mice with 
pulmonary tuberculosis. Clin Vaccine Immunol 2008 Nov; 15(11 ): 1730-6. 
3.- López Y, Yero D, Falero-Diaz G, Olivares N, Sarmiento ME, Sifontes S, So lis RL, Barrios JA, AguiJar D, 
Hemández-Pando R, Acosta A. Induction of a protective response with an IgA monoclonal antibody against 
Mycobacterium tuberculosis l6kDa protein in a mode\ of progressive pulmonary infection. lnt J Med 
Microbio!. 2009 Aug;299(6):447-52 
4.- Olivares N, Puig A, AguiJar D, Moya A, Cádiz A, Otero O, Izquierdo L, FaJero G, So lis RL, Orozco H, 
Sarmiento ME, Norazmi MN, Hemández-Pando R, A costa A. Prophylactic effect of administration of human 
gamma globulins in a mouse modelo[ tuberculosis. Tuberculosis (Edinb). 2009 May;89(3):218-20 
5.- Sanchez Hemandez C, Aguilar Leon D, Hemandez Panda R, Gomez Lim M, Gomez Garcia B, Gutierrez 
Ortega A. In vivo activity ofplant-based interleukin-12 in the lung ofBalb/c rnouse. BMC Research Notes 
2010, May 27;3:151. 
6.- Castañeda-Delgado J, Hernández-Pando R, Serrano C, AguiJar-León O, León-Contreras J, Rivas Santiago 
C, Méndez R, González- Curiel I, Enciso-Moreno A, Rivas-Santiago B. Kinetics and cellular sources of 
cathelicidin during the course of experimental latent tuberculous infection and progressive pulmonary 
tuberculosis. Clin Exp Immunol2010, 161:542-550. 
7.- Rivas-Santiago C, Rivas-Santiago B, AguiJar León O, Castañeda-Delgado J, Hemández Panda R. 



Induction of j3-Defensins by L-isoleucine as novel immunotherapy in experimental murine tuberculosis. 
Clinical and Experimentallmmunology 2011, 164: 80-89. 
8.- Arzuaga NO, Vila Granda A, Gómez JC, San Miguel ME, Bourzac JF, Hemández YL, Elias López AL, 
Pólux CR, Mesa LG, Hemández-Pando R, Dominguez AA. The use of Streptomyces for immunization 
against mycobacterial infection. Human Vaccine. 2011 Sep;7(9):934-40. 

Capítulo de libro: 
Titulo: Towards a New Challenge in TB Control: Development of Antibody-Based Protection 
Autores: Armando Acosta, Yamile Lopez, Norazmi Mohd Nor, Rogelio Hemadez Pando, Nadine Alvarez, 
Maria Elena Sarmiento. En prensa para el libro: Tuberculosis, Editor: P Cardona 

Presentaciones en Congresos: 
1. Rogelio Hernández Pando. Experimental immunotherapy in tuberculosis. World TB Day 

Conference, Tuberculosis: Still a Global ernergency. New drugs, New vaccine, New tools for TB 
diagnosis. Institute ofTropical Medicine Antwerp, Belgium. 24'h March 2009. 

2. Rogelio Hernández Panda. The role of chronic hipoxia in the himmunopathogenesis of experimental 
tuberculosis. IV Simposio fronteras del Conocimiento en Tuberculosis y otras Micobacteriosis Dr. 
Joseph Colston. V Reunión de la Sociedad Latinoamericana de Tuberculosis y otras Micobacteriosis, 
del 22 al25 de agosto del 201 O. En Zacatecas Zac. M ex. · 

3. Rivas-Santiago C.E., Rivas Santiago B., Aguilar D., Hemández R. B-Defensins as 
potentialimmunotherapy in thetreatment of tuberculosis in a rnurine model. Aplicaciones Médicas 
de la Biotecnología. Habana 2-5 de noviembre del2009. 

4. Hemandez Pando. lnmunoterapia en tuberculosis experimental. Congreso Franco-Argentino de 
lnmunologia, Nov 1-3, Buenos Aires Argentina 2010 

5. Hernandez Pando R. Peptidos antirnicrobianos en tuberculosis. Primera Reunion de la Sociedad 
Latinoamericana de Inmunología de Mucosas. Buenos Aires, Argentina Nov 2, 2010 

6. Rogelio Hemández Pando. lnmunoterapia experimental en tuberculosis. 6° Simposio Internacional 
de Inmunoterapia en Cáncer y Enfermedades Infecciosas realizado por el Cuerpo Académico 
Inmunología de la Facultad de Ciencias Biológicas, Universidad Autonoma de Nuevo Leon, 16 -18 
de noviembre del 2011. 

Formación de recursos humanos 

L- Titulo de tesis: Efecto inmunoterapéutico de la administración de jitomate transgénico que expresa 
interleucina 12 en la tuberculosis pulmonar experimentaL 

Tesista: Ana EHas. Doctorado en Investigación Biomédica Básica. Instituto de Investigaciones Biomédicas 
UNAM. 

Fecha de obtención Del grado: Febrero 2009 

2.- título de tesis: Efecto del adenovirus recombinante que codifica al factor estimulante de las colonias de 
granulocitos y macrófagos en la tuberculosis pulmonar murina. 

Tesista: Alejandro Francisco Cruz 

Maestría en Ciencias con Especialidad en Inmunología. Departamento de Inmunología, Escuela Nacional de 
Ciencias Biológicas. Instituto Politécnico Nacional 

Fecha de obtención de grado: Junio 2011 

3.- Titulo de tesis: Inducción de Péptidos antimicrobianos como inmunoterapia en el tratamiento contra la 
tuberculosis en modelo animal 



Tesista:· Cesar Rivas Santiago 

Doctorado en Ciencias Bioquímicas, Facultad de Química, Universidad Nacional Autónoma de México. 

Fecha de examen: Febrero 2012 

Indique si se dio cumplimiento a los objetivos, metas y/o productos comprometidos 
{Fundamente/Justifique 

Se considera que se cumplieron los objetivos y metas en un 90%, pues solo quedo por concluir la 

caracterización de 11 péptidos obtenidos del Factor de Transferencia en su mecanismo 

inmunológico, aspecto que está actualmente en marcha, se graduaron los estudiantes de 

posgrado y se generaron el número de publicaciones propuestas, pero aún quedan por enviar 

cuando menos otras 3 este año y ya se tiene una estudiante de doctorado más que esta en su 2ª 

semestre. Además se amplió significativamente el horizonte de algunos de las estrategias 

inmunoterapéuticas propuestas, en especial lo que corresponde a péptidos antimicrobianos y 

anticuerpos, también se tiene otro adenovirus recombinante que expresa osteonectina y el 

receptor tipo 3 de TGF para continuar con los experimentos de terapia génica para lo cual 

tenemos un estudiante de doctorado más. 

Con base en los productos generados, señale los alcances en: a) Generación del conocimiento, b) 
Formación de recursos humanos especializados y e) Creación y/o fortalecimiento de grupos de 
investigación 

En cuanto a generación de conocimientos, por primera vez se demuestra que experimentalmente 

la terapia génica basada en adenovirus recombinantes que codifican para citocinas protectoras 

administradas en una sola dosis es una forma eficiente para controlar la tuberculosis 

drogosensible y resistente. También se demostró por primera vez que la alimentación con 

vegetales transgénicos (jitomate) que expresa citocina protectora (IL-12) es una novedosa 

modalidad terapéutica para tratar la tuberculosis. También por primera vez se demostró que la 

administración aérea de inductores de péptidos antimicrobianos del tipo de las beta-defensinas 

con isoleucina es eficiente para controlar el crecimiento de bacterias drogosensibles y resistentes. 

Por primera vez se demuestra que los anticuerpos tienen la capacidad de suprimir el crecimiento 

bacteriano y esto depende en gran parte de residuos de azucares que tienen en el dominio Fe, los 

cuales son ligandos para receptores tipo DCsign, Fe y del complemento. Los experimentos que 

generaron este conocimiento fueron realizados por 4 estudiantes de postgrado, 3 se recibieron )1 

maestría y 2 doctorado) y una estudiante de doctorado continua trabajando, uno de los graduados 

de Doctorado ha sido aceptado por la U de Nueva Jersey USA para realizar un postdoctorado y 

otra es posible que se contrate por la U de Carolina USA, esperamos que a su regreso se 

incorporen y fortalezcan grupos de investigación, como el grupo del Dr. Bruno Rivas que fue 

contratado por el IMSS y actualmente tiene como línea de trabajo defensinas para tratamiento y 

vacunas, el Dr. Rivas se graduó poco después de que empezó el presente proyecto y se ha 

establecido una colaboración solida con mi grupo en esta importante línea de investigación. 

En términos de impacto, destaque las principales contribuciones de su investigación 



La principal contribución del presente proyecto fue la demostración a nivel experimental que la 

activación de respuestas protectoras de la inmunidad innata (péptidos antimicrobianos) o 

adquirida (activación Th-1, inhibición Th-2) a través de diversos procedimientos como terapia 

génica con adenovirus, vegetales transgénicos, anticuerpos monoclonales o policlonales, 

inductores de péptidos antimicrobianos etc, son eficientes para controlar la tuberculosis 

producida por bacterias drogosensibles y resistentes y algunos de ellos son inclusos capaces de 

acortar el tiempo de antibioticoterapia 

Cuáles argumentos plantearía como sustantivos para integrar su investigación dentro de los CASOS 
DE ÉXITO 

Considero el presente proyecto como un caso de éxito porque más del 90% de los objetivos y 

metas propuestas fueron alcanzadas, generando publicaciones en revistas internacionales (9) y 

recursos humanos altamente especializados (2 doctores, un maestro), y actualmente hay otros dos 

estudiantes de doctorado de recién ingreso que continúan trabajando en este proyecto, además 

se pudo establecer una red extensa de colaboración con colegas a nivel nacional como con el Dr. A 

licea del CISESE Ensenada BC, G Corzo (IBT UNAM), F López Casillas (JFC UNAM), 1 y E Estrada (Ese 

Ciencias BiollPN), y·con empresa nacional G Sandoval Silanes, además de grupos en el extranjero: 

Dr Hancock y Xing de Cana da, T Melgarejo U Estatal de Kansas USA, G Roo k de Inglaterra, M Collin 

de Suecia. 



lNSTHUTO NACIONAL DE 
C~E?VC!AS MEDICAS 
Y l\UTiRiC~ÓN 
SAl\iitDOR ZU!B!RÁN 

Ave'lida Vasco de 
Qui<oga No. 15 
Colonia Beiisario 
Dor:1:n·guez Sección XVI 
Delegación Tlalpan 
Código Postal 14080 
Méx:co, Distrito Federal 
Tel. (52)54870900 
www.incmnsz.mx 

Mé;dco D: F. a 11 de febrero de 2016. 

Dra. Norma Bobadilla Sandoval 
Coor.dir:~adora.de.la CIN\lA 

Presente 

Estimada Dra. Bobadilla: 

Por este conducto me permito solicitar el cierre deJprotocoJo: "DISEÑO Y PRUEBA 
DE NUEVOS REGIMENES INMUNOTERAPEUTICOS PARA TRATAR LA 
TUBERCULOSIS", con No. de Registro Clave: PAT-043-09-12-1, CINVA 268debido 
a que el protocolo ha concluido. 

Sin otro particular por el momento, quedo de usted. 

Atentamente, 

Dr. Rogelio Hernández Pando 
Investigador en Ciencias Médicas F 

De pa rta m e nto de Pato¡J-9;~-~~;;::-;~=7:--;::::-=="" 
~ NSTJTUTO NAClONAl DE CJENC!AS 

Sección de Patología Exp ~~ent<r;~~~~·~fo~~~ "~0~,~~~~'~ 1 

!* * 
Ci..OGÍA 

C.c.p: Dr. Gerardo Gamba Ayala- Director de Investigación 
Dra. Ma. Elena Flores Carrasco- Encargada del Depto. de lnvest. Exp. Y Bioterio 



!NS'TlTUTO NACIONAl DE 
CIENCIAS MEDICAS 
Y NUTRICIÓN 
SALVADOR ZUBIRÁN 

México, D.F. a 1 O de Febrero de 2016 

Dr. Rogelio Hernández Pando 
Pepto. Patología Experimental 
Presente 

Estimado Dr. Hernández: 

INS. NACIONAL DE CIENCIAS 
MEDICAS Y NUTRICIÓN 

"SALVADOR ZUB!RÁN" 

1 :.1 

DIRECCIÓN DE 
INVESTIGACIÓN 

Por este conducto me permito solicitar el cierre del Protocolo: "DISEÑO DE UNA 
PRUEBA DE NUEVOS REGIMENES INMUNOTERAPEUTICOS PARA TRATAR 
A LA TUBERCULOSIS.", con registro CINVA 268., debido a que el periodo de 
realización y la prórroga correspondiente autorizado por la CINVA ha concluido. 
Favor de llenar el formato de cierre del protocolo que se anexa a la presente. De 
no recibir el formato de su parte en el plazo de 30 días, el protocolo se dará por 
cerrado. 

.:. :': 1 

::; o;:::; e:-, T1s1.::.3 ;l 

e:.: _;:> Posc::,i 1,4C3G 
1"-"',,:;:z"l·:o. D!st1·ito Federal 

'"'='· (52)54370900 
vv··N'N.incmnsz.mx 

Atentamente, 

Dra. Nor a A Bobadilla Sandoval 
Coordinadora de la Comisión de Investigación en Animales 

c. c. p. Dr. Gerardo Gamba Ayala, Director de Investigación 
MVZ Mariela Contreras Escamilla, Jefa del DIEB 

NAB/nom 

0 IL e 

/1 :~:f 



"2014, Año de Octavio Paz" 
iNSTITUTO NACIONAL DE 
CIENCIAS MÉDICAS 
Y NUTIRICIÓN 
SALVADOR ZUBIRÁN 

México, D. F., a 10 de Diciembre del 2014. 

DR. ROGELIO HERNÁNDEZ PAN DO 
Depto. de Patología Experimental 
Presente. 

Estimado Dr. Hernández Panda: 

REF.: CINVA 268, Clave: PAT-268-

Habiendo analizado. detalladamente el Protocolo de Investigación Experimental titulado: 

"DISEÑO DE UNA PRUEBA DE NUEVOS REGIMENES INMUNOTERAPEÜTJCOS PARA TRATAR A LA 
TUBERCULOSIS." 

Este comité ha dictaminado aprobar la prórroga solicitada por un año a partir del1º. de Enero del 
2015 condicionado a la congruencia de los nuevos planteamientos propuestos con el protocolo 
original. 

Sin más por el momento quedo de usted. 

\ )Jtamente, 

~w-''-~ 
Dra. N4a A.''sobadilla San~~al 

Coordinadora de la Comisión de lnvestigatión en Animales 

c. c. p. Dr. Gerardo Gamba, Director de Investigación 
Dra. Ma. Elena Flores, Encargada del Bioterio 

Voseo de Qu}roga f\Ja. 15 
C:Jio:Jia Sección XVI 

Delegación Tialpan 
f'/téxico, D. F. 14000 
Tel. (52154870900 
v··J\NW.incmnsz.mx 

- -: . 

IN S. NACIONAL DE CIENC. lAS 
MEDICAS Y NUTRICIÓN 

"SALVADOR ZUEI!RA~·· 

DlfH;CCIÓN DE 
INVESTIGACIÓN 

- --.. '"''"'"''"".-. -



Ns·;- ·~:.n--e 1\A-G:JNAL DE 
,_ _.. ·.;:c¡f'\S ~ÉDlCAS 

\; iJ i' e¡ ó N 
S;\ /:~,DO?: ZUB-~RAN 

México D. F., a 24 de noviembre del2014. 

Dra. Norma A. Bobadilla Sandoval 

Coordinadora de la CINVA 

Presente 

En relación a su oficio con fecha 28 de octubre del año en curso, en el que nos solicita le notifiquemos si el proyecto titulado: 

DISEÑO Y PRUEBA DE NUEVOS REGIMENES INMUNOTERAPEUTICOS PARA TRATAR LA TUBERCULOSIS, con registro CINVA 268, 

requiere de una prórroga; le solicito de la manera más atenta sea concedida por 1 año a partir del 1 de enero de 2015, dicha 

solicitud obedece a nuestra necesidad de continua con nuestra investigación debido a que los resultados arrojados por este 

protocolo son publica bies y de un alto interés para la comunidad científica, los que nos ha llevado a volverlo una línea de 

investigación. 

Las líneas que están directamente relacionadas con este protocolo son varias, ejemplificadas en la siguiente tabla: 

Tratamientos 
Cinética de 

Reto con bacterias Análisis 
No. de 

Repetición 
sacrificios animales 

Péptidos 
1,3,7,14,21,28, H37Rv,S186,583 y 

Carga Bacilar, PCR en tiempo 

antimicrobianos real, Histología, ELISA y 200 200 
de arácnidos 

60 y 120 MDR 
Citometría 

Tratamiento 
1,3,7,14,21,28, H37Rv,S186,583 y 

Carga Bacilar, PCR en tiempo 

con fármacos real, Histología, ELISA y 200 200 
convencionales 

60 y 120 MDR 
Citometría 

Factor de 1,3,7,14,21,28, H37Rv,5186,583 y 
Carga Bacilar, PCR en tiempo 

transferencia 60 y 120 MDR 
real, Histología, ELISA y 200 200 

Citometría 

Nanoparticulas 
1,3,7,14,21,28, H37Rv,5186,583 y 

Carga Bacilar, PCR en tiempo 

asociadas a real, Histología, EUSA y 200 200 
almidón 

60 y 120 MDR 
Citometría 

Péptidos 
Carga Bacilar, PCR en tiempo 

aislados de 1,3,7,14,21,28, H37Rv,S186,583 y 
real, Histología, ELISA y 200 200 

toxinas de 60 y 120 MDR 

caracol 
Citometría 

. . .. 
SoliCitamos que se nos otorgue un 10% mas a la cant1dad sol1c1tada para cubnr perdidas durante el proceso de 1nfecc1on . 

Sin más por el momento me despido con cordiales saludos. 

Atentamente, 

ID~~'Y-~ 
Dr. Rogelio Hernández Pando 

Investigador en Ciencia Médicas F 

Departamento de Patología 

Sección de Patología Experimental 
. ·.) ~ \·;· 

., , "¡ , C.c.p: Dr. Gerardo Gamba Aya la- Director de Investigación 
Dra. Ma. Elena Flores Carrasco- Encargada del Depto. de lnvest. Exp. Y Bioterio 

n s 



"2014, Año de Octavio Paz" 

' \~-¡ .. ·~ 

./<}~/-~ / . . 

México, D.F. a 28 de Octubre del 2014 

Dr. Rogelio Hernández Pando 
Depto. de Patología Experimental 
Presente 

Estimado Dr. Hernández: 

Por este conducto le informo que su proyecto: "DISEÑO DE UNA PRUEBA DE NUEVOS REGIMENES 
INMUNOTERAPEÜTICOS PARA TRATAR A LA TUBERCULOSIS", con registro CINVA 268 finaliza en 
el mes de diciembre del año en curso. Por lo que le solicito de la manera más atenta me haga 
saber si el proyecto requerirá una prórroga. En caso afirmativo, favor de enviar a la CINVA el 
periodo de extensión que solicita y de requerir un mayor número de animales especificar y 
justificar como se utilizarán y los procedimientos experimentales que se llevarán a cabo con los 
mismos. En caso de no requerir una prórroga favor de ll·cnar el formato de cierre del protocolo 
que se anexa a la presente. 

Sin otro particular por el momento, quedo de usted. 

Atentamente, 

"""~~~t Coordinadora de la CINVA 

c. c. p. Dr. Gerardo Gamba Aya la, Director de Investigación. 

INS. NACIONAL DE CIEN C. lAS 
.. MEDICAS y NUTRICIÓN 

SALVADOR ZUBIRA~·" 

DIRECCióN DE 
INVESTIGACióN 

c.c.p. Dra. María Elena Flores Carrasco, Encargada del Departamento de Investigación 
,,_1 

Vasco de Quiroga No. 15 
Colonia Sección XVI 
Delegación Tlalpan 
México, D. F. 14000 
Tel. (52)54870900 
www.incmnsz.mx 



Tradición 

Asistencia 

Dr. Rogelio Hernández Panda 
Investigador en Ciencias Médica "F" 

Departamento de Patología· 
Sección de Patología Experimental 
P res ente. 

Abril 02, 2013 

Por este medio me permito informar a usted que se aprueba su solicitud de ampliación de 
fecha de término a diciembre de 2014 del proyecto "Diseño y prueba de nuevos regímenes 
inmunoterapéuticos para tratar a la tuberculosis", con registro CINVA 268. Así mismo, le 
solicito enviar a esta Jefatura, información a cerca de la cantidad de animales de laboratorio 
que requerirá para el desarrollo del proyecto. 

Atentamente 

· /Dr. Rafael Hernández González 

Coozdor de la Comisión de Investigación en Animales 
Jefe dlJ epartamento de Investigación Experimental y Bioterio 

ccp. Dr. Rubén Lisker Y. Director de Investigación. 

MVZ. Griselda Salmerón Estrada. Secretaria CINVA 
MVZ. M.en C. Ma. de la Luz Streber Jiménez. CINVA 
Dr. Gonzalo M. Torres Villa lobos. CINVA 
Dra. Nimbe Torres y Torres. CINVA 
Dr. Emiliano Tesoro Cruz. CINVA 

Investigación 

Servicio 

Docencia 

20007700 

( 

(J?e.ulu 1 . 

~O~óvYJ Úulte"t) l\do-D. 

63/0311~ 

e Vasco de Quiroga 15, 

e Delegación Tlalpan 

e C. P. 14000 México, D. F. 

e Tel. 54-87-09-00 



"2013, Año de la Lealtad /nstitucíonaf y Centenario del Ejército Mexícanon 

Dr. Rafael Hernández González 
Jefe del Departamento de Investigación 
Experimental y Bioterio 
Presente 

México D. F., a 25 de marzo de 2013. 

Por medio de este conducto solicito a usted de la manera más atente, una prórroga del 
proyecto titulado: "Diseño y prueba de nuevos regímenes inmunoterapéuticos para 
tratar a la tuberculosis", con número de CINVA 268, del cual soy el investigador 
responsable, para con concluir el 31 de diciembre del año 2014, dicha solicitud 
obedece a nuestra necesidad de continuar con nuestra investigación debido a que el 
proyecto antes mencionado ha arrojado resultados publicables y de un alto interés 
para la comunidad científica, situación que nos alienta a solicitarle dicha prorroga. 

Sin más por el momento me despido enviándole cordiales saludos. 

Atentamente, 

Dr. Rogelio Hernández Pando 
Investigador en Ciencias Médicas "F'' 
Departamento de Patología 
Sección de Patología Experimental 



Tradición 

Dr. Rogelio Hernández Pando 
Departamento de Patología 

Estimado Dr. Hernández Panda: 

23 de junio de 2009 

En referencia con el proyecto de investigación titulado: "'Diseño y Prueba de Nuevos 
Regímenes lnmunoterapeúticos para Tratar a la Tuberculosis" 

Registro CINVA: 268 

E! Comité de Investigación en Animales ha revisado su respuesta a las observaciones 
emitidas por el Comité y decidió APROBARLO. ¡2 <;;: ¿¡ 4/ 

r cd2Jdi/) 

Co é!inador del Comité de Investigación en 
Animales 

ccp Ur Rub~n Liskcr Y Director de lnv<;:stigactón 
MVZ .. \11 ~.:n C OCt<lVIO Vlilanueva S<tnchez. Secrc>tartO CINV¡\ 
Dr. Patncto S<ll1llilan Dohert/ Cormt~ de lln-o;:stigo.clon en Antmules 
Dr. Gerc1rdo GQmba Ayala. Comtte de Investigación ~n Animales 
\11 VZ f'l·l. en(" M u de la Luz Strebcr J Comtte de lnvest¡gac1on en An1mak~ 

!nvest" f\,l,j.jóf..insc:l~a Salme~on Estr~da Com1tC Je lnve~tlg'-i.C~on en :\nm.lales 
195f:r~tiY1D~·1orr~'S 1 torres Cum1tt'Je lnv.:sltga~.:IOn Cll An1maks 

Servicio 

Docencia 

20007700 

,, 

• \lasco de Quiroga 15, 

• Delegación Tlalpan 

• C. P. 14000 México, D. F. 

• TeL 54-87-09-00 



Tradición 

Dr Rafael Hernández González 
Coordinador del CINV A. 

Estimado Dr Hemández 

Por medio de la presente me permito contestar a las observaciones realizadas a nuestro 
proyecto "Diseño y prueba de nuevos regunenes imnunoterapeuticos para tratar a la 
tuberculosis", con registro CINV A 268. 

1.- El procedimiento analgésico para los animales en el caso de la anestesia para la 
infeccion intratraqueal es exponer al raton a vapores de sevofluorano, empapando una gasa 
con un rul de este agente y exponiendo al animal por un periodo de aproximadamente un 
minuto en una caja de acrílico, durante este tiempo el animal alcanza un estado de 
relajación aceptable para ingresar la cánula a la boca y después a la traquea, sin producirle 
ningún tipo de sufrimiento. Para el sacrificio, se administra pentotal sódico por via 
intraperitoneal (56 mg/kg), después de aproximadamente un minuto se obtiene anestesia 
total y se secciona la arteria axilar para producir eutanasia por exsanguinación. 

2.- La disminución del peso en los animales control no tratados al final del experimento es 
de aproximadamente 5-10%. En los animales tratados, en la mayoria de los protocolos 
expuestos en el presente proyecto y de acuerdo a resultados de experimentos preliminares, 
muestran ganancia y no perdida de peso. 

3.- De acuerdo con el número de animales por rnicroaislador. 

Investigación 

Seívic!o 

Docencía 

20007700 

• Vasco de Quiroga 15, 

• Delegación Tlalpan 

• C. P. 14000 México, D. F. 

• Tel. 54·87·09-00 



Tradición 

_-'\sístencia 

4.- El procedimiento de bioseguridad para el personal participante consiste en el uso de 
uiriforrne quirurgico, cubrebocas de alta seguridad y guantes quirúrgicos. La infección y 
sacrifico de los animales de experimentación se realiza en campana de bioseguridad 3, 
todos los desechos son almacenados en las bolsas correspondientes y destinados a 
incineración. Los animales son albergados en el sistema de bioseguridad consistente en 
microaisladores conectados a presión negativa, con circulación y filtración constante de 
aire, que garantiza la ausencia total de salida de bacterias desde el interior de los 
microaisladores hacia el cuarto de trabajo. Todo el personal que participa en este proyecto 
ha sido entrenado en estas medidas y tiene mas de 1 O años de experiencia, siguiendo las 
indicaciones implementadas por el CINV A desde hace 15 años lo cual ha permitido la 
ausencia total de accidentes en el personal desde que se empezaron a realizar este tipo de 
experimentos. 

En espera de que estas respuestas hayan aclarado los comentarios del CINV A, me permito 
aprovechar la ocasión para enviarle afectuosos saludos. 

Investigación 

Seívicio 

Docencia 

20007700 

~e;:~\l_L 
Dr. Rogelio Hemández Pando 

Investigador en Ciencias Médicas F. 
Sección de Patología Experimental 

• Vasco de Quiroga 15, 

• Delegación Tlalpan 

• C. P. 14000 México, D. F. 

• Tel. 54-87-09-00 



Tradición 

O[ii]@UOuMu© ~~~ 1~'~fm@lll:t® Ui:\il~®D@&® v [ii]Mu~D@O@[ii] 
®&lbW&®@~ ~MwO~[ii] 

México D.F., a 18 de junio de 2007 
Dr. Rogelio Hemández Pando 
Departamento De Patología experimental 

En relación con la revisión de protocolo remitido por usted para su revisón cor el 
Comité de Investigación en Animales 
Regístro CINV A 268 
"Diseño y prueba de nuevos regímenes inmunoterapeúticos para tratar a la tuberculosis" 

El Comité requiere d ela siguiente información para emitir su ditamen. 

Observaciones: 
l. Describir el procedimiento analg~sico para los animales. 
2. Es necesario establecer la variación en porcentaje que existirá entre peso inicial 

de los animales y peso final al término del experimento. Con base en la NOM-
062. 

3. No se debe exceder la capacidad máxima de los microaisladores que manejan la 
cual es de 5 animales por caja. 

4. Especificar las normas de bioseguridad que se seguirán para el personal. 

Sin otro particular 

20007700 

Atentamente 

• Vasco de Quiroga 15, 

e Delegación Tlalpan 

e C. P. 14000 México, D. F. 

e Tel. 54-87·09-00 
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FECHA DE CI.ASIFJACIÓN: rl{f~ZO?í 

l .I.REA:-l::AJ(Jé~ -é->íl=--. Bl :ettJ 

. <;.C/~f.!,Q;ól,NCIAL: 0 O 
INSTITUTO NACIONAL DE CIENCIAS MEDICAS Y ¡l¡'\!se¡I¡W"A~~10J-rorAL O PARCIAL 

"SALVADOR ZUBIRAN" ~PERIODO DE ~ r 
Dirección de lnvestigación.l\, PARTes o 

Comité de Investigación en Anima le V~pAMENro LEGAL. Art.13, 1• 

S O Ll e 1 T U D D E E V A L U A e 1 O N D ~ M ¡~~E~~~~fªd 

No invada las zonas sombreadas 

No. CINVA: 

CLAVE: 

Fecha de Recepción: Fecha de revisión: 

TITULO DEL PROYECTO: DISEÑO Y PRUEBA DE NUEVOS REGIMENES 
INMUNOTERAPEUTICOS PARA TRATAR A LA TUBERCULOSIS 

INVESTIGADOR PRINCIPAL (IP): DR. ROGELIO HERNÁNDEZ PANDO 
DEPARTAMENTO DE ADSCRIPCION: PATOLOGIA EXT. --'2=-1:..::9:._:4 ___ _ 
TELEFONOS PARA EMERGANCIAS: _5:::.:8'-::40:::8-"-04-'-'8"--1'--c--------cc=o-o 
CORREO ELECTRÓNICO: rhdezpando@hotmail.com OBSERVACIONES: 

Personal que trabajará directamente con los animales (investigadores asociados, alumnos, 
tesistas, etc). 

Nombre 
í. Dra. Diana E. Aguilar León 
2. Dr. Héctor Orozco Estévez 
3. Sr. Leonardo Ortiz Romero 
4. 

Puesto en el INCMNSZ 
lnvest. en Ciencias Medicas D 
lnvest. en Ciencias Medicas C 
Técnico 

Ext. 
2194 
2194 
2194 

Tel. en caso de emergencia 

56587556 
55737454 

Los animales utilizados en el proyecto de investigación serán adquiridos, mantenidos, 
manejados y utilizados de acuerdo al reglamento, a los manuales y guías de procedimientos del 
Departamento de Investigación Experimental y Bioterio, mismos que contienen la Norma Oficial 
Mexicana NOM-062-Z00-1999, Especificaciones técnicas para la producción, cuidados y uso de 
los animales de laboratorio. Publicada por la SAGARPA en el Diario Oficial el miércoles 22 de 
agosto del 2001, y los lineamientos nacionales e internacionales para el buen uso de los animales 
de experimentación. · 

Sólo el suscrito, los investigadores y personal registrado y autorizado por el CINVA 
trabajarán con los animales, siendo el investigador principal el responsable de que cada uno de 
ellos cuente con los conocimientos, habilidades y experiencia en el manejo de los animales para 
realizar los maniobras experimentales descritas en el proyecto. 

Los animales serán sometidos exclusivamente a los procedimientos especificados en este 
protocolo, siendo indispensable solicitar por escrito al CINVA cualquier modificación, incluyendo 
las fechas de inicio y terminación del estudio. 

josefina.zunigal
Cuadro de texto
Articulo 113 Fracción I de 
LFTAIP eleminado correo electronico
por tratrarse de un dato personal



2 
El presente formulario presente facilitar la evaluación de su proyecto e identificar las 

necesidades de animales de laboratorio, equipo y manejo para su proyecto de investigación. Para 
el llenado de los cuadros consulte la información que describe cada sección de los mismos: 

Fecha de 1n1c1o 
del estudio: 01-06-2009 

Fecha de terminación 
del estudio 31-05-2012 

Indique con el inciso correspondiente las características de los animales, condiciones de 
alojamiento y maniobras experimentales que requiere el proyecto: 

1. 2. 3. 4. No. Total 5. 6. 7. 8. Nive! 9. Nivel 10. 11. 
Especie Raza Condición H M Distribución Alojamiento Densidad Biosegur. de Destino Eutanasia 

cepa Microbio!. afeccion 

RATON BALB/C SPF 3000 500AL D 5 111 e D 
MES 

1 

1 

1 

1. Nombre genérico o especie: Escriba el nombre común o científico de los animales que 
empleará en su estudio. 

2. Raza, cepa, o tipo genético: escriba la nomenclatura que mejor describe las características 
genéricas del animal que necesita (ej: ratón, BALB/c, C57BL&, Cd1, un/un, Rata: wistar, Fischer 
344, sprague-dawley, NIH, Conejo. Nueva Zelanda albino, Hámster: dorado) 

3. Tipo o condición microbiológico: A) Convencional: animal con flora microbiológica desconocida, 
sin signos aparentes de enfermedad, B) SPF: (specific pathogen free) libre de patógenos 
específicos (indicar el tipo de patógenos indeseable ej: virus, bacterias, hongos, parásitos), C) 
Otro: especifique. 

4. Número total: indique el número de animales que utilizará en el estudios, H: hembras, M: 
machos, incluyendo grupos piloto. En caso de utilizar animales de un solo sexo favor de invalidar 
la columna correspondiente. 

5. Distribución: Indique la cantidad y la frecuencia en que requiere se le entreguen los animales 
ej: todos en una entrega, 10 cada semana, al mes, bimestre, trimestre, semestre, etc. 

6. Alojamiento: Indique con la letra el tipo que corresponda: 
fl,) Caja de policarbonato de piso sólido 
8) Jaula con piso de malla o rejilla 
C)Jaula metabólica 
O) Microaislador 
E) Caja de policarbonato de piso sólido con filtro 
F) Perrera 
G)Corral 
H) Corraleta metabólica 
1) Pecera 

1 

1 



3 

7. Densidad poblacional: Indique como alojará a los animales ej: un animal por caja, parejas, 3, 5, 
etc. Consultar la Norma Oficial Mexicana NOM-062-Z00-1 999, Especificaciones técnicas para la 
producción, cuidado y uso de los animales de laboratorio. Publicada por la SAGARPA en el Diario 
Oficial el miércoles 22 de agosto del 2001. 

8. Nivel de bioseguridad: deberá indicar el nivel de riesgo biológico que existe para el personal 
que maneja a los animales o sus desechos, tanto para ivestigadores, alumnos y técnicos de 
bioterio. 
Nivel 1) Trabajo con agentes químicos, físicos o biológicos que no producen enfermedad y no son 
un riesgo para la salud de personas sanas y el medio ambiente. 
Nivel 11) Trabajo con agentes químicos, físicos o biológicos que tienen un peligro potencial bajo o 
moderado para la salud del personal y el medio ambiente )Ej: Salmonelosis, Toxoplasmosis, 
Hepatitis B). 
Nivel 111) trabajo con agentes químicos, físicos o biológicos que tienen un peligro potencial alto 
para la salud humana y animal o pueden producir la muerte, cuando se inhalan (Ej: Tuberculosis, 
Coxiella burnetti) 
Nivel IV) Trabajo con agentes químicos, físicos o biológicos exóticos transmisibles por aerosoles 
y mortales para seres humanos y animales (Ej: virus Ébola, virus hanta). 

9. Nivel de afectación de los animales: Indique el nivel de invasividad y el grado de dolor que 
sentirá el animal durante los procedimientos experimentales o manipulación: 
Categoría A) Experimentos con invertebrados, huevos, protozoarios, organismos unicelulares. 
Uso de metazoarios, cultivo de tejidos u órganos obtenidos después de la muerte del animal. 
Categoría B) Experimentos que causen molestias o estrés mínimo (inyección no dolorosa, 
restricción de movimiento, marcado o aretado de orejas). 
Categoría C) Experimentos que causan estrés menos o dolor de corta duración, realizados con 
analgesia o anestesia (colocación de cánulas, biopsia, cirugía menor) 
Categoría D) Experimentos que causan estrés o dolor de moderado a severo contratado con 
anestesia (procedimientos quirúrgicos mayores) 

1 O. Destino final: indicar el destino final de los animales al término de los experimentos: 
P.,) Vivo sin cirugía 
8) Vivo post-cirugía 
C) Cirugía terminal (no despierta de la anestesia) 
D) Eutanasia 

11-. Eutanasia: Indique el método empleado para dar muerte al animal. Consultar la Norma 
Oficial Mexicana NOM-062-Z00-1 999. especificaciones técnicas para la producción, cuidado y 
uso de los animales de laboratorio. Publicada por la SAGARPA en el Diario Oficial el miércoles 
22 de agosto del 2001, capítulo 9, eutanasia. 



4 
En el siguiente cuadro marque con la clave que se idica el nivel de habilidad y experiencia 

de usted y su personal para realizar las maniobras experimentales mencionadas en la columna 
de la izquierda. 

Clave: 
A) Entrenado, hábil y con experiencia 
8) Será entrenado y supervisado por el l. P. 
C) Requiere instrucción, entrenamiento y supervisión por el personal del D. l. E. B. 

En caso de que las maniobras experimentales sean realizadas por el personal del bioterio 
se marcará con una X el espacio correspondiente en la columna D. l. E. B. 

MANIOBRA 
Inmovilización 
Anestesia 

Medicación 
Entera! 

1 Medicación 
Parental 
Toma de 
sangre 
Otras 
muestras* 
Cirugía 
Futanasia 
Otras*** 

Investigador ó personal que trabajará directamente con los animales 
investi adores asociados, alumnos, tesistas , etc 

l. P. 1 2 3 4 
A A 
A A A 

A A A 

A A 
lA 

1 

A A 
lA 

A A lA 
A A A 

*Especificar de qué, cantidad y frecuencia de muestreo: 

*** Especificar: 

~~~'L·~ 
Dr. Rogelio Hernández Panda 

Nombre y firma del Investigador Princilal 

RHG/mlsj, agosto del 2001 

D. l. E. B. 
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l. TÍTULO DEL PROYECTO: Diseño y prueba de nuevos regimenes 
inmunoterapeuticos para tratar a la tuberculosis 

2. INVESTIGADORES 
2a. IDENTIFICACIÓN DE INVESTIGADORES 
Nombre, firma y adscripción de cada uno de los investigadores participantes. El 
investigador principal deberá ser un profesional adscrito a la Institución(médico de base 
o investigador y no un alumno de curso, residente, pasante, interno, etc). 

INVESTIGADOR POSICIÓN POSICIÓN EN EXTENSIÓN CORREO-E 
INSTITUCIONAL EL PROYECTO 

Rogelio Hdez lnv CM-F lnvest princip< j2194 rhpando@quetz 

Dana Aguilar lnv CM-O lnvest Asocia' j2194 aguilarleon@hoi 

!-lector Orozc¡ lnv CM-O lnvest Asocia' j2194 horozcoe@yahl 

Leonardo Ortt Tecnico Tec bioterio j2194 

2b. PERTINENCIA DEL GRUPO DE INVESTIGADORES CON RESPECTO 
DEL PROYECTO 
Brevemente describa las calificaciones del grupo investigador con respecto del proceso 
de investigación científica en general y con respecto del proyecto presentado 
(v.gr.:grado académico, experiencia laboral, miembro del sistema de investigadores de 
los INS, del SNI, etc). 
El Dr Hemández Panda es patologo y doctor en inmunología, durante 20 años ha 
realizado investigación en inmunopatologia experimental de la tuberculosis, es 
investigador F y SNI-3. La Dra AguiJar Lean es QFB y doctora en biología 
experimental, experta en el manejo de animales de experimentación y diversas tecnicas 
inmunologicas y moleculares, es investigadora D y SNI-L E:l Dr Rector Orozco es 
médico, experto en manejo de animales de experimentación y diversas tecnicas 
morfologicas, es investigador C. El Sr L Ortiz es el unico tecnico de biotero en el pais 
con experiencia en el cuidado de animales de experimentación infectados con germenes 
patogenos. Los Dres AguiJar y Orozco realizaran el trabajo experimental supervisando a 
los estudiantes asociados al proyecto 

3. INSTITUCIONES PARTICIPANTES 
Nombre y dirección de la o las instituciones participantes. Para estudios mu!ticéntricos 
añadir los datos del centro 
Instituto Nacional de Ciencias Medicas y Nutrición. Departamento de Patología, 
Seccion de Patología ExperimentaL Direccion: Vasco de Quiroga 15, Tlalpan. Telefono 
54870900 ext2194. Investigador responsable y coordinador del proyecto: Dr Rogelio 
Hemandez Panda 
Instituto Nacional de Psiquiatría. Periferico, Investigador responsable Dr Benito Antón 
Universidad de Salamanca, Facultad de Farmacia Departamento de Quimica 
Farmaceutica. Direccion: Campus Miguel de Unamuno, 37007 Salamanca España. 

josefina.zunigal
Cuadro de texto
Articulo 113 Fracción I de 
LFTAIP eleminado correo electronico
por tratrarse de un dato personal



PATROCINIO 
4b. ORGANl:SMOS PATROCINADORES 
Nombre, dirección y teléfono de la o las organizaciones, instituciones o laboratorios que 
aportarán recursos 
Consejo Nacional de Ciencia y Tecnología. Av Insurgentes Sur 1582. Col Credito 
Constructor. Benito Juarez 03940, Mexico DF 

MARCO TEÓRICO 
Explicar detalladamente los fundamentos disponibles a la fecha en los que se basa el 
estudio que se propone( sentido biológico, datos de. experimentos en animales o en 
humanos): 
a) Antecedentes: 
b) Defmición del problema: 
e) Justificación: 

La tuberculosis es una importante enferinedad infecto-contagiosa que afecta 
principalmente a los pulmones y produce profundas alteraciones en el sistema 
inmunológico. El agente causal Mycobacterium tuberculosis es un microorganismo 
patógeno intracelular facultativo que puede producir tanto enfermedad progresiva como 
infección latente asintomática. Generalmente la primoinfección tuberculosa se lleva a 
cabo en los pulmones durante la niñez y en la mayoría de los casos es controlada por el 
sistema inmunológico, solo el 1 O % de estos casos sufrirán la enfermedad progresiva 
En esta primoinfección tuberculosa, aun en aquellos casos que son controlados por el 
sistema inmunológico, no todas las bacterias son eliminadas, algunos bacilos 
permanecen en los tejidos en un estado quiescente con poca o nula actividad 
reproductiva por el resto de la vida del individuo infectado, lo cual se denomina 
infección latente. Actualmente se calcula que anualmente esta enfermedad produce 2 
millones de defunciones a nivel mundial, con 8 millones de nuevos casos y un tercio de 
la humanidad tiene infección latente, lo cual la convierte en la enfermedad infecto­
contagiosa más relevante a nivel mundial. Un aspecto de gran importancia es que a 
pesar de que actualmente es curable, se necesita de una terapia combinada de 4 
antibióticos por 6 a 9 meses, lo que redunda en una alta tasa de abandono del 
tratamiento, lo que promueve recaídas y el surgimiento de cepas resistentes a múltiples 
antibióticos (MDR, XDR), lo cual complica aun mas el tratamiento al incrementar su 
costo y generar mas efectos nocivos para el paciente, mientras que para las cepas XDR 
no existe actualmente forma de curarlas, por esta razon y por la necesidad de acortar el 
largo tratamiento de la tuberculosis drogosensible existe interes en desarrollar nuevas 
formas de tratamiento basadas en potenciar la respuesta inmune protectora o abatir la 
respuesta inmune deleterea, a lo cual se le denomina genericamente inmunoterapia. El 
objetivo de este proyecto es diseñar y probar nuevos esquemas inmunoterapeuticos 
basados sobre todo en el conocimiento generado por nuestro grupo sobre la 
inmunopatología de la tuberculosis utilizando modelos experimentales murinos. 

6a. HIPÓTESIS 
Definido como un enunciado comprobable acerca de la relación entre una variable 
dependiente y una variable independiente. 
La estimulacion de la respuesta Th-1 y de la activación macro:fagica, asi como la 
inhibición de la respuesta Th-2 y de otros factores inmunosupresores tendra un efecto 
terapeutico significativo en la tuberculosis producida por bacterias drogosensibles y 
multidrogoresistentes y permitira ademas acortar el tiempo de tratamiento con 
antibioticos convencionales. 



7. METODOLOGÍA: DISEÑO GENERAL 
Describir el diseño general del estudio y, si es pertinente, especificar los siguientes 
puntos: 
a) Diseño del estudio: describir si es aleatorio/no aleatorio, controlado, de cohorte, tipo 
de cegamiento( doble-ciego,simple ), tipo de controles(placebo, medicamento activo), 
periodo de lavado. 
b) Descripción de la maniobra o intervención 
e) Tamaño de la muestra(# de pacientes a incluir; justificar el cálculo) 
d) Mecanismos de asignación del tratamiento 
e) Grupos de tratamiento 
f) Duración del seguimiento individual 
Reactivar respuesta protectora (TH1/macrofagos activados): Administración de 
mico bacterias saprofitas. La mico bacteria saprofita M vaccae puede ser un eficiente 
agente inmunoterapeutico porque activa eficientemente a las celulas protectoras Th1 y 
CD-8+ y suprime la activacion de linfocitos Th-2. Estudiaremos el efecto de este 
saprofito en ratones infectados con una cepa MDR y la cepa drogosensible H37Rv, asi 
como su eficiencia como agente coadyuvante a la quimioterapia. Para esto la cepas de 
M tuberculosis H37Rv y MDR serán cultivadas en el medio liquido PBY, después de 
un mes, las mico bacterias son separadas y ajustadas a 2.5 x 105 en 100 fll de 
amortiguador PBS y mantenidas a -70°C hasta su uso. Ratones machos BALE/e de 6-8 
semanas de edad son anestesiados con 56 mg/kg de pentotal sodico administrado por via 
peritoneal, la traquea se expone quirúrgicamente y 2.5 x 105 bacterias viables 
suspendidas en 100 ¡.¡1 de PBS se inyectan usando una jeringa de insulina. 
Posteriormente la insicion quirilrgica es suturada con seda esteril. Los ratones así 
infectados se ahnacenan en cajas con microaisladores conectados a un sistema de 
presión negativa. Todo este procedimiento y los sacrificios posteriores se realizan en 
campanas de seguridad biologica. Al dia 60 postinfeccion, los ratones sobrevivientes se 
distribuyen al azar en seis grupos experimentales. Grupos de 20 ratones tuberculosos en 
dos experimentos diferentes, se trataran con una suspensión de M vaccae a dosis de 100 
flg en 1 OO¡Ll administrado por sonda nasogastrica. Para evaluar la capacidad de 
M. vaccae para acortar el tiempo de tratamiento con antibioticoterapia convencional, un 
grupo de 20 animales se tratara con antibioticoterapia convencional, constituida por: 
rifampicina (1 O mg/kg), isoniazida (1 O mg/kg), y pirazinamida (30 mg/kg), 
administrados diariamente a travez de sonda intragástrica, el segundo grupo se tratara 
con antibioticos mas M. vaccae administrado por sonda intragastrica una vez por 
semana. El tercer grupo se tratara solamente con M. vaccae y el grupo control 
exclusivamente recibirá la solucion vehículo. El quinto grupo corresponde a ratones 
infectados con el aislado clínico MDR, el cual se tratara con M. vaccae y ultimo grupo 
es el grupo control infectado con el aislado MDR que recibe solamente el vehículo. 
Cinco ratones por cada grupo se sacrificaran los dias 7, 15, 30 y 60 dias posteriores al 
inicio del tratamiento. Se tendran 1 O animales mas de cada grupo que se se dejaran sin 
sacrificarlos con el fin de determinar sobreviva. Se realizaran dos experimentos 
completos por separado para determinar reproducibilidad. Para evaluar la eficiencia del 
regimen inmunoterapeutico ademas de curvas de sobrevida, se realizara estudio 
histológico/morfometrico (porcentaje de area puhnonar afectada por neumonía), 
medicion de la carga bacilar pulmonar por determinación de unidades formadoras de 
colonia (lJFC) y la expresión genetica de las citocinas IFN, TNF, IL-4 y la enzima 
iNOS por RT-PCR en tiempo real, de acuerdo a las tecnicas ya estandarizadas en 
nuestro laboratorio. 



Uso y caracterización molecular del Factor de Transferencia (FT): Los FT son 
productos dializables de bajo peso molecular obtenidos de celulas inmunológicas, los cuales 
son capaces de transferir inmunidad mediaga por celulas (IMC) de donadores inmunizados 
a sujetos receptores no sensibilizados. Actualmente no se conoce la estructura química ni 
los mecanismos moleculares de acción del FT, varios estudios han mostrado que le FT es un 
conjunto de proteínas de bajo peso molecular. Nuestro objetivo es la caracterización 
molecular del FT y determinar su efecto terapéutico en el modelo murino de tuberculosis, 
para el primer objetivo se usara la cromatografla de líquidos de alta resolución acoplado a la 
espectrometria de masas en tiempo real; pare evaluar su efecto terapeutico, grupos de 
animales se trataran con l~g de cada una de las proteínas aisladas suspendida en 50~1 de sol 
salina por via intraperitoneal, una vez por semana, los grupos experimentales y los puntos 
de sacrifico seran iguales a los descritos en el apartado anterior. 
Activación de celulas dendríticas: En nuestro modelo experimental una característica 
inmunopatogenica importante es el retraso en la activación de las celulas dendríticas. 
Por lo tanto, la activacion temprana de estas celulas es una estrategia potencialmente util 
de inmunoterapia. Para lograr esto se utilizara terapia genica utilizando adenovirus 
recombinantes que expresan factor estimulante de colonias granulocitico-macrofagico 
(SCF -GM). La tecnica para la producción de los adenovirus recombinantes la tenemos 
estandarizada y publicada. Se administrara una sola dosis de rAD-CSF un día antes de 
la infección y después en los días 3, 7, 14, 21, 28 y 60 se sacrificaran grupos de 8 
animales y se compararan con ratones control que reciben por vía intratraqueal el 
adenovirus desnudo. Los parámetros por evaluar seran la sobrevida, carga bacilar 
(UFC), histopatologla/morfometrla, expresión de citocinas por RT-PCR en tiempo real 
y citometrla de flujo en suspensiones celulares obtenidas de los pulmones determinando 
la cantidad y porcentaje de celulas dendríticas activadas (CD-llc, MHC-Il, CD-80). 
Debido a que después del día 21 de infección las celulas dendríticas activadas 
disminuyen progresivamente, un segundo experimento sera la administración del rAd­
CSF por vía intratraqueal a partir del segundo mes postinfección y evaluando su 
eficiencia como se describió anteriormente. Otra estrategia sera la utilización de 
anticuerpos fusión que reconocen por su porción Fab al receptor de membrana DEC-205 
y que en su porción FC tienen unida la proteína ESAT -6 de M tuberculosis. DEC-205 
se expresa en células dendríticas y participa en la presentación antigénica El antígeno 
ESAT-6 induce gran parte de la respuesta inmune celular contra M tuberculosis. Para 
determinar la eficiencia in-vivo del anticuerpo, se usaran ratones BALB/c y C57BL/6 a 
los cuales se les administran S~g de DEC-ESAT con IO~g de polyi:C por vía 
subcutánea o intranasal. Los grupos control recibiran polyi:C, PBS, y DEC-ESAT. Los 
ratones se sacrificaran en las semanas 2 y S después de la administración del anticuerpo 
fusión, de cada ratón se haran suspensiones celulares del bazo, los ganglios poplíteos y 
mediastinales y el pulmón (sitio de infección). Las celulas se estimularan in-vitro con 
antígenos totales, la proteína ESAT -6 completa o una librería de péptidos traslapados de 
esta. Después se realizara citometria de flujo para celulas CD4 y CD8 con tinción 
intracelular para detectar IFN. 
Estimulacion de la prodncción de interleucina 12 (IL-12). La IL-12 es una citocina 
crucial en la diferenciación de células Thl productoras de lFN. Para el tratamiento en 
modelos experimentales y pacientes es necesaria la administración de IL-12 
recombinante tres veces por semana, lo cual es muy costoso. Nuestra estrategia sera la 
administracion de adenovirus recombinantes que expresan IL-12 en una sola dosis 
intranasal e intratraqueal, tanto de forma profilactica (un día antes de la infección 
intratraqueal, como de forma terapeutica (dos meses después de la administración de M 
tuberculosis drogosensible y MDR por vía intratraqueal). La eficiencia terapeutica será 



determinada por curvas de sobrevida, cuantificacion de UFC, histologla/morfometria y 
expresión de citocinas. 
Inducción de la producción de oxido nitrico. Los macrofagos fagocitan y destruyen a 
la bacteria, seleccionan y presentan antígenos para activar a los linfocitos T y regulan la 
respuesta inmunologica a traves de la producción de diversas citocinas. Los macrofagos 
activados destruyen a las mico bacterias por la producción de radicales libres de oxigeno 
y de nitrógeno. Otra forma potencialmente util de inmunoterapia es el inducir alta 
producción de oxido nitrico. El grupo de la Universidad de Salamanca ha producido 
mas de 200 compuestos derivados de amino-alcoholes y diaminas, el compuesto 
diamino Sb incrementa significativamente la producción de nitritos en macrofagos no 
activados y los compuestos 6fy 7a lo hacen en macrüfagos activados. Estos compuestos 
se probaran como agentes inmunoterapeuticos en la fase avanzada de nuestro modelo 
murino de tuberculosis progresiva, administrandolos por via intraperitoneal en dos dosis 
diferentes cada tercer dia, sacrificando ratones infectados con las cepas H37Rv y MDR 
en los dias 7, 15, 30 y 60 post-tratamiento y evaluando su capacidad terapeutica con los 
ensayos descritos. 

Nuestra segunda estrategia es suprimir los efectos inmunes deletereos que 
contribuyen a la progresión de la tuberculosis: Supresión de la actividad del TGF. 
Esta citocina se produce mucho durante la fase progresiva de la enfermedad y 
recientemente informamos que su receptor soluble tipo III recombinante (betaglicano) 
fue muy eficiente terapéuticamente pero indujo inflamación excesiva, cuando ademas 
del betaglicano se administro un antinflamatorio ( ac niflumico ), se indujo una eficiente 
actividad inmunoterapeutica, En este proyecto estudiaremos su efecto en la tuberculosis 
producida por bacterias MDR 
Promoción de apoptosis macrof:igica. La infección in-vitro de macrüfagos con M 
tuberculosis induce apoptosis y esta provoca la muerte de la bacteria. Durante la fase 
avanzada de la enfermedad hay muchos macrofagos resistentes a morir por apoptosis, 
permitiendo asi a la bacteria tener un habitat de larga vida. Para inducir apoptosis 
macrofagica se probaran bloqueadores de factores de transcripcion que previenen a esta, 
como el factor relacionado a hipoxia (HIF), que entre otras funciones induce la 
expresión de Bcl-2 previniendo la apoptosis de celulas inflamatorias. La molécula 2MD 
es un eficiente inactivador de HIF y se determinara su eficiencia terapeutica en ratones 
infectados con bacterias MDR, asi como su eficiencia de acortar la antibioticoterapia 
convencional, usando las tecnicas ya mencionadas. 
Uso de anticuerpos específicos en contra de autigenos inmunodominantes en 
tuberculosis progresiva y latente. En modelos experimentales de nocardiosis se ha 
mostrado que la administración de anticuerpos de clase IgM producidos en contra de 
antigenos inmunodominantes son eficientes agentes inmunoterapeuticos. Hemos 
producido anticuerpos IgM policlonales en contra de antigenos inmunodominantes de 
M. tuberculosis, los cuales se administraran por via i.p en 3 dosis, una por semana, 
sacrificando grupos de animales después de 7, 14, 30 y 60 dias, al inicio de la infección 
o dos meses después, determinando su eficiencia con el mismo esquema descrito en los 
apartados anteriores. 
Se ha publicado que la administración de anticuerpos monoclonales de clase IgA en 
contra de la proteina micobacteriana alfa cristalina y anticuerpos bloqueadores anti-IL4 
en ratones Balb/c con tuberculosis activa tiene un significativo efecto terapeutico. La 
proteina alfa cristalina se sobrexpresa en infeccion latente, por lo tanto es posible que la 
administración de los anticuerpos bloqueadores puedan prevenir la reactivacion, para 
estudiar esto usaremos nuestro modelo murino de infeccion latente, el cual se basa en 
ratones hibridos Fl C57Bl y DBA, infectados por via intrataqueal con una dosis muy 



baja (1000 bacterias) de M. tuberculosis H37Rv. La administración de corticosterona 
(3mg/lt) en el agua de bebida produce rapida reactivación. Cuando la infección latente 
sea estable (7 meses), administraremos a grupos de 20 animales la combinación del 
anticuerpo monoclonal IgA anti alfa cristalina, mas anticuerpos bloqueadores de IL-4. 
Otro grupo recibira solo los anticuerpos anti alfa-cristalina. El tercer grupo solo recibira 
los anticuerpos anti IL-4 y el grupo control recibira el vehículo. Después de un mes se 
administrara la corticosterona y se sacrificaran grupos de 5 ratones después de 7, 15, 30 
y 60 dias de la ultima administracion de los anticuerpos. Un pulmon, derecho o 
izquerdo, se destinara para estudio histológico y el otro para la cuantificación de UFC. 

8. METODOLOGÍA: CRITERIOS DE SELECCIÓN 
a) Criterios de inclusión (considerar que no participen en otras investigaciones y 
anticoncepción en caso necesario) 
b) Criterios de exclusión: 
e) Criterios de eliminación (considerar embarazo en caso necesario 

Criterios de inclusión: ratones machos Balb/c de 6 a 8 semanas de edad, SPF 
Criterios de exclusión: Animales evidentemente enfermos 
Criterios de eliminación: se sacrificaran por razones humanitarias a los animales que 
muestren signos evidentes de enfermedad muy avanzada (perdida excesiva de peso, 
tiraje intercostal, piloereccion generalizada, irnnovilidad) 

9. METODOLOGÍA: DESENLACES Y VARIABLES 
a) Variable/desenlace principal a medir principal 
b) Variables/desenlaces secundarias a medir 
e) Frecuencia de las mediciones 
d) Criterios de éxito y falla en caso necesario 
e) Estrategia de análisis estadístico. 
Cuando corresponda deben especificarse y fundamentarse las técnicas, aparatos y/o 
instrumentos (esto incluye equipos mecánicos/electrónicos/cibernéticos especiales, 
formatos de evaluación, cuestionarios, tablas de cotejo, etc.) que se utilizarán en la 
medición, señalando los criterios de validez, reproducibilidad y controles de calidad que 
se tengan de los mismos 

Desenlace principal a medir: el nivel de eficacia terapeutica conferido por los diversos 
tratamientos en animales que se sacrifican por exsanguinacion previa anestesia con la 
administración peritoneal de pentobarbital sodico. Se determinara la carga bacilar 
pulmonar por cuantificacion de lJFC, daño tisular por morfometria automatizada 
(porcentaje de neumonía) y expresión de citocinas por RT-PCR en tiempo real. La 
frecuencia de los sacrificios se describe en la metodología general 
Criterio de éxito: Disminución significativa de la carga bacteriana y daño pulmonar en 
los pulmones de los animales tratados cuando se comparen con los animales controles, 
asi como expresión de citocinas predominantemente de tipo Thl. El analisis estadístico 
se realizará con la prueba de Kaplan Meier para la sobrevida y pruebas de anova y T 
para la carga bacteriana, daño histologico y expresión de citocinas comparando los 
grupos tratados con los controles 
La tecnica de infeccion por inyeccion intratraqueal esta perfectamente estandarizada en 
nuestro laboratorio, es rapida y permite un excelente control de la dosis de bacterias. 
La Cromatografia de líquidos de alta resolución se ha convertido en la mas popular y 
versátil de las técnicas analíticas modernas cuando esta acoplada a la espectrometría de 



masas en tiempo real. Los sistemas cromatografícos de líquidos de alta resolución se 
utilizan actualmente en una amplia variedad de campos. Cada día se aumentan la 
confiabilidad de los datos analíticos. Nuestro protocolo de abordaje de caracterización 
molecular de biomoléculas del FT será inicialmente a través de la separación 
cromátográfica de componentes mediante la técnica de cromatografía líquida de alta 
resolución en fase reversa (RP-HPLC). Para la alta resolución de separación y aislamiento 
molecular a homogenidad total se usara un cromatógrafo bidimensional de líquidos de alta 
resolución para continuar con el desarrollo de procesamientos de muestras en grado 
preparativo, semipreparativo y analítico del FT, también este equipo nos permitirá 
demostrar controles de calidad de compuestos diversos, analizando impurezas y 
contaminantes. El espectrómetro de masa es un instrumento que permite analizar con gran 
precisión la composición de diferentes elementos químicos e isótopos atómicos, separando 
los núcleos atómicos en función de su relación masa-carga. Con frecuencia se acopla a un 
cromatógrafo de líquidos. El espectrómetro de masas mide razones carga-masa de iones, 
calentando un haz de luz de material del compuesto a analizar hasta vaporizarlo y ionizar 
los diferentes átomos. El haz de iones produce un patrón especifico en el detector que 
permite analizar el compuesto químico. Este instrumento se utiliza en investigación para 
el análisis de sustancias y mezclas complejas (FT). 

10. RIESGOS Y BE:NEFICIOS DEL ESTUDIO 
a) Molestias generadas por el estudio (en caso de tomas de sangre, anotar el número 
total de punciones, la cantidad de sangre por punción y/o total y la frecuencia de las 
punciones.) 
b) Riesgos potenciales(presencia de complicaciones o efectos adversos, considerar 
interacciones medicamentosas, considerar efectos psicológicos de los métodos de 
evaluación, v.gr.:encuestas sobre temas sensibles) 
e) Métodos de detección de los riesgos anticipados 
d) Medidad de seguridad para el diagnóstico oportuno y prevención de dichos eventos 
e) Procedimientos a seguir para resolverlos en caso de que se presenten 
f) Beneficios directos esperados 
g) Beneficios indirectos esperados 
h) Ponderación general de riesgos contra beneficios del estudio propuesto 

Los animales son anestesiados cuando se infectan y cuando son sacrificados, ya se 
menciono el criterio para sacrificarlos por razones húmanitarias. Los animales se 
almacenan en grupos de 5 ratones por microaislador y se hace la limpieza cambiando la 
cama, alimento y agua dos veces por semana. Los riezgos potenciales para el personal 
que trabaja con estos animales son minimos pues contamos con campanas de seguridad 
biologica, sistema de aisladores con presion negativa y flujo de aire filtrado constante, 
uniformes quirurgicos y cubrebocas de alta seguridad, a todo los participantes se les 
entrena y los procedimientos de infeccion, sacrifico y cambio de los animales se realiza 
dentro de la campana. Los restos de los animales y desechos potencialmente 
contaminados se almacenan en bolsas especiales para ser posteriormente incinerados, 
con estas medidas no ha existido ningun accidente en mas de 15 años de trabajo, Los 
beneficios esperados son la caracterizacion de cuando menos 3 regímenes 
inmunoterapeuticos eficientes en su fase preclinica, la publicación de cuando menos 1 O 
trabajos en revistas internacionales y la formación de al menos 3 estudiantes de 
postgrado. Los beneficios son mucho mayores que los riezgos, pues los modelos 
experimentales estan muy bien estandarizados y tenemos experimentos preliminares con 
resultados satisfactorios en la mayoria de las estrategias propuestas 



a) Especificar costos (directos/indirectos, monetarios, en tiempo de participación, 
visitas/traslados) que la investigación genere para los sujetos del estudio 
(Especificar si las consultas, exámenes de laboratorio/ gabinete y tratamientos 
médicos/quirúrgicos, generados con motivo del estudio serán o no cubiertos por 
el paciente/sujeto de investigación 
b) Especificar las compensaciones que se ofrecerán (reposición de gastos 
incurridos por la participación en el estudio;v.gr.: pago de transporte, 
alimentación, estancia, etc). 
e) Especificar los incentivos que se ofrecerán en caso que corresponda (se 
entiende incentivo como uin ofrecimiento o influencia que compete a realizar 
una acción sin que implique una desviación importante con nuestro plan general 
de vida; v.gr.:dar un libro por haber participado) 
Nota: Una compensación/incentivo fuera de proporción se considera una actitud 
coercitiva. 

Todos los costos seran cubiertos por el CONACYT, este es un proyecto multigrupal de 
ciencia básica que contempla la compra de dos equipos grandes, uno de estos es para el 
Instituto Nacional de Psiquiatria. No existen compensaciones economicas para ninguno 
de los participantes. 
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1. TÍTULO DEL PROYECTO: Diseño y prueba de nuevos regímenes 
inmunoterapenticos para tratar a la tuberculosis 

2. INVESTIGADORES 
2a. IDENTIFICACIÓN DE INVESTIGADORES 
Nombre, fuma y adscripción de cada uno de los investigadores participantes. El 
investigador principal deberá ser un profesional adscrito a la Institución(médico de base 
o investigador y no un alumno de curso, residente, pasante, interno, etc). 

INVESTIGADOR 
POSICIÓN POSICIÓN EN EXTENSIÓN CORREO-E 

INSTITUCIONAL EL PROYECTO 

Rogelio H::iez 1 lnv CM-F lnvest princip(. 2194 rilpando@quetz 

Dana Aguilar lnvCM-D lnvest Asocia1 2194 aguilarleOn@hoi 

Hector Orozcz lnv CM-D lnvest Asocia1 2194 horozcoe@yah1 

Leonardo Orti: Tecnlco T ec bioterio 2194 

2b. PERTINENCIA DEL GRUPO DE INVESTIGADORES CON RESPECTO 
DEL PROYECTO 
Brevemente describa las caliñcaciones del grupo investigador con respecto del proceso 
de investigación científica en general y con respecto del proyecto presentado 
(v.gr.:grado académico, experiencia laboral, miembro del sistema de investigadores de 
los INS, del SNI, etc). 
El Dr Hernández Pando es patologo y doctor en inmunologia, durante 20 años ha 
realizado investigación en inmunopatologia experimental de la tuberculosis, es 
investigador F y SNI-3. La Dra AguiJar Leon es QFB y doctora en biología 
experimental, experta en el manejo de animales de experimentación y diversas tecnicas 
inmunologicas y moleculares, es investigadora D y SNI-1. El Dr Rector Orozco es 
médico, experto en manejo de animales de experimentación y diversas tecnicas 
morfologicas, es investigador C. El Sr L Ortiz es el unico tecnico de biotero en el pais 
con experiencia en el cuidado de animales de experimentación infectados con germenes 
patogenos. Los Dres Aguilar y Orozco realizaran el trabajo experimental supervisando a 
los estudiantes asociados al proyecto 

3. INSTITUCIONES PARTICIPANTES 
Nombre y dirección de la o las instituciones participantes. Para estudios multicéntricos 
añadir los datos del centro 
Instituto Nacional de Ciencias Medicas y Nutrición. Departamento de Patología, 
Seccion de Patología Experimental. Direccion: Vasco de Quiroga 15, Tlalpan. Telefono 
54870900 ext2194. Investigador responsable y coordinador del proyecto: Dr Rogelio 
Hernandez Panda 
Instituto Nacional de Psiquiatría Periferico, Investigador responsable Dr Benito Antón 
Universidad de Salamanca, Facultad de Farmacia Departamento de Química 
Farmaceutica. Direccion: Campus Miguel de Unamuno, 37007 Salamanca España 



PATROCINIO 
4b. ORGANISMOS PATROCINADORES 
Nombre, dirección y teléfono de la o las organizaciones, instituciones o laboratorios que 
aportarán recursos 
Consejo Nacional de Ciencia y Tecnología. Av Insurgentes Sur 15 82. Col Credito 
Constructor. Benito Juarez 03940, Mexico DF 

MARCO TEÓRICO 
Explicar detalladamente los fundamentos disponibles a la fecha en los que se basa el 
estudio que se propone( sentido biológico, datos de experimentos en animales o en 
humanos): 
a) Antecedentes: 
b) Defmición del problema: 
e) Justificación: 

La tuberculosis es una importante enfermedad infecto-contagiosa que afecta 
principalmente a los pulmones y produce profundas alteraciones en el sistema 
inmunológico. El agente causal Mycobacterium tuberculosis es un microorganismo 
patógeno intracelular facultativo que puede producir tanto enfermedad progresiva como 
infección latente asintomática. Generalmente la primoinfección tuberculosa se lleva a 
cabo en los pulmones durante la niñez y en la mayoría de los casos es controlada por el 
sistema inmunólógico, solo el 1 O % de estos casos sufrirán la enfermedad progresiva 
En esta primo infección tuberculosa, aun en aquellos casos que son controlados por el 
sistema inmunológico, no todas las bacterias son eliminadas, algunos bacilos 
permanecen en los tejidos en un estado quiescente con poca o nula actividad 
reproductiva por el resto de la vida del individuo infectado, lo cual se denomina 
infección latente. Actualmente se calcula que anualmente esta enfermedad produce 2 
millones de defunciones a nivel mundial, con 8 millones de nuevos casos y un tercio de 
la humanidad tiene infección latente, lo cual la convierte en la enfermedad infecto­
contagiosa más relevante a nivel mundial. Un aspecto de gran importancia es que a 
pesar de que actualmente es curable, se necesita de una terapia combinada de 4 
antibióticos por 6 a 9 meses, lo que redunda en una alta tasa de abandono del 
tratamiento, lo que promueve recaídas y el surgimiento de cepas resistentes a múltiples 
antibióticos (MDR, XDR), lo cual complica aun mas el tratamiento al incrementar su 
costo y generar mas efectos nocivos para el paciente, mientras que para las cepas XDR 
no existe actual.1nente forma de curarlas, por esta razon y. por la necesidad de acortar el 
largo tratamiento de la tuberculosis drogosensible existe intéres en desarrollar nuevas 
formas de tratamiento basadas en potenciar la respuesta inmune protectora o abatir la 
respuesta inmune deleterea, a lo cual se le denomina genericamente inmunoterapia. El 
objetivo de este proyecto es diseñar y probar nuevos esquemas inmunoterapeuticos 
basados sobre todo en el conocimiento generado por nuestro grupo sobre la 
inmunopatologia de la tuberculosis utilizando modelos experimentales murinos. 

6a. HIPÓTESIS 
Definido como un enunciado comprobable acerca de la relación entre una variable 
dependiente y una variable independiente. 
La estimulación de la respuesta Th-1 y de la activación macrofagica, asi como la 
inhibición de la respuesta Th-2 y de otros factores inmunosupresores tendra un efecto 
terapeutico significativo en la tuberculosis producida por bacterias drogosensibles y 
multidrogoresistentes y .permitira ademas acortar el tiempo de tratamiento con 
antibioticos convencionales. 



7. METODOLOGÍA: DISEÑO GENERAL 
Describir el diseño general del estudio y, si es pertinente, especificar Jos siguientes 
puntos: 
a) Diseño del estudio: describir si es aleatorio/no aleatorio, controlado, de cohorte, tipo 
de cegamiento( doble-ciego, simple), tipo de controles(placebo, medicamento activo), 
periodo de lavado. 
b) Descripción de la maniobra o intervención · 
e) Tamaño de la muestra (# de pacientes a incluir; justificar el cálculo) 
d) Mecanismos de asignación del tratamiento 
e) Grupos de tratamiento 
f) Duración del seguimiento individual 
Reactivar respuesta protectora (TH1/macrofagos activados): Administración de 
mico bacterias saprofitas. La mico bacteria saprofita M vaccae puede ser un eficiente 
agente inmunoterapeutico porque activa eficientemente a las ce!ulas protectoras Tbl y 
CD-8+ y suprime la activación de linfocitos Tb-2. Estudiaremos el efecto de este 
saprofito en ratones infectados con una cepa MDR y la cepa drogosensible H37Rv, asi 
como su eficiencia como agente coadyuvante a la quimioterapia. Para esto la cepas de 
M tuberculosis H37Rv y MDR serk cultivadas en el medio liquido J:BY, después de 
un mes, las mico bacterias son separadas y ajustadas a 2.5 x 1 O' en 100 ~¡ de 
amortiguador PBS y mantenidas a -70°C hasta su uso. Ratones machos BALB/c de 6-8 
semanas de edad son anestesiados con 56 mg/kg de pentotal sódico administrado por via 
peritoneal, la traquea se expone quirúrgicamente y 2.5 x 105 bacterias viables 
suspendidas en 100 ¡J.! de PBS se inyectan usando una jeringa de insulina. 
Posteriormente la insicion quirurgica es suturada con seda esteril. Los ratones así 
infectados se almacenan en cajas con microaisladores conectados a un sistema de 
presion negativa. Todo este procedimiento y los sacrificios posteriores se realizan en 
campanas de seguridad biológica. Al dia 60 postinfeccion, los ratones sobrevivientes se 
distribuyen al azar en seis grupos experimentales. Grupos de 20 ratones tuberculosos en 
dos experimentos diferentes, se trataran con una suspensión de M vaccae a dosis de lOO 
¡J.g en 1 00¡.!] administrado por sonda nasogastrica. Para evaluar la capacidad de 
M.vaccae para acortar el tiempo de tratamiento con antibioticoterapia convencional, un 
grupo de 20 animales se tratara con antibioticoterapia convencional, constituida por: 
rifampicina (10 mg/kg), isoniazida (10 mg/kg), y pirazinamida (30 mg/kg), 
administrados diariamente a travez de sonda intragástrica, el segundo grupo se tratara 
con antibioticos mas M. vaccae administrado por sonda intragastrica una vez por 
semana. El tercer grupo se tratara solamente con M. vaccae y el grupo control 
exclusivamente recibira la solucion vehículo. El quinto grupo corresponde a ratones 
infectados con el aislado clinico MDR el cual se tratara con M. vaccae y ultimo grupo 
es el grupo control infectado con el aislado MDR que recibe solamente el vehículo. 
Cinco ratones por cada grupo se sacrificaran los días 7, 15, 30 y 60 días posteriores al 
inicio del tratamiento. Se tendran 1 O animales mas de cada grupo que se se dejaran sin 
sacrificarlos con el fm de determinar sobreviva. Se realizaran dos experimentos 
completos por separado para determinar reproducibilidad. Para evaluar la eficiencia del 
regimen inmunoterapeutico ademas de curvas de sobrevida, se realizara estudio 
histológico/morfom:etrico (porcentaje de area pulmonar afectada. por neumonía), 
medición de la carga bacilar pulmonar por determinación de unidades formadoras de 
colonia (lJFC) y la expresión genetica de las citocinas IFN, TNF, IL-4 y la enzima 
iNOS por RT-PCR en tiempo real, de acuerdo a las tecnicas ya estandarizadas en 
nuestro laboratorio. 



Uso y caracterizacion molecular del Factor de Transferencia (FT): Los FT son 
productos dializables de bajo peso molecular obtenidos de celulas inmunologicas, los cuales 
son capaces de transferir inmunidad mediada por celulas (llv:!C) de donadores inmunizados 
a sujetos receptores no sensibilizados. Actualmente no se conoce la estructura química ni 
los mecanismos moleculares de accion del FT, varios estudios han mostrado que le FT es un 
conjunto de proteínas de bajo peso molecular. Nuestro objetivo es la caracterización 
molecular del FT y determinar su efecto terapéutico en el modelo murino de tuberculosis, 
para el primer objetivo se usara la cromatografia de líquidos de alta resolución acoplado a la 
espectrometría de masas en tiempo real; pare evaluar su efecto terapeutico, grupos de 
animales se trataran con l ¡.tg de cada una de las proteínas aisladas suspendida en 50¡.¡1 de sol 
salina por via intraperitoneal, una vez por semana, los grupos experimentales y los puntos 
de sacrifico seran iguales a los descritos en el apartado anterior. 
Activacion de celulas dendríticas: En nuestro modelo experimental una característica 
inmunopatogenica importante es el retraso en la activacion de las celulas dendríticas. 
Por lo tanto, la activacion temprana de estas celulas es una estrategia potencialmente util 
de inmunoterapia. Para lograr esto se utilizara terapia genica utilizando adenovirus 
recombinantes que expresan factor estimulante de colonias granulocitico-macrofagico 
(SCF -GM). La tecnica para la producción de los adenovirus recombinantes la tenemos 
estandarizada y publicada. Se administrara una sola dosis de rAD-CSF un dia antes de 
la infeccion y después en los dias 3, 7, 14, 21, 28 y 60 se sacrificaran grupos de 8 
animales y se compararan con ratones control que reciben por via intratraqueal el 
adenovirus desnudo. Los parámetros por evaluar seritn la sobrevida, carga bacilar 
(UFC), histopatologia!morfometrla, expresión de citocinas por RT -PCR en tiempo real 
y citometrla de flujo en suspensiones celulares obtenidas de los pulmones determinando 
la cantidad y porcentaje de celulas dendríticas activadas (CD-llc, :MHC-II, CD-80). 
Debido a que después del dia 21 de infeccion las celulas dendríticas activadas 
disminuyen progresivamente, un segundo experimento sera la administración del rAd­
CSF por via intratraqueal a partir del segundo mes postinfección y evaluando su 
eficiencia como se describió anteriormente. Otra estrategia sera la utilización de 
anticuerpos fusión que reconocen por su porción Fab al receptor de membrana DEC-205 
y que en su porción FC tienen unida la proteina ESAT-6 de M tuberculosis. DEC-205 
se expresa en células dendríticas y participa en la presentación antigénica El antígeno 
ESAT-6 induce gran parte de la respuesta inmune celular contra M tuberculosis. Para 
determinar la eficiencia incvivo del anticuerpo, se usaran ratones BALB/c y C57BL/6 a 
los cuales se les administran 5¡.¡g de DEC-ESAT con 10¡.¡g de polyl:C por vía 
subcutánea o intranasal. Los grupos control recibiran polyl:C, PBS, y DEC-ESAT. Los 
ratones se sacrificaran en las semanas 2 y 5 después de la administración del anticuerpo 
fusión, de cada ratón se haran suspensiones celulares del bazo, los ganglios poplíteos y 
mediastinales y ei pulmón (sitio de infección). Las celulas se estimularan in-vitro con 
antígenos totales, la proteína ESAT-6 completa o una librería de péptidos traslapados de 
esta. Después se realizara citometrla de flujo para células CD4 y CDS con tinción 
intracelular para detectar IFN. 
Estimulación de la producción de interleucina 12 (IL-12). La IL-12 es una citocina 
crucial en la diferenciación de células Th1 productoras de IFN. Para el tratamiento en 
modelos experimentales y pacientes es necesaria la administración de IL-12 
recombinante tres veces por semaria, lo cual es muy costoso. Nuestra estrategia sera la 
administracion de adenovirus recombinantes que expresan IL-12 en una sola dosis 
intranasal e iiltratraqueal, tanto de forma profilactica (un dia antes de la infección 
intratraqueal, como de forma terapeutica (dos meses después de la administración de M. 
tuberculosis drogosensible y MDR por via intratraqueal). La eficiencia terapeutica sera 



determinada por curvas de sobrevida, cuantificaciim de UFC, histologla/morfometrla y 
expresión de citocinas. 
Inducción de la producción de oxido nítrico. Los macrofagos fagocitan y destruyen a 
la bacteria, seleccionan y presentan antígenos para activar a los linfocitos T y regulan la 
respuesta inmunologica a traves de la producción de diversas citocinas. Los macrOfagos 
activados destruyen a las micobacterias por la producción de radicales libres de oxigeno 
y de nitrógeno. Otra forma potencialmente util de inmunoterapia es el inducir alta 
producción de oxido nítrico. El grupo de la Universidad de Salamanca ha producido 
mas de 200 compuestos derivados de amino-alcoholes y diaminas, el compuesto 
diamino 8b incrementa significativamente la producción de nitritos en macrofagos no 
activados y los compuestos 6fy 7a lo hacen en macrOfagos activados. Estos compuestos 
se probaran como agentes inmunoterapeuticos en la fase avanzada de nuestro modelo 
murino de tuberculosis progresiva, administrando los por via intraperitoneal en dos dosis 
diferentes cada tercer dia, sacrificando ratones infectados con las cepas H37Rv y MDR 
en los días 7, 15, 30 y 60 post-tratamiento y evaluando su capacidad terapeutica con los 
ensayos descritos. 

Nuestra segunda estrategia es suprimir los efectos inmunes deletereos que 
contribuyen a la progresión de la tuberculosis: Supresión de la actividad del TGF. 
Esta citocina se produce mucho durante la fase progresiva de la enfermedad y 
recientemente informamos que su receptor soluble tipo III recombinante (betaglicano) 
fue muy eficiente terapéuticamente pero indujo inflamación excesiva, cuando ademas 
del betaglicano se administró un antinflamatorio (ac niflumico), se indujo una eficiente 
actividad inmunoterapeutica, En este proyecto estudiaremos su efecto en la tuberculosis 
producida por bacterias MDR 
Promoción de apoptosis macrofitgica. La infección in-vitro de macrófagos con J\1. 
tuberculosis induce apoptosis y esta provoca la muerte de la bacteria. Durante la fase 
avanzada de la enfermedad hay muchos macrofagos resistentes a morir por apoptosis, 
permitiendo asi a la bacteria tener un habitat de larga vida. Para inducir apoptosis 
macrofagica se probaran bloqueadores de factores de transcripcion que previenen a esta, 
como el factor relacionado a hipoxia (HIF), que entre otras funciones induce la 
expresión de Bcl-2 previniendo la apoptosis de celulas inflamatorias. La molécula 2MD 
es un eficiente inactivador de HIF y se determinara su eficiencia terapeutica en ratones 
infectados con bacterias MDR, asi como su eficiencia de acortar la antibioticoterapia 
convencional, usando las tecnicas ya mencionadas. 
Uso de anticuerpos específicos en contra de antígenos inmunodominantes en 
tuberculosis progresiva y latente. En modelos experimentales de nocardiosis se ha 
mostrado que la administración de anticuerpos de clase IgM producidos en contra de 
antígenos inmunodominantes son eficientes agentes inmunoterapeuticos. Hemos 
producido anticuerpos IgM policlonales en contra de antígenos inmunodominantes de 
M. tuberculosis, los cuales se administraran por via i.p en 3 dosis, una por semana, 
sacrificando grupos de animales después de 7, 14, 30 y 60 días, al inicio de la infección 
o dos meses después, determinando su eficiencia con el mismo esquema descrito en los 
apartados anteriores. 
Se ha publicado que la administración de anticuerpos monoclonales de clase IgA en 
contra de la proteína mico bacteriana alfa cristalina y anticuerpos bloqueadores anti-IL4 
en ratones Balb/c con tuberculosis activa tiene un significativo efecto terapeutico. La 
proteina alfa cristalina se sobrexpresa en infecciim latente, por lo tanto es posible que la 
administración de los anticuerpos bloqueadores puedan prevenir la reactivación, para 
estudiar esto usaremos nuestro modelo murino de infección latente, el cual se basa en 
ratones híbridos Fl C57Bl y DBA, infectados por via intrataqueal con una dosis muy 



baja (1000 bacterias) de M. tuberculosis H37Rv. La administración de corticosterona 
(3mg/lt) en el agua de bebida produce rapida reactivación. Cuando la infección latente 
sea estable (7 meses), administraremos a grupos de 20 animales la combinación del 
anticuerpo monoclonal IgA anti alfa cristalina, mas anticuerpos bloqueadores de IL-4. 
Otro grupo recibira solo los anticuerpos anti alfa-cristalina. El tercer grupo solo recibira 
los anticuerpos anti IL-4 y el grupo control recibira el vehículo. Después de un mes se 
administrara la corticosterona y se sacrificaran grupos de S ratones después de 7, 15, 30 
y 60 días de la ultima administración de los anticuerpos. Un puhnon, derecho o 
izquerdo, se destinara para estudio histológico y el otro para la cuantificación de UFC. 

8. METODOLOGÍA: CRITERIOS DE SELECCIÓN 
a) Criterios de inclusión (considerar que no participen en otras investigaciones y 
anticoncepción en caso necesario) 
b) Criterios de exclusión: 
e) Criterios de eliminación (considerar embarazo en caso necesario 

Criterios de inclusión: ratones machos Balb/c de 6 a 8 semanas de edad, SPF 
Criterios de exclusión: Animales evidentemente enfermos 
Criterios de eliminación: se sacrificaran por razones humanitarias a los animales que 
muestren signos evidentes de enfermedad muy avanzada (perdida excesiva de peso, 
tiraje intercostal, piloereccion generalizada, inmovilidad) 

9. METODOLOGÍA: DESEl'I'LACES Y VARIABLES 
a) Variable/desenlace principal a medir principal 
b) Variables/desenlaces secundarias a medir 
e) Frecuencia de las mediciones 
d) Criterios de éxito y falla en caso necesario 
e) Estrategia de análisis estadístico. 
Cuando corresponda deben especificarse y fundamentarse las técnicas, aparatos y/o 
instrumentos (esto incluye equipos mecánicos/electrónicos/cibernéticos especiales, 
formatos de evaluación, cuestionarios, tablas de cotejo, etc.) que se utilizarán en la 
medición, señalando los criterios de validez, reproducibilidad y controles de calidad que 
se tengan de los mismos 

Desenlace principal a medir: el nivel de eficacia terapeutica conferido por los diversos 
tratamientos en ailimales que se sacrifican por exsanguinacion previa anestesia con la 
administración peritoneal de pentobarbital sodico. Se determinara la carga bacilar 
pulmonar por cuantificacion de UFC, daño tisular por morfometria automatizada 
(porcentaje de neumonía) y expresión de citocinas por RT-PCR en tiempo real. La 
frecuencia de los sacrificios se describe en la metodología general 
Criterio de éxito: Disminución significativa de la carga bacteriana y daño puhnonar en 
los pulmones de los animales tratados cuando se comparen con los animales controles, 
así como expresión de citocinas predominantemente de tipo Th l. El analisis estadístico 
se realizará con la prueba de Kaplan Meier para la sobrevida y pruebas de anova y T 
para la carga bacteriana, daño histologico y expresión de citocinas comparando los 
grupos tratados con los controles 
La tecnica de infeccion por inyeccion intratraqueal esta perfectamente estandarizada en 
nuestro laboratorio, es rapida y permite un excelente control de la dosis de bacterias. 
La Cromatografia de líquidos de alta resolución se ha convertido en la mas popular y 
versátil de las técnicas analíticas modernas cuando esta acoplada a la espectrometria de 



masas en tiempo real. Los sistemas cromatograficos de líquidos de alta resolución se 
~tilizan actualmente en una amplia variedad de campos. Cada día se aumentan la 
conflabilidad de los dates arJalíticos. Nuestro protocolo de abordaje de caracterización 
molecular de bíomolécuias del FT será irJcialmente a través de la separación 
cromátográ:fica de componentes mediante la técrJca de cromatografía liquida de alta 
resolución en reversa (RP-HPLC). Para la alta resolución de separación y aislamiento 
molecular a homogerüdad total se usara un cromatógrafo bidimensional de líquidos de alta 
resolución para continuar con el desa.>Tollo de procesamientos de muestras en grado 
preparativo, semíprepc.rativo y analbco del FT, también esce equipo nos permitirá 
demostra.r controles de calidad · de compuestos diversos, analizando impurezas y 
contamh1antes. E~\ espectrómetro de masa es un instruillento que permite anal:zat con g:-an 
precisión la composición de diferentes elementos qui:dcos e isótopos atómicos, separando 
los núcleos atól!'Jcos en función de su relación ;nasa-carga. Con frecuencia se acopla a un 
cromatógrafo de líquidos. El espectrómeto de masas mide razones carga-masa de iones, 
calentando un haz de luz de material del compuesto a analizar hasta vaporiza:lo y ionizar 
los diferentes átomos. El haz de iones produce un patrón especiñco en el detector que 
pe::mi:e analizar el compuesto químico. Este instrumento se utiliza en investigación para 
el aná:isis de sustancias y mezclas complejas (FT). 

10. RIESGOS Y BENEFICIOS DEL ESTUDIO 
a) Molestias generadas por el estudio (en caso de tomas de sangre, anotar el nt;-rr,ero 
total de puncíor,es, la cantidad de sangre por punción y/o total y la frecuencia de las 
punciones.) 
b) Riesgos potenciales(presencia compücaciones o efectos adversos, considerar 
interacciones medicamentosas, considerar efectos psicológicos de los métodos de 
evaluación, v.gr.:encuestas sobre temas sensibles) 
e) Métodos de detección de los riesgos anticipados 
d) Medidad de seguridad para el día,onóstico oportuno y prevención de dichos eventos 
e) Procedimientos a seguir para resolverlos en caso de que se presenten 
f) Beneficios directos esperados 
g) Beneficios indirectos esperados 
h) Ponderación general de riesgos contra beneficios del estudio propuesto 

Los rnlmales son anestesiados cuando se infectan y cuando son sacrificados, ya se 
menciono el dterio para sacrificarlos por razones humanitarias. Los animales se 
almacenan en grcipos de 5 ratones por microaislador y se hace la llmpíeza cambiando la 
cama, alhuento y agua dos veces por semana. Los riezgos potenciales para el personal 
que trabaja con estos animales son mírillnos pues contamos con campanas de seguridad 
biologica, sistema de aisladores con presion negativa y rlujo de aire filtrado constante, 
uniformes quírurgicos y cubrebocas de alta seguridad, a todo los participantes se les 
entrena y los procedimientos de infeccion, sacrifico y cambio de los animales se real:za 
dentro de la campana. Los restos de los animales y desechos potencialmente 
contaminados se almacenan en bolsas especiales para ser posteriormente incinerados, 
con estas medidas no ha existido ningun accidente en mas de 15 años de trabajo, Los 
beneficios esperados son la caracterízacion de cuando menos 3 reglmenes 
inmunoterapeuricos eficientes en su fase precliníca, la publicación de cuando menos 1 O 
trabajos en revistas internacionales y la formación de al menos 3 estudiantes de 
postgrado. Los beneficios son mucho mayores que los riezgos, pues íos modelos 
experimentales estan muy bien estandarizados y tenemos e:s:perimentos preliminares con 
resultados satisfactorios en la mayoría de las estrategias propuestas 
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a) Especificar costos (directos/indirectos, monetarios, en tiempo de participación, 
visitas/traslados) que la investigación genere para los sujetos del estudio 
(Especificar si las consultas, exámenes de laboratorio/ gabinete y tratamientos 
médicos/quirúrgicos, generados con motivo del estudio serán o no cubiertos por 
el paciente/sujeto de investigación 
b) Especificar las compensaciones que se ofrecerán (reposición de gastos 
incurridos por la participación en el estudio;v.gr.: pago de transporte, 
alimentación, estancia, etc). 
e) Especificar los incentivos que se ofrecerán en caso que corresponda (se 
entiende incentivo como uin ofrecimiento o influencia que compete a realizar 
una acción sin que implique una desviación importante con nuestro plan general 
de vida; v.gr.:dar un libro por haber participado) 
Nota: Una compensación/incentivo fuera de proporción se considera una actitud 
coercitiva. 

Todos los costos seran cubiertos por el CONACYT, este es un proyecto multigrupal de 
ciencia básica que contempla la compra de dos equipos grandes, uno de estos es para el 
Instituto Nacional de Psiquiatria. No existen compensaciones economicas para ninguno 
de los participantes. 
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Titulo: Diseño y prueba de nuevos 
inmunoterapeuticos para tratar a la tuberculosis 

Resumen 

regímenes 

La tuberculosis es una enfermedad infectocontagiosa de gran importancia clínica y 
epidemiológica, la cual ha sido declarada por la OMS como una emergencia mundial 
debido a que causa dos millones de muertes al año y un tercio de la imnunidad se 
encuentra en estado de infección latente. Debido a que su tratamiento requiere del uso 
de cuando menos 3 antibióticos por un largo periodo de tiempo, existen importantes 
problemas de abandono y en consecuencia recaídas o emergencia de bacterias 
multidrogoresistentes, es por esto que es necesario acortar el tiempo de tratamiento o 
diseñar nuevas formas de terapia para la enfermedad producida por cepas 
multidrogoresistentes. Una alternativa potencial es la imnunoterapia. En este proyecto 
se proponen diferentes estrategias inmunoterapeuticas que están fundamentadas en los 
resultados obtenidos por nuestro grupo con el uso de modelos experimentales de 
tuberculosis progresiva y latente en murinos. De hecho, la prueba de la eficacia de los 
nuevos regímenes imnunoterapeuticos se basa también en el uso de ambos modelos. 
Nuestra hipótesis es que la estimulación de la respuesta imnunológica protectora 
(actividad de linfocitos Th-1 y macrófagos) durante la fase avanzada de la tuberculosis 
progresiva o la supresión de la actividad imnunológica que contribuye con la progresión 
de la enfermedad activa (actividad de linfocitos Th2, sobreproducción de moléculas 
supresoras de la imnunidad celular), coadyuvara con mejorar significativamente el 
tratamiento convencional con antibióticos y también permitirá un mejor control de la 
enfermedad por bacterias multidrogoresistentes. Nuestro objetivo principal es aportar 
nuevos tratamientos fundamentados en la regulación del sistema imnune que permitan 
un mejor control de esta importante enfermedad infecciosa, para lo cual se reúnen 3 
grupos de investigación totalmente consolidados, con funciones, experiencia y 
actividades diferentes pero totalmente complementarias y bien integradas. El grupo del 
Dr. San F eliciano de la Universidad de Salamanca España tiene un largo historial 
científico en el diseño y producción de nuevos fármacos con diversas actividades, entre 
los cuales se encuentran medicamentos imnunomoduladores con actividad estimulante 
de linfocitos T, promotores de producción de oxido nítrico y activación de macrófagos y 
supresores de la síntesis de prostaglandinas. El grupo del Dr. Antón del Instituto 
Nacional de Psiquiatria tiene una amplia experiencia en la caracterización bioquímica 
de moléculas con gran potencialidad biotecnológica y el grupo del Dr. Hemández Pando 
del Instituto Nacional de Ciencias Medicas y Nutrición, que tiene una larga experiencia 
en el desarrollo de modelos experimentales para estudiar los mecanismos 
imnunológicos que participan en la protección y en la progresión y daño tisular 
producido por M. tuberculosis en el pulmón. El objetivo fmal es aportar cuando menos 
3 regímenes imnunoterapeuticos que sean patentables y de gran interés para continuar 
con ensayos clínicos, además de la publicación de cuando menos lO trabajos en revistas 
internacionales y la preparación de al menos 5 maestros o doctores en investigación 
biomédica básica. 



Antecedentes 
· La tuberculosis es una importante enfermedad infecto-contagiosa que afecta 

principalmente a los pulmones y produce profundas alteraciones en el sistema 
inmunolÓgico ( 1 ). El agente causal Mycobacterium tuberculosis es un microorganismo 
patógeno intracelular facultativo que puede producir tanto enfermedad progresiva como 
infección latente asintomático (1). Generalmente la infección inicial o primoinfección 
tuberculosa se lleva a cabo en los pulmones durante la niñez y en la mayoria de los 
casos es controlada por el sistema inmunológico, solo el 1 O % de estos casos sufrirán la 
enfermedad progresiva (2). Es interesante que en esta primoinfección tuberculosa, aun 
en aquellos casos que son controlados por el sistema inmunológico, no todas las 
bacterias son eliminadas, algunos bacilos permanecen en los tejidos en estado 
quiescente con poca o nula actividad reproductiva por el resto de la vida del individuo 
infectado (2). Este estado infeccioso se denomina infección latente, es clínicamente 
asintomático y solo se manifiesta por los resultados positivos de la prueba de 
hipersensibilidad cutánea a la tuberculina (PPD) o por un estudio radiográfico del tórax 
que muestre nódulos fibróticos o cicatrices calcificadas indicativas de primo-infección 
tuberculosa resuelta (2). 

Actualmente se calcula que anualmente esta enfermedad produce 2 millones de 
defunciones a nivel mundial, con 8 millones de nuevos casos y un tercio de la 
humanidad tiene infección latente, lo cual la convierte en la enfermedad infecto­
contagiosa más relevante a nivel mundial (3). Un aspecto de gran importancia es que a 
pesar de que actualmente es curable, se necesita de una terapia combinada de 4 
antibióticos por 6 a 9 meses, lo que redunda en una alta tasa de abandono del 
tratamiento, por falta de adhesión correcta al régimen o debido a efectos secundarios de 
los medicamentos. Esto situación ha promovido recaídas y el surgimiento de cepas 
resistentes a múltiples antibióticos (MDR) o incluso extensamente resistentes a 
antibióticos (XDR-TB), lo cual complica aun mas el tratamiento al incrementar su costo 
y generando mas efectos nocivos para el paciente, mientras que para las cepas XDR no 
existe actualmente forma de curarlas ( 4). Es precisamente por la emergencia creciente 
de cepas MDR y XDR y por la necesidad de acortar el largo tratamiento de la 
tuberculosis drogosensible, que existe interés en desarrollar nuevas formas de 
tratamiento basadas en potenciar la respuesta inmune protectora o abatir la respuesta 
inmune del etérea, a lo cual se le denomina genéricamente inmunoterapia [ 5]. 
Después del descubrimiento del agente causal de la tuberculosis, Roberto Koch intentó 
curar la enfermedad por medio de inmunoterapia, administrando filtrados de cultivo de 
la bacteria. Otros investigadores como Spahlinger [6] y Jousset [7], también lo 
intentaron administrando antisueros producidos en animales. La administración de 
filtrados de cultivo produjo necrosis extensa de los tejidos afectados (fenómeno de 
Koch) y tuvo que abandonarse [8]. Los resultados obtenidos por Spahlinger o Jousset 
son dificiles de interpretar retrospectivamente y debido al advenimiento de antibióticos 
eficaces que rápidamente generaron confianza en su uso, los esfuerzos para desarrollar 
la inmunoterapia fueran abandonados. Sin embargo en los últimos 12 años varios 
grupos de investigación, incluido el nuestro, han desarrollado novedosos esquemas 
inmunoterapeuticos con muy buenos resultados en animales de experimentación, ya sea 
coadyuvando el tratamiento con antibióticos [ 5] o manipulando la respuesta de 
inmunidad celular. El objetivo de este proyecto es diseñar y probar nuevos esquemas 
inmunoterapeuticos basados en lo que se conoce sobre la respuesta inmune en la 
tuberculosis y sobre todo en el conocimiento generado por nuestro grupo sobre la 
inmunopatología de la tuberculosis utilizando modelos experimentales murinos. 



Mecanismos inmunológicos en la tuberculosis 

Respuestas protectoras 

La inmunidad protectora en contra de M tuberculosis depende de la participación de 
linfocitos T cooperadores de tipo 1 (CD4+ Thl) los cuales secretan interferon gamma 
(IFN) y de esta forma activan a los macrófagos [9]. Mutaciones geneticas que afectan al 
sistema IL-12/IL-23/IFN-y producen incremento en la suceptibilidad a desarrollar 
tuberculosis, lo cual confirma que la respuesta Th-1 es muy importante. Sin embargo, 
estas anormalidades sobre todo incrementan la suceptibilidad para desarrollar 
tuberculosis por bacterias poco virulentas [9], lo cual sugiere que otros mecanismos 
protectores deben de participar. De hecho, normahnente existe producción de IFN-y en 
los puhnones de los pacientes con tuberculosis, lo mismo se observa en modelos 
experimentales en ratones en los que parece que esta citocina se puede también asociar 
al desarrollo de inmunopatologia [lO]. 
Existen también evidencias que señalan a las células T -CD8 citotoxicas como elementos 
importantes en la inmunidad protectora en tuberculosis. Ratones con anulación 
functional (knock-out) de los genes relacionados con presentación antigénica como los 
HLA clase 1 (TAP-1, CD8, ~2m, MHC clase 1 cadena pesada), además de los 
experimentos de transfección celular y de eliminación de linfocitos CD8+ han mostrado 
que sobre todo durante la fase avanzadas de la enfermedad, estas celulas son tambien 
importantes en el control de la tuberculosis (11, 12). Los linfocitos CD8+ y otras 
ce!ulas citoxicas (CTL) pudieran ser aun mas importantes en la enfermedad humana, 
pues estos tienen moleculas que los ratones no tienen como las granulosinas, las cuales 
son eficientes para destruir a la micobacteria [13]. Existen ademas otras subclases de 
linfocitos que reconocen antigenos presentados por HLA-E o por el grupo de moleculas 
CDl (CDla, b & e) [11]. La granulisina se produce en linfocitos CD8+ humanos (y 
algunas CD4+ ), asi como en ce!ulas NK, NKT y linfocitos y/o. Con frecuencia hay 
ademas perforinas, las cuales permiten el acceso de las granulisinas a las bacterias 
intracelulares [ 13]. 
Otro participante importante es la respuesta inmunológica inata, como lo son los 
peptidos antimicrobianos naturales tales como las defensinas y catelicidinas, las cuales 
son eficientes para destruir a la bacteria y son producidas por celulas epiteliales y 
macrOfagos activados por el receptor TLR-2 y la vitamina D3 [14]. 

Respuesta suversiva 
Ademas de identificar los elementos celulares y moleculares que participan en la 
protección inmunológica contra M tuberculosis, las cuales pueden ser estimuladas para 
inducir una mayor eliminación de la bacteria y asi constituirse en una modalidad de 
inmunoterapia. Tambien es necesario identificar los mecanismos inmunológicos que 
suprimen la actividad Th-1 y/o citotoxica, facilitando de esta manera la proliferaciim 
bacteriana y progresión de la enfermedad, pues su eventual supresión puede constituir 
otra modalidad de inmunoterapia. Algunas de estas son: 

Respuesta Th2 
Las citocinas IL4 e IL-13 producidas por los linfocitos Th-2 pueden suprimir la 
respuesta protectora Th-1 y ademas contribuir al desarrollo de necrosis y fibrosis [15, 
16]. En efecto, la expresión de IL-4 esta aumentada en la tuberculosis activa y 
correlaciona con la gravedad de la enfermedad [17-19]. Es interesante que la expresión 
de IL-4 es particularmente elevada en pacientes tuberculosos de paises 
subdesarrollados, en donde ademas la actividad protectora de la vacuna BCG no es 



buena [20]. Aparentemente existen factores ambientales (por ejemplo la infestacion 
parasitaria [21]) y genéticos [22] que pueden potencialmente explicar esto. El 
polimorfismo de la quimiocina CCL2 que polariza la respuesta Th-2 es la responsable 
del incremento en la suceptibilidad a la tuberculosis en el 50% de los casos en nuestro 
pais y en Corea [22], y probablemente también en otros paises. El mismo polimorfismo 
se asocial a asma en Europa [23]. La IL-4 tiene numerosos efectos potencialmente 
deletereos en tuberculosis, tales como inhibición de la apoptosis de macrOfagos 
infectados con micobacterias, incremento en la disponibilidad de hierro intracellular 
[24], e inl:libicion de la expansion de celulas citotoxicas [25]. 

TGF-~ 

La producción excesiva del factor de transformacion tumoral beta (TGF-~) ha sido 
demostrada en tuberculosis humana y experimental y parece que también tiene una gran 
importancia patogénica. Las celulas monucleares perifericas de pacientes tuberculosos 
liberan grandes cantidades de TGF -~ [26, 27], y estas son aun mas abundantes en las 
lesiones pulmonares [26]. Los niveles séricos de TGF-~ estan sobre todo muy elevados 
en los pacientes con enfermedad avanzada [28], lo cual es particularmente caracteriztico 
en pacientes brasileños con tuberculosis producida por cepas MDR [29]. Ellipido de la 
pared micobacteriana asociado a manosa lipoarabinomanan (ManLAM) es un potente 
inductor de TGF-~ [30]. Los monocitos humanos y macrófagos alveolares producen 
TGF-~ bioactivo al estimularlos con la micobacteria, de manera que el microrganismo 
no solo induce la producción sino tambien la activación del TGF-~ [31]. Ce lulas 
obtenidas por lavado bronquial de pacientes con tuberculosis producen 
espontaneamente y al mismo tiempo TGF-~ y sus receptores TGF-~Rl y TGF-~RII 
[32]. El uso de inhibidores naturales de esta citocina restaura la respuesta de celulas T 
de los pacientes in vitro, incrementando las funciones efectoras de los macrofagos en 
contra de la micobacteria (33). El TGF-~ es importante en la tuberculosis porque 
incrementa la apoptosis de las células T activadas por antigenos de la mico bacteria [34-
36], promueve el crecimiento de la bacteria en macrOfagos [37] y porque ademas es un 
eficiente inhibidor de la función citotoxica de las celulas CD8+. [38]. 
Existe una fuerte interacción entre IL-4 y TGF-~. Las celulas de sangre periferica de los 
pacientes con las formas mas avanzadas de tuberculosis tienen la tasa mas alta de 
producción y secreción de IL-4 y TGF-~ [28]. Las citocinas Th2, incluidas la IL-4 e IL-
13, incrementan la liberación y activación de TGF-~, ademas la fibrosis pulmonar se 
asocia a la respuesta Th-2 [39]. Nuestro grupo ha demostrado que la tuberculosis 
pulmonar progresiva desarrollada en ratones Balb/c knock-out del gen de IL-4 tienen 
menos fibrosis [ 40]. En estos animales también se observo nula expression de TGF-~ 
durante la fase progresiva de la enfermedad, mientras que en los ratones "wild type" el 
TGF-~ se produjo abundantemente durante la enfermedad avanzada [40]. Por lo tanto, 
en la tuberculosis como en asma, la IL-4 es un factor fundamental en el control de la 
expresión del TGF-~. 

Tuberculosis pulmonar progresiva, el modelo experimental. 
El objetivo principal de nuestra linea de investigación ha sido la caracterización de los 
mecanismos inmunológicos que contribuyen a la protección en contra del bacilo 
tuberculoso y los mecanismos inmunopatológicos que participan en el proceso de la 
progresión de la enfermedad y del daño tisular. Consideramos teóricamente que la 
caracterización de estos procesos inmunológicos podrá permitir la intervención 
inmunoterapeutica que contribuya a promover la actividad protectora y/o abatir los 



mecanismos que faciliten la progresión de la enfermedad. De esta manera pensamos que 
se puede mejorar el control y la prevención (vacunación) de esta enfermedad. 
La tuberculosis es una enfermedad muy compleja, en la que participan factores del 
huésped (constitución genética, respuesta inmunológica), de la bacteria (genes y 
factores de virulencia) y del medio ambiente (pobreza, desnutrición, hacinamiento). Es 
por la participación activa de todos estos factores que resulta muy difícil estudiar la 
respuesta inmunológica en pacientes y la alternativa es desarrollar modelos 
experimentales que semejen lo más posible a la enfermedad humana. Nuestro grupo de 
investigación ha desarrollado un modelo experimental de tuberculosis pulmonar 
progresiva, que se fundamenta en el uso de animales genéticamente idénticos (cepa 
singéníca de raton Balb/c), los cuales se infectan por la vía natural (inyección 
intratraqueal) con bacterias vivas y virulentas (cepa prototipo H37Rv). La dosis 
empleada de bacterias para infectar a los ratones es elevada (2.5xl05

), pues nuestro 
objetivo es desarrollar un modelo de enfermedad progresiva y los ratones no son 
huéspedes naturales de las mico bacterias ( 41 ). La inyección intratraqueal permite un 
mejor control de la dosis y garantiza que la mayoria, sino es que todas las bacterias 
realmente se depositen en el pulmón. Estas son ventajas sobre el uso de nebulizadores 
como instrumento de infección, pues con estos instrumentos se puede permitir la 
deglusión de las bacterias y en consecuencia la estimulación del tejido linfoide asociado 
a !a mucosa digestiva, lo que seguramente modifica significativamente la respuesta 
inmunológica sistémica. 
Nuestro modelo experimental de tuberculosis pulmonar progresiva se caracteriza por el 
establecimiento de dos fases durante el desarrollo de la enfermedad (42). La primera 
fase es la etapa temprana, la cual corresponde al primer mes de infección y se 
caracteriza histológicamente por la presencia de infiltrado inflamatorio constituido por 
linfocitos y macrófagos en el intersticio alveolo-capilar, alrededor de vénulas y 
bronquios. Durante la segunda semana postinfección los granulomas empiezan a 
formarse y una semana después alcanzan su máxima madurez (42). Estos granulomas de 
fase temprana y el infiltrado inflamatorio intersticial y perivenular coexistente están 
constituidos principalmente por linfocitos T CD-4 de tipo 1 productores de IFN e IL-2 y 
macrófagos activados productores de TNF e IL-1 ( 42, 43). Como se menciono 
anteriormente, la protección en tuberculosis depende de la inmunidad celular 
representada por linfocitos T y macrófagos (1). Nuestro modelo experimental corrobora 
esta información y otras observaciones realizadas en humanos y en anímales de 
experimentación en donde se ha demostrado que los macrófagos activados y los 
linfocitos Th-1 son los principales elementos inmunológicos que protegen en contra del 
bacilo tuberculoso (1). La elevada producción de IFN activa a los macrófagos, 
estimulándolos a producir gran cantidad de la enzima oxido nítrico sintetasa inducible 
(iNOS) (44). La iN OS genera la producción de oxido nítrico (ON), el cual reacciona con 
radicales libres de oxigeno que también son producidos en gran cantidad y al mismo 
tiempo generando así la producción de peroxinitrilos, compuestos muy inestables que se 
asocian rápidamente a diferentes constituyentes bioquímicos celulares, entre estos uno 
de los blancos principales son las proteínas (en particular el aminoácido tirosina). Las 
proteínas nítrosiladas experimentan cambios conformacionales con pérdida irreversible 
de sus funciones lo que contribuyen a la muerte celular. Por otro lado, los macrófagos 
activados también secretan gran cantidad de IL-1, citocina que al igual que el TNF 
contribuye a activar a los macrófagos y además estimula la producción de IL-2 y su 
receptor (43). En nuestro modelo experimental el acmé de la respuesta protectora es en 
el dia 21, cuando los granulomas alcanzan su plena madurez, lo cual se corrobora 
porque coexiste con la máxima respuesta de hipersensibilidad tardía cutánea (DTH) en 



contra de antígenos micobacterianos (41-44). De esta manera es durante la fase 
temprana de la infección y debido al predominio de linfocitos Th-1 y macrófagos 
activados que se controla temporalmente la infección. 
La segunda etapa de la enfermedad en este modelo experimental corresponde a la fase 
avanzada o progresiva, la cual se caracteriza por gran incremento en el número de 
bacterias vivas en los pulmones, así como áreas progresivas de consolidación 
neumónica con focos de necrosis y extensa fibrosis intersticial, que en conjunto conduce 
a la muerte (41-47). Desde el punto de vista inmunológico, durante esta fase se 
incrementa significativamente la presencia y actividad de los linfocitos T cooperadores 
de tipo 2 (Th-2) (42), los cuales se caracterizan por producir las inter!eucinas 4, 5, 6, 1 O 
y 13. En particular, la IL-4 es una citocina fundamental en la inducción de la 
diferenciación de los linfocitos B productores de anticuerpos. Además la IL-4 al igual 
que la IL-1 O y la IL-13 son eficientes antagonistas de las células Th-1. En consecuencia, 
consideramos que la emergencia de los linfocitos Th-2 durante la fase progresiva de la 
enfermedad puede contrarrestar la actividad protectora de las células Th-1, 
contribuyendo así a favorecer la progresión de la enfermedad (1, 42). De manera 
interesante, también los macrófagos experimentan modificaciones m orfo-funcionales 
muy importantes, pues el citoplasma de estas células se llena de bacterias y de 
numerosas vacuolas que contienen lípidos bacterianos, en particular lipoarabinomanan 
( 43), un lípido de la pared bacteriana que es muy eficiente para desactivar a los 
macrófagos. Además, estos macrófagos vacuolados disminuyen significativamente su 
producción de TNF, IL-1 e iNOS, e incrementan notablemente su capacidad productora 
de potentes citocinas antinflamatorias y supresoras de la inmunidad celular, como el 
factor de transformación tumoral (TGF) y la IL-10 (43, 44). El TGF es también una 
eficiente citocina inductora de la proliferación fibroblastica y de la sintesis de colágena, 
contribuyendo así a generar fibrosis. Además estas células vacuoladas son tambien 
eficientes productoras de lipidos bioactivos como la prostaglandina E2, la cual comparte 
varias actividades inmunosupresoras con el TGF, como son la desactivación 
macrofágica, supresión de la expresión de MHC-II y la producción de TNF e IFN ( 45). 
Es tambiim interesante que estas células expresan elevadas concentraciones de la 
molécula anti-apoptosica Bcl-2, con lo cual evitan morir por apoptosis y asi permiten 
una mayor sobrevida lo cual garantiza un habita! de largo plazo para las bacterias (46). 
Además, estos macrófagos vacuolados sobrexpresan la molécula Fas e inducen 
apoptosis de linfocitos Th-1 que expresan ligando de Fas (46), permitiendo asi la 
eliminación especifica de la fuente celular mas importante de IFN. 
En conclusión, nuestro modelo experimental de tuberculosis muestra que en la fase 
progresiva de la enfermedad existen importantes anormalidades inmunológicas que 
permiten la sobrevida y proliferación bacteriana. Dicho modelo ha sido utilizado 
exitosamente para evaluar diversas estrategias inmunoterapeuticas, como hormonas 
esteroideas androgénicas naturales y sintéticas (47, 48), inhibidores naturales del TGF 
(49) o productos celulares como el factor de transferencia (50). En general, dichos 
tratamientos se inician cuando la enfermedad se encuentra en fase progresiva (dos 
meses), usando bacterias drogosensibles (cepa H37Rv) o un aislado clinico multi-drogo 
resistente (cepa MDR). Otro aspecto experimentalmente muy informativo que esta 
plenamente estandarizado en este modelo experimental, es agregar el agente 
inmunoterapeutico a la antibioticoterapia convencional, con el objetivo de evaluar si es 
posible acortar el tiempo de tratamiento con antibioticos, usando asi al agente 
inmunoterapeutico como un coadyuvante de los antibioticos (48-50). 



Hipótesis 
La estimulación de la respuesta Th-1 y de la activación macrofilgica, asi como la 
inhibición de la respuesta Th-2 y de otros factores inmunosupresores tendra un efecto 
terapeutico significativo en la tuberculosis producida por bacterias drogosensibles y 
multidrogoresistentes y permitira ademas acortar el tiempo de tratamiento con 
antibioticos convencionales. 

Objetivo 
Diseñar y probar nuevos regimenes inmunoterapeuticos que tengan efecto significativo 
en el control del crecimiento de bacterias multidrogoresistentes y en acortar el 
tratamiento convencional con antibioticos para un mejor control de la tuberculosis 
drogo-sensible. 

Estrategia experimental 
Nuestra primera estrategia sera reactivar la respuesta protectora Th-1 y la activación 
macrofagica que se encuentran muy disminuidas durante la enfermedad progresiva, 
tanto en pacientes como en nuestro modelo experimental. Dicha reactivación la 
induciremos a traves de las siguientes estrategias: 
1.- Administración de micobacterias saprofitas y actinomicetos. La carga antigénica 
es un factor importante que participa en la estimulación preferencial de la respuesta Thl 
o Th2. En varios modelos experimentales se ha demostrado que una carga antigénica 
pequeña normalmente es muy eficiente para activar a las células Th-1, mientras que una 
elevada carga antigénica activa la respuesta Th-2 (51). Por lo tanto, durante la fase 
inicial de la tuberculosis al existir un número relativamente pequeño de bacterias, hay 
activación preferencial de la respuesta protectora Th-1, mientras que durante la fase 
avanzada de la enfermedad cuando existe elevada cantidad de bacterias, hay 
predominio de la estimulación de células Th-2. Experimentalmente nosotros hemos 
comprobado este factor, al presensibilizar a los ratones con una cantidad pequeña de 
bacterias saprofitas muy inmunogénicas muertas por calor (lxl 04 células de 
Mycobacterium vaccae ), se produce una eficiente activación de las células Th-1. En 
consecuencia, cuando se retan a estos ratones dos meses después por vía intratraqueal 
con un elevado número de micobacterias vivas y virulentas se produce un control muy 
eficiente de la enfermedad (52). En comparación, cuando se inmunizan ratones con una 
gran cantidad de M vaccae (lxlO'l, se induce fuertemente la respuesta Th-2, lo cual 
permite que la enfermedad rápidamente progrese y produzca la muerte unos dias 
después de inocular bacterias vivas y virulentas de la cepa H37Rv por vía intratraqueal 
(52). Esta observación tiene una importancia significativa en la enfermedad humana, si 
se considera que las micobacterias saprofitas, que en paises tropicales son muy 
abundantes en el medio ambiente, no son parte de la flora intestinal normal, por lo tanto 
la cantidad y calidad de micobacterias saprofitas con que confrontemos en nuestro 
medio ambiente serán fundamentales en conferir protección o susceptibilidad a la 
enfermedad. 
Mycobacterium. vaccae, puede ademils ser un eficiente agente inmunoterapeutico 
porque también activa eficientemente a las células citotoxicas CD-8+ y suprime la 
activación de linfocitos Th-2 productores de IL-4. Ademas antigenos expresados en esta 
bacteria de forma recombinante les confiere una gran actividad adyuvante [53, 54]. La 
inmunización con M vaccae muerta por calor (autoclave) produce activacion de ce lulas 
CD8+ las cuales sinergizan la destrucción de macrOfagos infectados con M. tuberculosis 
[55]. M vaccae induce la respuesta CD8+ en contra de antigenos que esta bacteria 
contiene [56], o en contra de antigenos que se mezclan con ella [57], entre los cuales 



esta el antigeno hsp65 [56]. La mayoria de los antígenos de M vaccae cruzan con los 
de M tuberculosis, es por esto que la administración de esta bacteria saprófita induce 
protección en contra de M tuberculosis. Además M vaccae puede suprimir la respuesta 
Th-2 aun cuando esta respuesta ya se haya establecido [57-62]. El mecanismo de esta 
suppression es atraves de la inducción de celulas T reguladoras CD25+ CD45RB1

ow 

[63]. Estas celulas fueron especificas para antígenos presentes durante su inducción, 
pero una vez activadas por sus antigenos especificas, estas pudieron suprimir linfocitos 
Th-2 vecinos que reconocian antigenos no relacionados [63]. Por lo tanto, la supresión 
de celulas Th-2 por celulas T reguladoras que reconocen cruzadamente antigenos de M 
vaccae con i\1. tuberculosis debe ser un efecto inmunoterapeutico importante inducido 
por esta micobacteria saprófita. 
El efecto terapeutico de Mjvaccae en nuestro modelo experimental de tuberculosis 
pulmonar en ratones Balb/c fue inicialmente publicado en 1996 [64]. Cuando se 
administra M vaccae muerto por autoclave en los dias 60 y 90 despues de la infeccion, 
se disminuyo en 1- 2 logaritmos el numero de bacterias vivas en el pulmon y tambien se 
redujo significativamente la expresión de IL-4 [64]. M vaccae administrado por via 
subcutanea u oral inhibe eficientemente la actividad Th-2 en modelos experimentales de 
alergia [61]. Nuestro objetivo ahora es usar M vaccae administrandolo oralmente, pues 
en experimentos preliminares hemos observado que es eficiente para tratar la 
tuberculosis experimental, ya que al igual que como se ha documentado con la 
administración subcutanea (64), M.vaccae administrado oralmente eincrementa la 
expresión de IFN, TNF e iNOS, e inhibe la IL-4 y el TGF-~. (Fig 1). 
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Fig 1.- Efecto de M.vaccae administrado oralmente en los dias señalados, en 
comparación con el control (circulas vacios ), los ratones tratados con M. vaccae 
produjeron mas IFN y TNF. 

Estudiaremos tambien el efecto de este saprófito en ratones infectados con una cepa 
MDR y su eficiencia como agente coadyuvante a la quimioterapia. Para esto la cepa 
virulenta de M tuberculosis H37Rv o el aislado clinico MDR serim cultivadas en el 
medio liquido de Proskauer y Beck modificado porY oumans. Después de cultivarse por 
un mes, las micobacterias son separadas y ajustadas a 2.5 x 105 bacterias en 100 ¡.ti de 
amortiguador de fosfatos salino (PBS), alicuoteadas y mantenidas a -70°C hasta su uso. 
Antes de usarlas las bacterias son recontadas y su viablilidad se corrobora. Ratones 
machos BALB/c de 6-8 semanas de edad son anestesiados con 56 mglkg de pentotal 
sódico administrado por via peritoneal, la traquea se expone quirúrgicamente y 2.5 x 105 

bacterias viables suspendidas en 100 ¡.ti de PBS se inyectan usando una jeringa de 
insulina. Posteriormente la insición quirúrgica es suturada con seda esteril. Los ratones 
así infectados se almacenan en cajas con microaisladores conectados a un sistema de 



presion negativa. Todo este procedimiento y los sacrificios posteriores se realizan en 
campanas de seguridad biologica P3. Este protocolo ha sido aprobado por el Comité de 
Investigacion en Animales de Experirnentacion del Instituto Nacional de Ciencias 
Medicas y Nutricion "Salvador Zubirán". 
Al dia 60 postinfeccion, los ratones sobrevivientes se distribuyen al azar en seis grupos 
experimentales. Grupos de 20 ratones tuberculosos en dos experimentos diferentes, se 
trataran con una suspensión de M vaccae a dosis de 100 rnicrograrnos. Para evaluar la 
capacidad de M vaccae para acortar el tiempo de tratamiento con antibioticoterapia 
convencional, el segundo grupo será tratado con la antibioticoterapia convencional, 
constituida por: rifampicina (10 rng/kg), isoniazida (10 mg/kg), y pirazinamida (30 
mg/kg), administrados diariamente a travez de sonda intragástrica, mas M vaccae 
administrado por sonda intragastrica una vez por semana. El tercer grupo se tratará 
solamente con antibióticos y el grupo control que exclusivamente recibirá la solucion 
vehiculo. El quinto grupo corresponde a ratones infectados con el aislado clinico MDR, 
el cual se trata bajo el mismo esquema con M vaccae y el sexto y ultimo grupo es el 
grupo control infectado con el aislado MDR que recibe solamente el vehiculo. Cinco 
ratones por cada grupo se sacrificaran los dias 7, 15, 30 y 60 dias posteriores al inicio 
del tratamiento. Se tendran 1 O animales mas de cada grupo que se se dejaran sin 
sacrificarlos con el fm de determinar sobreviva. Se realizaran dos experimentos 
completos por separado para checar reproducibilidad. 
Para evaluar la eficiencia del regirnen inmunoterapeutico ademas de construir curvas de 
sobrevida, se realizara estudio histologico/morfometrico para medir la extensión del 
daño tisular (porcentaje de area pulmonar afectada por neumonia detrrninado por 
morfometria automatizada), medicion de la carga bacilar pulmonar por determinación 
de unidades formadoras de colonia y la cuantificacion de la expresión genetica de las 
citocinas IFN, TNF, IL-4 y la enzima iNOS por RT-PCR en tiempo real, de acuerdo a 
las tecnicas ya estandarizadas en nuestro laboratorio (41-50). 

2.- Uso y caracterización molecular del Factor de Transferencia en tuberculosis. 
Los factores de transferencia (FT) o dializados leucocitarios son productos dializables 
de bajo peso molecular obtenidos de celulas del sistema inmunologico, los cuales son 
capaces de transferir respuestas de hipersensibilidad tardia cutanea (DTH) o de 
inmunidad mediada por celulas (IMC) de donadores inmunizados a sujetos receptores 
no sensibilizados inmunologicamente virgenes ( 65). Actualmente no se conoce la 
estructura quirnica ni los mecanismos moleculares de accion del FT. Sin embargo, 
varios estudios han mostrado que el FT es un conjunto de proteinas de bajo peso 
molecular (<5000 Da) que pueden ser purificados en un alto grado de homogenidad 
( 66). En general, todos los FT hasta ahora probados son eficientes en corregir o 
incrementar las respuestas de IMC y son antigeno especificas (66-68). Desde su 
descubrimiento por Sherwood Lawrence, hace mas de 50 años (65), las aplicaciones 
terapeuticas y profilácticas han sido el aspecto mas importante e interesante del FT ( 68). 
En efecto, se ha demostrado que el FT es muy efectivo como tratamiento en aquellas 
enfermedades en las que la IMC tiene una participacion fundamental en su proteccion o 
control, tales corno infecciones virales (herpes simplex, varicella zoster), enfermedades 
por bacterias intracelulares (tuberculosis, lepra) e infestaciones parasitarias 
(leishrnaniasis, toxoplasmosis) ( 69-73), asi como inmunodeficiencias primarias 
(enfermedad granulomatosa cronica de la infancia, síndrome de Wiskott Aldrich) (74) y 
algunos tipos de cancer (75). En nuestro modelo experimental de tuberculosis 
progresiva, la obtención de factor de transferencia a partir de linfocitos aislados del bazo 
de animales con 21 dias postinfeccion, tiempo en el cual se presenta la maxirna 



respuesta protectora, y su posterior administración semanal por via intraperitoneal en 
ratones Balbíc con enfermedad avanzada produjo un notable efecto inmunoterapeuúco, 
con incremento en la producción de IFN, Tl'.'F e iN OS, asi como acentuada disminución 
de IL-4, lo cual permitio reducir significativamente la carga bacilar pulmonar y la 
extensión del daño pulmonar (50). Este tratamiento tarnbiim sinergizo con la 
quimioterapia convencional reduciendo el tiempo de administración de los antibioticos. 
Este efecto fue estrictamente dosis dependiente, incluso dosis mayores a la terapeutica 
produjeron extensa necrosis y mayor mortalidad como consecuencia de un exceso en la 
producción de TNF e inmunopatologla asociada (50). 

En el presente proyecto uno de nuestros principales objetivos sera la caracterización 
molecular del FT. 
Como ya se ha mencionado anteriormente, el Factor de Transferencia (FT) es uno de los 
descubrimientos mas excitantes en el campo de la terapéutica realizado en décadas 
recientes. A1mque no se ha logrado su caracterización molecular desde hace mas de 50 
años, se ha propuesto que el FT esta compuesto por una mezcla muy compleja de 
moléculas mensajeras inmunológicas de baja masa molecular (v.g., debajo de los 1 O 
kDa) que producen los organismos inmunocornpetentes. Su papel funcional general 
propuesto es transferir señales de reconocimiento inmunológico entre células 
i:mnunológlcas. Tamvién como se ha menicionado con anterioridad, ya que se ha 
demostrado la acción terapéutica preclinica del Factor de Transferencia en la 
tuberculosis, en el presente proyecto proponemos abordar su caracterización estructural 
y determinar el papel terapéutica de sus componentes en el moodelo murino de 
infección pulmonar in vivo con '\1. Tuberculosis. 

La Cromatografia de líquidos de alta resolución se ha convertido, sin lugar a dudas, en 
la mas popular y versátil de las técroicas analíticas modernas en los laboratorios de hoy, 
acoplado a la espectrometria de masas en tiempo real. Los sistemas cromatograficos de 
líquidos de alta resolución se utilizan actualmente en una amplia variedad de campos. 
Día a día aumentas los requerimientos de confiabilidad de los datos analíticos y de 
eficiencia en el flujo del trabajo del laboratorio de investigación. Nuestro protocolo de 
abordaje de caracterización molecular de biomoléculas del FT sera inicialmente a través 
de lña separación cromátográ:fica de componentes mediante la técnica de cromatografia 
liquida de alta resolución en fase reversa (RP-HPLC). 

Para llevar a cabo este trabajo en forma óptima, con alta resolución de separación y 
asis!amiento molecular a homogenidad total, tenemos la necesidad de adquirir un 
cromatógrafo bidimensional de líquidos de alta resolución para continuar con el 
desarrollo de procesamientos de muestras en grado preparativo, semipreparativo y 
analítico en Factor de Transferencia . Este instrumento estará enfocado en la provisión 
de soluciones integradas para el desarrollo de nuev-as estrategias de identificación y 
separación de nuevos blancos para Factor de Transferencia, así como su diseño para 
nuevas estrategias para el diagnostico de enfermedades por la separación, purificación, 
caracterización y identificación de proteínas y de otras macromoléculas. Al igual que 
nos permitirá demostrar controles de calidad de compuestos involucrados en el 
desarrollo básico, clínico y farmacéutico de protocolos de investigación que están en 
curso el la actualidad, deducir, analizar impurezas y contaminantes para determinar su 
composición, y buscar metabolitos y biomarcadores para la evaluación de rutas 
metabólicas. 



Aunque tenemos la carencia de este equipamiento y metodología de abordaje de 
separación cromatográfica optimas, ya hemos iniciado y desarrollado trabajo 
experimental poreliminar exitoso dirigido a la separación, purificación, caracterización 
e identificación de los extractos dializables de leucocitos ( Factor de Transferencia). 
Estos resultados se fueron obtenidos con un equipamiento cromatpográfico de RP­
HPLC muy viejo, (modelo de hace mas de 25 años), el cual consiste en un cromatógrafo 
de líquidos de alta resolución de un marca Waters, modelo 717 de automuestreador, 
bombas de flujo M-45 y M 510, un integrador modelo 24-2 así como un detector dual 
de absorbancia modelo 2487 y una liofilízadora para solventes polares y no polares 
marca therrno electrón, para concentración y preservación de las muestras. Cabe 
resaltar que la separación y purificación cromatográfica semepreparativa del factor de 
transferencia no ha sido logrado con alta resolución y (ver abajo Fig. "a", ""b" y "e"), 
un facto experimental indispensable para su posterior análisis ad hoc para la 
identificación y determinación estructural de componentes biomoleculares del FT por 
metodologías de espectrometria de masas. 

Se separo el extracto de leucocitos por cromatografía en fase reversa en un gradiente de 
composiciones de solventes polares y no polares, además, el mismo extracto se corre 
en el mismo gradiente de composiciones en el mismo tiempo, esto, para concentrar la 
muestra. 

Figura (a)., Extracto dializable de leucocitos concentrados al cromatógrafo de líquidos 
de alta resolución. Cada uno de los números significa la cantidad de subfracciones que 
se colectan del factor de transferencia total. 



Al mismo tiempo que se concentra el factor de transferencia, se colecta el mismo en 
porciones del extracto al mismo tiempo, en un colector de fracciones que esta integrado 

Una vez que se tienen las 20 subfracciones del factor de transferencia total, cada una de 
ellas se vuelven a meter a cromatografía de líquidos de alta resolución para tratar de 
separar cada uno de los componentes del factor de transferencia con una resolución 
aceptable, esto permitirá, a la espectrometría de masas una identificación y 
caracterización con un indice de error muy bajo, para un análisis bioinformática 
posterior. 

Figura (e)., Separación individual de componentes del factor de transferencia. 



Para esto es necesario que el cromatógrafo bidimensional de líquidos de alta resolución 
cuente con los componentes mlnimos necesarios para desarrollar protocolos de 
investigación en Factor de Transferencia. 

Los componente necesarios que debe contar el cromatógrafo bidimensional de líquidos 
de alta resolución son los siguientes: 

Sistema de bombeo para operación en gradiente binario, ternario y cuaternario 
Sistema de bombeo para operación en gradiente binario, ternario y cuaternario. 
Autornuestreador 
Sistema de control de temperatura para columnas 
Detector de arreglo de diodos con intervalo de longitud de onda de 195 a 650nrn 
Válvula inerte de alta presión 

- Colector de fracciones con modos de operación Simple, Pico, Ventana, Manual y 
Muestreo. 

Monitoreador de conductividad y pH 
Software cromatografico para el control de una amplia variedad de instrumentos 
de diferentes fabricantes. 
Opción de adecuabilidad de sistema para evaluar el desempeño de el sistema y 
separaciones cromatograficas. 
Estación de trabajo PC e Impresora láser blanco/negro. 

Este Cromatógrafo bidimensional de líquidos de alta resolución se trabajara en serie 
con un espectrómetro de masas, para la identificación segura de los diferentes 
elementos quimicos que provienen del Factor de Transferencia 

El espectrómetro de masa es un instrumento que permite analizar con una gran precisión 
la composición de diferentes elementos químicos e isótopos atómicos, separando los 
núcleos atómicos en función de su relación masa-carga. Puede utilizarse para identificar 
los diferentes elementos quimicos que forman un compuesto o determinar el contenido 
isotópico de diferentes elementos en un mismo compuesto. Con frecuencia se acopla a 
un cromatógrafo de líquidos, en una técnica híbrida conocida por sus iniciales en inglés, 
LC-MS 

El espectrómetro de masas mide razones carga-masa de iones, calentando un haz de luz 
de material del compuesto a analizar hasta vaporizado e ionizar los diferentes átomos. 
El haz de iones produce un patrón especifico en el detector que permite analizar el 
compuesto quimico. Este instrumento se utiliza en investigación para el análisis de 
sustancias y mezclas complejas ( Factor de Transferencia). En términos generales, 
moléculas diversas tienen masas diversas, así se determina que moléculas están 
presentes en una muestra. Otra característica de estos quipos es el nivel de certeza para 
separar los iones de una muestra, estos iones se envían a un compartimiento de 
aceleración, se aplica un campo magnético a un lado del compartimiento que atrae a 
cada uno de los iones con la misma fuerza (suponiendo carga idéntica) y se los desvía a 
un detector., los iones más ligueros se desviarán más que los iones pesados porque la 
fuerza aplicada a cada ion es igual pero los iones ligeros tienen menos masa. El detector 
mide exactamente cuán lejos se ha desviado cada ion y, apartir de ese dato se calcula el 
cociente masa por unidad de carga. Con estas ventajas funcionales, hemos hechos 



ensayos preliminares de determinación estructural de componentes moleculares de 
subfracciones cromatográficas de RP-HPLC del FT total. Nuestros resultados 
preliminares consisten en la identificación estructural de al menos 1 O componentes de 
muy baja masa molecular distintos a partir de una de estas subfracciones (no revelamos 
identidad estructural por motivos de tramite de registro de patente actual). Un resultado 
representativo de estos hallazgos preliminares se muestra abajo en la figura "d". Estas 
moléculas ya se han sintetizado y se han evaluado su acción inmunológica y terapéutica 
en el modelo murino de infección pulmonar in vivo de M. Tuberculosis. En la Figura 
"E", se muestra un ensayo representativo de la evaluación de la capacidad de inducción 
de la producción de interferon-gamma de algunas de estas biomoléculas sintetizadas. 
En la Figura "F", en el panel (A) se muestra un resultado representativo de las curvas 
de sobreviva de ratones infectados con M. Tuberculosis a las 4 y 8 semanas post­
infección, los cuales fueron inmunizados una vez por semana, durante cuatro semanas 
u 8 semanas consecutivas, con una inyección intraperitoneal de 1 ug de cada 
biomolécula identificada y sintetizada del FT. En el panel (B) de la misma figura, se 
muestra en forma paralela, los resultados de cuenta bacilar del M- Tuberculosis 
expresada en millones de unidades formadoras de colonias (UFCs) de estas 
bacilo/pulmón/animal infectado/tratado con biomoléculas de FTs . 
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Figura (d)., Espectro de fracciones del factor de transferencia 
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Figura F . (A) grafico de curva de sobreviva y (B) Unidades formadoras de colonias 
(UFCs) obtenidas de ratones tuberculosis post tratamiento con biomóleculas de Factor 
de Transferencia. 

3.- Activaciim de ce!ulas dendriticas: En nuestro modelo experimental de tuberculosis 
progresiva, hemos demostrado que una característica importante desde el punto de vista 
inmunopatogenico es el retraso en la activaciim de las ci:lulas dendríticas, tanto en el 
pulmon como en los ganglios linfaticos mediastinales (7 6, 77). En efecto, la cinetica de 
las células dendríticas durante el curso de la enfermedad utilizando lavados bronquiales 
y citometria de flujo, mostraron que estas celulas aparecen una semana después de la 
infeccion, alcanzan su maximo numero en el dia 21 y después declinan paulatinamente 
durante la fase progresiva de la enfermedad. Esto contrasta con la instilacion via 
intratraqueal de peptidos como los contenidos en el derivado proteico purificado (PPD) 
de cultivo de M tuberculosis, e! cual induce en horas la aparición de un gran niunero de 
células dendríticas activadas. Por lo tanto, el retraso en la activacion de celulas 
dendríticas es un mecanismo de evasión inmunologica de M tuberculosis y la 
posibilidad de activar a estas celulas de manera mas temprana y eficiente es una 
estrategia potencialmente util de inmunoterapia. Para lograr esto planteamos dos tipos 



de estrategia, la primera es el uso de citocinas altamente eficientes en la activacii:m de 
celulas dendriticas, como el factor estimulante de colonias granulocitico y macrofágico 
(SCF -GM por sus iniciales en ingles) y la segunda es la administración de anticuerpos 
dirigidos a receptores distintivos de ci:lulas dendriticas que porten moléculas altamente 
inmunogenicas de la micobacteria. 
Para la primera estrategia se utilizara terapia genica, utilizando adenovirus 
recombinantes que expresan SCF-GM. Durante los ultimas 5 años hemos estado 
utilizando terapia genica para acortar el tratamiento convencional con antibioticos y 
controlar la tuberculosis MDR, utilizando específicamente adenovirus recombinantes 
que expresan IFN (rAd-IFN). La tecnica para la producción de los adenovirus 
recombinantes la tenemos estandarizada y nuestros resultados mostraron que ratones 
tratados con una sola dosis de rAD-IFN, administrada por instilacii:m intratraqueal fue 
capaz de tener un efecto terapeutico significativo en ratones con tuberculosis avanzada 
producida por bacterias drogosensibles (H37Rv) y MDR, este tratamiento tambien fue 
capaz de acortar significativamente el tratamiento con antibioticos (Mata D, Hernandez 
Panda R, manuscrito enviado a publicación). Nuestra estrategia para activar mas 
rapidamente a las ci:lulas dendriticas se fundamentará en la administración de una sola 
dosis de rAD-CSF un dia antes de la infección y después en los dias 3, 7, 14, 21, 28 y 
60 se sacrificaran grupos de 8 animales y se compararán con ratones control que reciben 
por via intratraqueal el adenovirus que expresa la proteina verde fluorescente (rAD­
GFP). Los parámetros por evaluar serán la sobrevida, carga bacilar (UFC), 
histopatologia/morfometria, expresión de citocinas por RT-PCR en tiempo real y 
citometria de flujo en suspensiones celulares obtenidas de los puhnones determinando la 
cantidad y porcentaje de celulas dendriticas activadas (CD-11c, MHC-II, CD-80)(76, 
77). De hecho, en un experimento preliminar en el que se siguió este diseño se pudo 
observar una significativa reducción de la carga bacilar pulmonar en los ratones que 
recibieron el adenovirus recombinante que expresa CSF. 

Carga bacteriana de ratones con tratamiento previo (Adgm·csf) a 
la infección con M.tb 
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Debido a que nuestros estudios previos mostraron que después del dia 21 de infección 
las celulas dendriticas activadas disminuyen progresivamente durante la enfermedad 
avanzada, un segundo experimento será la administración del rAd-CSF por via 
intratraqueal a partir del segundo mes postinfeccion y evaluando su eficiencia como se 
describió anteriormente. En esta modalidad de tratamiento contamos con la 
colaboración del Dr Zou Xing, director de la Unidad de Terapia Genica de la 
Universidad de MacMaster en Ontario Canada, quien es un experto mundial en el area. 
En cuanto a la segunda estrategia, se utilizarán anticuerpos fusion que reconocen por su 
porcion Fab al receptor de membrana DEC-205 y que en su porción FC tienen unida la 
proteina ESAT -6 de M tuberculosis. La molécula DEC-205 es homóloga al receptor de 
manosa de macrófagos, esta molécula cuenta con 1 O dominios tipo lectina (205KDa) 



cuyo ligando natural se desconoce hasta ei momento, sin embargo se han utilizado 
anticuerpos monoclonales como ligandos surrogados. DEC-205 se expresa en células 
dendríticas (DC) en tejidos periféricos no linfoides, como las células de Langerhans 
(LC). Esta claramente estabÍecido que DEC-205 participa en la presentación antigénica 
tanto en el contexto de MHC-II (fenómeno mediado por el dominio citosólico de la 
molécula) y MHC-I. El antigeno ESAT-6 (early secretory antigenic 6KDa) es una 
proteína que se produce en las primeras horas de cultivo de lvf. tuberculosis y es 
secretada en forma de heterodímero junto con otra proteína llamada CFP-10 (culture 
filtrate proteín 10) ambas codificadas en la región de diferenciación 1 (RD1)33-35 (78). 
Se ha demostrado que gran parte de la respuesta ínmune celular que índuce la infección 
con M tuberculosis está dirigida a ESAT-6, en particular al péptido formado por los 
primeros 20 aminoácidos en el extremo amíno46-48. Cabe señalar que este péptido es 
reconocido en primates, ratones y humanos, lo que índica que es ampliamente 
conservada su ínmunogenicidad. 
Debido a la función de DEC-205 en presentación antigenica, recientemente se ha 
propuesto que usando anticuerpos contra esta molécula con proteínas exógenas 
acopladas como ESAT -6 puede ser una estrategia muy eficiente para inducir una gran 
respuesta de IFN en contra de ESAT-6. Por lo tanto, nuestro objetivo sera administrar 
este anticuerpo por via subcutanea y determínar si tiene algún efecto terapeutico en 
nuestro modelo experimental de tuberculosis progresiva. El anticuerpo fusión anti­
DEC205-ESAT6 ya se ha producido, clonando y fusionando la proteína ESAT6 de 
Mycobaterium bovis en el extremo carboxilo de las cadenas pesadas del anticuerpo de 
ratón anti-DEC205. Para obtener este anticuerpo se realizó mutagénesis dirigida que 
elímínó del anticuerpo fusión el sitio de reconocimiento de los receptores Fe, mientras 
que las cadenas ligeras no sufrieron variación. Los plásmidos portadores de la cadena 
pesada modificada y la cadena ligera se transfectaron en la línea celular 293T, que es un 
mieloma murino de células adherentes el cual es ampliamente utilizado para la 
producción de proteínas recombinantes de origen eucarionte. Del sobrenadante de 
cultivo se purificó el anticuerpo fusión anti-DEC205-ESAT6 utilizando columnas de 
SEFADEX-Proteína A. Posteriormente se comprobO que el anticuerpo producido 
correspondio al anticuerpo fusión realizando cromatografía SDS-PAGE, en la que se 
observó que la proteína producida tiene un peso molecular 6KDa mayor al control que 
contiene el anticuerpo de ratón anti-DEC205. Para determinar si el anticuerpo fusión 
producido conservaba la capacidad de unión a DEC-205 se utilizaron células CHO 
transfectadas con la proteína DEC-205 de ratón, las cuales se incubaron con el 
anticuerpo fusión y se detectó la unión del anticuerpo tiñéndolo con un anticuerpo anti­
ratón acoplado a FITC. Para determinar la eficiencia in-vivo del anticuerpo, se usaron 
ratones BALB/c y C57BL/6 a los cuales se les administró 5¡.¡.g de DEC-ESAT con lO¡.¡.g 
de polyi:C por vía subcutánea o intranasal. También se inyectaron grupos control con 
polyi:C, PBS, y DEC-ESAT. Los ratones se sacrificaron en las semanas 2 y 5 después 
de la administración del anticuerpo fusión, de cada ratón se hicieron suspensiones 
celulares del bazo (respuesta sistémica), los ganglios poplíteos e inguinales (órganos 
linfoides dístales al sitio de administración), los ganglios mediastinales (órganos 
linfoides locales al sitio de administración), y el pulmón (sitio de infección). Las ce!ulas 
obtenidas se estímularon in-vitro con antígenos del sonicado de Mycobacterium 
tuberculosis, la proteína ESAT-6 completa, o una libreria de péptidos traslapados de la 
proteína ESAT -6. Después de 12h de incubación, se realizó citometria de flujo para 
células CD4 y CDS con tinción intracelular para detectar IFN. Los resultados mostraron 
una significativa cantidad de celulas CD4 y CDS productoras de IFN en ganglios 
linfitticos y pulmón. La producción de este anticuerpo fusión fue realizada por Aaron 



Silva, como parte de su tesis Doctoral, en el laboratorio del Prof R Steinmann 
descubridor y líder mundial en la investigación de las celulas dendríticas, bajo la 
supervisión del Dr Leopoldo Flores, colaborador del presente proyecto y experto en 
celulas dendríticas. 
Los experimentos por realizar con este anticuerpo fusión serim para evaluar su 
capacidad profiláctica, administrando dos dosis del anticuerpo fusión, 60 y 30 días antes 
de la infección. En un experimento preliminar de este tipo se observo que dicha 
estrategia tiene un efecto prometedor, pues los ratones así tratados mostraron menos . 
carga bacilar que los no tartados. 

Lung CFUs 
DEC-ESAT treatment BEFORE 

airways Mtb infection 

El otro experimento informará sobre el efecto terapéutico, en el que los ratones recibiran 
dos dosis de anti-DEC205-ESAT6, 1 y 4 días después de la infección. En ambos casos 
se usará nuestro modelo experimental de tuberculosis progresiva en ratones Balb/c y la 
eficiencia terapeutica se determinará por curvas de sobrevida, carga bacteriana 
pulmonar, expresión de citocinas por RT-PCR en tiempo real, citometria de flujo para 
determinar cinetica de celulas dendríticas activadas en suspensiones .celulares y lavados 
pulmonares e histología/morfometria, como ya se ha descrito anteriormente. 

4.- Estimulacion de la producción de interlencina 12 (IL-12). La IL-12 
(compuesta por las subunidades p35 y p40) es una citocina crucial en la diferenciación 
de células Thl productoras de IFN (79). Se ha reportado que pacientes con defectos 
genéticos en la ruta de señalización de la IL-12 desarrollan mayor susceptibilidad a 
infección con micobacterias ambientales y al bacilo BCG (79). El papel que desempeña 
la IL-12 en la resistencia a la micobacteria quedó demostrado cuando dichos pacientes 
fueron tratados con la citocina recombinante en combinación con antifimicos, 
mostrando una mejoría clinica importante. En estudios recientes, se ha demostrado que 
la administración temprana de la IL-12 recombinante a ratones Balb/c infectados con 
M tuberculosis resultó en una reducción significativa en la carga bacteriana, y el 
mejoramiento de las alteraciones histopatológicas, con un incremento concomitante de 
la sobrevida de dichos animales. Así mismo, la neutralización de la IL-12 al inicio de la 
infección, dio como resultado un incremento en la carga bacilar (80, 81). Finalmente, 
ratones "knock-out" IL-12p4o-i- se mostraron altamente susceptibles a la infección por 
M tuberculosis, un defecto asociado con la reducción en la producción de IFN (82). 
Estos experimentos establecen claramente la importancia de la IL-12 exógena (IL-12e) 



en la inducción de respuesta Thl protectora. Además, en dichos trabajos se establece 
que para el control del crecimiento de las micobaterias es conveniente su administración 
en intervalos (tres veces por semana). Sin embargo, estos trabajos utilizan a la citocina 
recombinante, lo cual es muy costoso y por lo tanto poco practico, ademas no se ha 
estudiado el efecto que este tratamiento tiene en tuberculosis producido por bacterias 
MDR. Nuestra estrategia inmunoterapeutica en este caso sera la utilización de 
adenovirus recombinantes que expresan IL-12 (rAd-IL\2), en una sola. dosis 
administrada intranasalmente e intratraquealmente, tanto de forma profilactica (un dia 
antes de la infección intratraqueal con una dosis alta de M. tuberculosis H37Rv), como 
de forma terapeutica (dos meses después de la administración de M tuberculosis 
drogosensible y MDR por via intratraqueal) cuando la respuesta Thl ha declinado 
acentuadamente, esto es de interés en tuberculosis pues se ha postulado que la acción de 
la IL-12 es solo importante para el inicio de la inmunidad antimicrobiana (80). Los rAd­
IL12 ya los hemos producido en colaboración con el Dr Xing y su dosis y eficiencia en 
la inducción de la producción de IFN ya la hemos determinado en ratones Balb/c no 
tuberculosos. La eficiencia terapeutica sera determinada por curvas de sobrevida, 
cuantificaciim de unidades formadoras de colonia bacterianas en los pulmones, 
histologialmorfometria y expresión de citocinas determinada por RT-PCR en tiempo 
real. 

5.- Inducción de la producción de oxido nítrico. Como fue mencionado en los 
antecedentes, los macrofagos son celulas esenciales en el control de la tuberculosis, 
pues fagocitan y destruyen a la bacteria, ademas de que seleccionan y presentan 
antigenos para activar a los linfocitos T y regulan la respuesta inmunológica a traves de 
la producción de diversas citocinas (1). Los macrüfagos activados destruyen 
eficientemente a las micobacterias por la producción de radicales libres de oxigeno y de 
nitrógeno. Nuestro modelo experimental claramente ilustra la importancia del oxido 
nitrico, al mostrar el maximo de expresión genetica de la enzima iNOS en el día 21 
postinfección en coexistencia con una gran cantidad de proteinas bacterianas 
nitrosiladas (nitrotirosina) en el citoplasma y pared celular, mientras que durante la fase 
progresiva de la enfermedad existe una acentuada disminución de la expresión de iNOS 
( 44). A diferencia de los murinos, en la tuberculosis humana la participación del oxido 
nitrico ha sido controversia! pues al parecer esta molécula no participa de forma tan 
directa en la destrucción de las rnicobacterias, sin embargo nosotros hemos mostrado 
por inmunohistoquimica una gran expresión de iNOS y nitrotirosina en granulomas de 
pacientes tuberculosos (83) y lepromatosos (84). Por lo tanto, consideramos que otra 
forma potencialmente util de inmunoterapia es el inducir incremento en la producción 
de oxido nitrico durante la tuberculosis progresiva. 

El grupo del Dr. Arturo SanFeliciano de la Facultad de Farmacia de la 
Universidad de Salamanca, ha estado trabajando activamente desde hace varios años en 
la producción de inmunomoduladores para el tratamiento del cancer y rechazo de 
transplantes. Recientemente en dicha Universidad se ha creado el Instituto de Medicina 
Tropical y uno de sus objetivos es la producción de nuevos antibioticos e 
inmunomoduladores, para el tratamiento de enfermedades infecciosas de gran 
importancia medica como la tuberculosis. El grupo del Dr SanFeliciano ha producido 
mas de 200 compuestos derivados de arnino-alcoholes y diaminas y los han probado en 
ensayos in-vitro en cuanto sus actividades inmunomoduladoras (85, 86). De manera 
interesante se ha demostrado en ensayos in-vitro utilizando macrofagos alveolares, que 
el compuesto diarnino 8b incrementa significativamente la producción de nitritos en 
celulas no activadas, mientras que los compuestos 6f y 7a lo hacen en macrilfagos 
activados con lipopolisacaridos y ademas incrementan la cantidad de linfocitos CD4 y 



CD8 cuando se administran a ratones Balb/c. Estos compuestos son por lo tanto 
candidatos muy prometedores para probarlos como agentes inmunoterapeuticos en la 
fase avanzada de nuestro modelo murino de tuberculosis progresiva, administrandolos 
por via intraperitoneal en dos dosis diferentes cada tercer dia, sacrificando ratones 
infectados con las cepas H37Rv y MDR en los dias 7, 15, 30 y 60 post-tratamiento y 
evaluando su capacidad terapeutica con los ensayos descritos. Es importante mencionar 
que la producción por parte del grupo español de agentes inmunomoduladores es 
constante y después de ensayarlos in-vitre con macrOfagos alveolares y determinar que 
sean de baja toxicidad se probaran en nuestro modelo experimental. Por lo tanto, la 
participación del grupo de la Universidad de Salamanca es determinante, y su actividad 
y contribución no la puede realizar otro grupo mexicano. 

La segunda estrategia general de nuestro proyecto es suprimir los efectos 
deletereos que tiene la respuesta imnune sobre el control del crecimiento bacteriano 
durante la enfermedad avanzada y que contribuyen a la progresión de la misma, para lo 
cual se proponen las siguientes estrategias: 
1.- Supresión de la actividad del TGF. En parrafos anteriores se menciono la 
destacada participación inmunomoduladora y anti-inflamatoria que tiene el TGF en la 
tuberculosis humana y experimental. En nuestro modelo experimental esta citocina se 
produce en gran cantidad durante la fase progresiva de la enfermedad ( 43). 
Recientemente informamos que ratones con tuberculosis avanzada producida por la 
cepa drogosensible H37Rv tratados con el receptor soluble tipo ID recombinante 
(betaglicano), un potente bloqueador de TGF-~ [49], fue muy eficiente 
terapeuticamente, pues dicho tratamiento indujo mayor producción de IFN-y, IL-2, TNF 
e iNOS, lo cual produjo significativa disminución de la carga bacilar pero con 
inflamación excesiva y mayor consolidación puhnonar, lo cual indica que el TGF-~ 
tiene un papel muy importante como protector del efecto destructor que tiene la 
inflamación excesiva. Interesantemente, cuando ademas del betaglicano soluble se 
administro un antinflamatorio (ac niflumico un eficiente bloqueador de la enzima 
cicloxigenasa 2 productora de prostaglandinas), se indujo una eficiente actividad Th-1 
con minima inflamacion [ 49]. La administracion conjunta de antibioticos con 
betaglicano y acido niflumico redujo eficientemente el tiempo de tratamiento y la 
fibrosis al provocar tambien una reducción significativa de la IL-4 [ 49]. Por lo tanto esta 
es una forma muy eficiente de inmunoterapia, pero no hemos estudiado su efecto en la 
tuberculosis producida por bacterias MDR y tampoco lo hemos comparado con otros 
inhibidores del TGF como inhibina o peptido latente de TGF. Nuestro objetivo en el 
presente proyecto sera probar la eficiencia del betaglicano en ratones infectados con 
cepas MDR administrado por via intraperitoneal dos veces a la semana a partir del mes 
de infeccion, asi como su efecto al combinarlo con acido niflumico. Ademas 
probaremos siguiendo el mismo esquema de tratamiento a otros inhibidores del TGF. 
Para este objetivo contamos con la colaboración del Dr Fernando Lopez Casillas, 
experto en TGF y sus receptores con quien hemos tenido una larga y fructífera 
colaboración estudiando la participación del TGF en la tuberculosis puhnonar 
experimental. 

2.- Promoción de apoptosis macrofilgica. Estudios in-vitre han demostrado que la 
infeccion de macrOfagos por M tuberculosis induce apoptosis y que esta produce no 
solo la muerte del macrOfago, sino tambien de la bacteria (87, 88), lo cual es influido 
por el nivel de virulencia del bacilo, pues cepas virulentas inducen mas apoptosis que 
las no virulentas (46). Nosotros hemos informado recientemente, que en nuestro modelo 
experimental existe una gran cantidad de macrOfagos activados apoptosicos después del 
primer y tercer día de la infeccion, lo cual se relaciona con una producción elevada de 



TNF e iNOS. Interesantemente, durante la fase progresiva de la enfermedad los 
macrofagos vacuolados expresan mucho la molécula anti-apoptosica Bcl-2, lo cual los 
hace significativamente resistentes a morir por apoptosis, permitiendo asi a la bacteria 
tener un habitat celular de larga vida ( 46), que ademas es una fuente muy importante de 
moléculas inrnunosupresoras como TGF, IL-10 y PGE-2 entre otras. Por lo tanto, una 
estrategia inmunoterapeutica potencial es el uso de moléculas o fármacos que 
promuevan la apoptosis macrüfagica y asi destruyan el nicho de la bacteria y la fuente 
de moléculas inmunosupresoras. 
Una estrategia util para cumplir con este objetivo es el uso de bloqueadores de factores 
de transcripcion que previenen la apoptosis inducida por la hipoxia. La presencia de 
abundante infiltrado inflamatorio intralveolar consecuencia del crecimiento de la 
bacteria es un aspecto distintivo de nuestro modelo experimental, lo cual produce 
insuficiencia respiratoria e hipoxia. Experimentos en curso han demostrado que en 
nuestro modelo la neumonía induce intensamente la expresión del factor relacionado a 
hipoxia (HIF), específicamente en los macrüfagos vacuolados. El factor HIF entre otras 
funciones, induce la expresión de Bcl-2 previniendo la apoptosis de celulas 
inflamatorias (89). Por lo tanto, el bloqueo farmacologico del HIF puede promover 
eficientemente la apoptosis macroragica. La molécula 2MD es un eficiente y selectivo 
inactivador de HIF (89) y en un experimento preliminar observamos que la 
administración intratraqueal de este durante la fase progresiva en nuestro modelo, 
disminuyó significativamente la carga bacilar, en coexistencia con abundantes 
macrüfagos apoptosicos en las areas neumonicas. 
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Nuestro objetivo ahora es reproducir este experimento y determinar la eficiencia 
terapeutica del 2M2 en ratones infectados con bacterias MDR y su capacidad de acortar 
la antibioticoterapia convencional en ratones infectados con la cepa H37Rv. 
Ademas tambien realizaremos experimentos con fármacos promotores de apoptosis que 
bloquean el efecto antiapoptosico de la molécula Bcl2, como el obatoclax GX-15, la 
cual es capaz de unirse a una pequeña concavidad dentro de la molécula Bcl-2 lo cual 
suprime su actividad (90). Esta molécula experimental ya contamos con ella, nuestros 
colaboradores en este objetivo son laDra Sara Huerta y el Dr Mario Vega, del Centro 
Medico La Raza IMSS, quienes las han usado exitosamente para eliminar celulas 
cancerosas. Ademas nuestros colegas de la Universidad de Salamanca han sintetizado 
aminoalcoholes de cadena larga y derivados dearnina que en ce!ulas Jurkatt in-vitre 
inducen acentuada apoptosis, a traves de la activacion de caspasa 3 y activacion 
mitocondrial (86). Por lo tanto, otro grupo numeroso de nuevas moléculas inductoras de 



apoptosis existen y estan siendo producidas por el grupo español, algunas de las cuales 
pueden ser eficientes agentes inmunoterapeuticos en tuberculosis. 

3.- Supresión de la sintesis de prostaglandinas. El mediador inflamatorio 
prostaglandina E-2 (PGE-2) tiene un notable efecto inmunosupresor sobre la respuesta 
de inmunidad celular (74). En concentraciones altas la PGE-2 tiene funciones muy 
similares a las del TGF~, dado que suprime la producción de IFNy, IL-2 e IL-12 (75, 
76, 77) y también inhibe la activación macrofágica (78) disminuyendo la producción de 
TNFa e iNOS (79). En nuestro modelo de tuberculosis pulmonar progresiva hemos 
informado que la producción de PGE-2 durante la fase progresiva de la enfermedad es 
muy alta y que al suprimirla con un bloqueador farmacologico como el acido niflUrnico 
se reconstituye significativamente la actividad protectora Th-1 (52). En consecuencia, el 
bloqueo de la sintesis de prostaglandinas es potencialmente una nueva y quizas eficiente 
forma de inmunoterapia. 

Para la producción de prostaglandinas es fundamental la participación de las enzimas 
fosfolipasas, las cuales liberan al acido araquidonico de los fosfolipidos membranales, 
permitiendo que las cicloxigenasas actuen sobre el ac araquidonico convirtiendolo en 
prostaglandinas. Por lo tanto, se puede suprimir la sintesis de prostaglandinas a traves 
de inactivar las ciclooxigenasas o las fosfolipasasa. El grupo del Dr SanF eliciano de la 
Universidad de Salamanca ha producido diversos aminoalcoholes de cadena larga y 
lipidos diamina que suprimen eficientemente in-vitro la actividad de fosfolipasas 
citosolicas y de secreción, los cuales son muy poco toxicas (85). Actualmente ya 
disponemos de dos de estos fármacos para empezar a tratar a ratones durante la fase 
progresiva de la enfermedad (2 meses postinfeccion), que es cuando existe una gran 
producción de PGE-2 lo cual suprime la inmunidad protectora Th-1. Es importante 
mencionar que el grupo español esta produciendo mas derivados sintetices de esta 
familia de moléculas y las esta ensayando in-vitro. Por lo tanto nuevas y mas eficientes 
supresores farmacologicos de estas enzimas seran producidas, algunas de las cuales 
pueden ser eficientes agentes inmunoterapeuticos en la tuberculosis. 

4.- Supresión de la glicoproteina acida alfa 1 (AGP). La AGP es una de las mas 
de 30 proteínas de fase aguda, que normalmente se sintetizan en el hígado como parte 
de la reacción de fase aguda (RF A). La RF A es una serie de mecanismos moleculares y 
celulares encaminados a proteger y aislar agentes agresores inductores de inflamación 
(91). Las proteinas de fase aguda son una familia diversa de moléculas con funciones 
diversas, específicamente la AGP ha demostrado que tiene actividades anti­
inflamatorias e inmunosupresoras, como la inactivacion de neutrofilos y macrOfagos, asi 
como la inducción en la secreción del receptores solubles de TNF e IL-1. 
Recientemente hemos demostrado que en nuestro modelo experimental de tuberculosis 
progresiva existe una gran producción por los macrOfagos vacuolados de AGP durante 
la fase progresiva de la infeccion. Es interesante que cuando esta proteina se bloquea su 
actividad con anticuerpos policlonales especificas ( Dr Erasmo Martinez Cordero) se 
indujo una alta producción de IFN, TNF e iNOS, lo cual disminuyo significativamente 
la carga bacilar pulmonar y la extensión de la neumonía (92). Otra funcion de la AGP es 
la union e inactivacion de medicamentos y recientemente se reporto que la AGP es muy 
eficiente para unir y bloquear a los antibioticos primarios y algunos de los de segunda 
linea que se usan para tratar la tuberculosis (93): Es por lo tanto posible que al bloquear 
esta proteina durante la fase progresiva de la infeccion, en conjunto con la 
antibioticoterapia convencional se pueda mejorar la eliminación bacilar, no solo por 
potenciar la respuesta inmune protectora, sino tambiim por facilitar la biodisponibilidad 
de los medicamentos. Tambiim probaremos la eficiencia del tratamiento inactivador de 
AGP en animales infectados con bacterias MDR, administrando los anticuerpos 



bloqueadores a partir del segundo mes de infección y siguiendo el mismo esquema de 
tiempos de sacrificio y analisis de la eficiencia terapeutica que se ha descrito en los 
apartados anteriores. 

La inmunidad humoral en tuberculosis, el uso de anticuerpos específicos en contra 
de antigenos inmunodominantes como una nueva modalidad inmunoterapeutica en 
tuberculosis progresiva y latente 

Siempre se ha considerado que la inmunidad celular es la unica que confiere 
protección en las infecciones por organismos intracelulares facultativos como M 
tuberculosis. Sin embargo, publicaciones recientes en modelos experimentales de 
tuberculosis (94) o nocardiosis han mostrado que la administración de anticuerpos, 
sobre todo de clase IgM, producidos en contra de antigenos inmunodominantes del 
microorganismo (nocardia, en un modelo murino de micetoma) son eficientes agentes 
inmunoterapeuticos. El grupo del Dr Mario Cesar Salinas de la Universidad de Nuevo 
Leon ha publicado estos interesantes resultados y en colaboración con el se han 
producido anticuerpos policlonales de clase IgM en contra de un extracto antigenico 
proteico total de M tuberculosis y de los antigenos micobacterianos inmunodominantes 
85b y P-38. El grupo del Dr Salinas ya nos ha enviado los anticuerpos y estamos en 
condiciones de empezar los experimentos terapeuticos en nuestro modelo experimental 
de tuberculosis progresiva, administrandolos por via intraperitoneal en 3 dosis, una por 
semana, sacrificando grupos de animales después de 7, 14, 30 y 60 dias después de la 
ultima administración de los anticuerpos y determinando su eficiencia con el mismo 
esquema descrito en los apartados anteriores. 
Recientemente, el grupo del Prof Jaruj Ivanyi del Guy Hospital en Londres ha publicado 
que la administración de anticuerpos de clase IgA en contra de la proteina 
mico bacteriana alfa cristalina y anticuerpos bloqueadores anti-IL4 en ratones Balb/c con 
tuberculosis activa tiene un significativo efecto terapeutico, manifestado por una 
acentuada disminución de la carga bacilar (96). Se ha reportado que la alfa cristalina es 
una proteina de stress que sobre todo se expresa en infección latente, por lo tanto es 
posible que la misma estrategia terapeutica tenga un eficiente efecto previniendo la 
reactivación de la infeccion latente. Como se menciono en los antecedentes, un tercio de 
la humanidad ( 1700 millones de personas) tienen tuberculosis latente y se calcula que el 
10% de estos sujetos sufriran reactivaciim de la enfermedad. Es por lo tanto necesario 
desarrollar tambien estrategias inmunoterapeuticas dirigidas a prevenir la reactivación 
de la tuberculosis latente, sobre todo en sujetos inmunodeprimidos como pacientes con 
SIDA o diabeticos descompensados. Este es precisamente nuestro objetivo, para lo cual 
usaremos nuestro modelo murino de infección latente, el cual se basa en el uso de 
ratones híbridos Fl de la cruza entre ratones C57Bl y DBA, infectados por via 
intrataqueal con una dosis muy baja (1000 bacterias) de la cepa de M tuberculosis 
H37Rv por via intratraqueal (97). En este modelo se produce una baja y estable carga 
bacilar puhuonar con lesiones granulomatosas sin neumonía, respuesta inmunológica 
totahuente sesgada de tipo Th-1 y sobrevida total (97), pero la administración de 
corticosterona (3mg/lt) en el agua de bebida produce rapida reactivación con elevada 
carga bacilar y mortalidad (98). Nuestra estrategia sera entonces usar este modelo y 
cuando la infección latente sea estable (7 meses), administraremos a grupos de 20 
animales la combinación del anticuerpo monoclonal IgA anti alfa cristalina, mas 
anticuerpos bloqueadores de IL-4. Otro grupo con el mismo numero de animales 
recibira solo los anticuerpos anti alfa-cristalina. El tercer grupo solo recibira los 
anticuerpos anti IL-4 y el grupo control recibira el vehículo. Después de un mes se 
administrara la corticosterona y se sacrificaran grupos de 5 ratones después de 7, 15, 30 



y 60 dias de la ultima administración de los anticuerpos. Un pulmon, derecho o 
izquerdo, se destinara para estudio histologico y el otro para la cuantificacion de la 
carga bacilar por la determinación de unidades formadoras de colonia, como se ha 
descrito previamente (96). Para este objetivo contamos con la colaboración del Prof 
Ivanyi y el Dr Gustavo Falero del Instituto Finley de Biotecnología en la Habana Cuba, 
quien es el productor de los anticuerpos monoclonales anti-alfa cristalina. De hecho este 
reactivo ya lo tenemos para empezar el experimento. 

Inmunidad inata en tuberculosis, el uso de peptidos antimicrobianos del tipo de las 
beta-defensinas como agentes terapeuticos en la tuberculosis. 
Un aspecto de gran importancia en la respuesta inmunologica en contra de la 
tuberculosis la cual ha empezado a estudiarse recientemente es la participación de la 
inmunidad inata. En este aspecto el grupo del Dr Eduardo Sada del INER y nosotros 
hemos sido de los primeros en estudiar específicamente la participación de peptidos 
antimicrobianos en el control del crecimiento bacilar. Usando nuestros modelos 
experimentales de tuberculosis progresiva y latente hemos informado recientemente que 
el epitelio bronquial produce activamente y en gran cantidad defensinas beta 3 y 4 (98). 
De manera interesante, ambos peptidos se producen durante la fase temprana de nuestro 
modelo de tuberculosis progresiva y después durante la enfermedad progresiva 
disminuyen significativamente. En el modelo de infeccion latente, ambos peptidos se 
producen 5 veces mas que en la fase temprana del modelo de tuberculosis progresiva y 
su expresión desaparece cuando se reactiva la enfermedad con la administración de 
corticosterona (98). Usando inmunoelectronmicroscopía hemos demostrado 
recientemente, que en nuestro modelo de infeccion latente existen micobacterias en el 
citoplasma de celulas bronquiales y que estas se encuentran asociadas a una abundante 
cantidad de defensinas beta-3 (99), lo cual sugiere que este tipo de peptidos 
antimicrobianos participan en el control del crecimiento bacilar tanto en enfermedad 
progresiva como en infección latente. Nuestro proposición por lo tanto, es que el uso de 
defensinas puede tambien ser util como una nueva forma de inmunoterapia en 
tuberculosis. 
Las defensinas beta recombinantes estan disponibles comercialmente pero son muy 
caras, lo cual hace muy poco practico su uso como tratamiento. Por este motivo nuestra 
proposicion es usar inductores de la expresión de defensinas beta como el aminoácido 
isoleucina ( 1 00) y el uso de adenovirus recombinantes que expresan beta defensinas 3 y 
4. Utilizando una linea celular de neumocitos tipo II la cual es susceptible a la infección 
por M. tuberculosis y en consecuencia produce una gran cantidad de defensinas beta, ha 
sido posible confirmar y establecer la cantidad de isoleucina capaz de inducir una 
eficiente producción de defensinas beta 3 y 4. Mas aun, la administración intratraqueal 
en ratones Balb/c no infectados nos permitio confirmar que este aminoácido es tambien 
capaz de inducir eficientemente la producción de defensinas in-vivo. Por lo tanto, 
nuestra estrategia será administrar cada 72 hr isoleucina en gotas nasales o 
intratraquealmente en ratones Balb/c con tuberculosis avanzada (dos meses post­
infeccion) y sacrificar grupos de 8 ratones después de 15, 30 y 60 dias para determinar 
su eficiencia terapeutica siguiendo el esquema antes descrito. Para la segunda estrategia 
que es el uso de adenovirus recombinantes que expresan defensina beta 3 y 4, contamos 
con la colaboración de la Dra Marcela del Rio, de la Universidad Complutense de 
Madrid. La Dra del Rio ha trabajo con imnunoterapia usando este tipo de vectores 
adenovirales en un modelo de quemadura cutanea en cerdo, y ha demostrado que la 
aplicación topica de estos virus en el area quemada previene significativamente 
infecciones. Nuestra estrategia sera administrar este tipo de adenovirus por via 



intratraqueal en una sola dosis en animales con tuberculosis progresiva, utilizando 
nuestra experiencia utilizando rAd-IFN descrita en parrafos anteriores. 
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