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Radiopharmacokinetics and uptake of *™Tc-cRGD in
a, f3, integrins for imaging angiogenesis in induced
malignant tumors in athymic mice

Fred A. Lépez-Duran,* Martha Pedraza-Lépez,** Consuelo Arteaga de Murphy
Hernandez-Herndandez, *** Rocio Garcia-Becerra,**** David Ordaz-Rosado™®***

ABSTRACT

RESUMEN

Articwdo original
Farmacologia

=+ Bdith

The mullistep process of angiogenesis offers several lar-
geis for therapeutic interventions. One molecular target
structure is the alfa five beta Lhree («, 4, ) inlegrin which
is expressed on wvaseular endothelial cells and over-ex-
pressed in cancer tumor angiogenesis, To image neoangio-
genesis in alhymic mice with induced pancreatic, breast
and prostate malignant lwmors e new radiopharmaceuti-
cal was developed. The *"Te-EDDA/HYNIC-cyelic-Arg-Gly-
Asp-D-Phe-Lys (*#Tc-cRGD) targets infegrin receplors & g,
and wes prepared with an average radiochemical purily >
95 %. " Te-¢cRGD shows high in vivo stability, fast blood
clearance and rapid renal excrefion in mice. There are sia-
fistical differences belween tumor/muscle ratios for the 3
fumors studied. The highest tumor/non-farget rotio was
found in breast cancer (7.2 after 24 h) and a representoiive
dorsal SPECT image was obtained where the fumor
showed up very clearly over the background tissue. The
high resolution of the image implies that ¥ Te-cRGD will
be of great value in nuclear medicine as o potential radiop-
harmaceutical for e, f, inlegrins receplor uplake ond for
imaging neoangiogenesis in neeplasiic lissue and io fol-
low up cancer tumor progression.

Los receptores de integrinas ¢, f3, se encuentran en la pared
endotelial de los vasos sanguineos y estdn sobreexpresados,
sobre todo en los nuevos vasos de los tumores malignos.
Para visualizar la necangiogénesis en tumores induci:dos con
células cancerosas de pancreas, mama y prostata en ratones
atimicos se desarrollé un nuevo radiofirmaco de técnecio-
99m ("™ Fe), Bl péptido ciclico con los aminoAcidos: -Arg-Gly-
Asp-D-Phe-Lys- se marceé con **Tc por medio del ligante bi-
[uncional acido hidracinonicofinico (HYNIC) y del coligante
etilendiaminodiacético  (EDDA). El ®~Te.EDDA/HYNIC-
eyclic-Arg-Gly-Asp-D-Phe-Lys (**Te-cRGD) con pureza ra-
diogquimica > 95%, se une in vivo a los receptores de integri-
nas a, f, con alta especificidad. En los ratones atimicos con
cancer inducido presenta rapida depuracidn sanguine;a y eli-
minacién renal y hay diferencias estadisticamente significati-
vag entre la captacién del tumor comparada contra la capta-
cién en misculo, en los tres tipos de neoplasias. La relacién
méas alta tumor/musculo fue de 7.2 a las 24 h para el| cédncer
de mama y se visualizé la necangiogénesis en este tumor. La
alta resolucién de la imagen demuestra que en la medicina
nuclear el *Te-cRGD serd de gran valor como un radiofar-
maco gque se une especificamente a receptores de integrinas «,
B, ¥ por consiguiente permite obtener imagenes moleiculat'es

Key words: Radiolabelled RGD-peptide, inlegrin « g, mo-
lecular imaging, angiogenesis.

de tumores malignos con alta resolucién. ;
I

1
Palabras clave: Péptido -RGD-""T¢, integrina « p,, ima-
gen molecular, anglogénesis. |
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INTRODUCTION

Angiogenesis is a complex natural phystologic pro-
cess that results in the formation of new vessels in a
tissue and during angiogenesis a group of cell mem-
brane recepiors (transmembrane heterodimeric glu-
coproteins), called integrins modulate cell migration,
cell-cell interactions and cell binding to the extracel-
lular matrix.!#

Angiogenesis 1s increased in several pathologic en-
tities including cancer. The integrins enhance vascu-
lar and lymphatic permeability and are directly in-
volved in cancer tumor-induced angiogenesis.®*
Several studies have shown that there is a correla-
tion between a f, receptor expression, angiogenesis
and the metastatic potential of the corresponding
cancer tumor.?

The multistep process of angiogenesis offers several
targets for therapeutic interventions. One target struc-
ture is the «_ 3, integrin, which is overexpressed in vas-
cular endothelial cells, and recognizes certain specific
amino acid sequences.*® It is of interest to study the de-
velopment of targeting radiopharmaceuticals for o 8,
integrin receptors that could serve as antiangiogenic
therapeutics.” Radiolabeled peptides containing the spe-
cific amino acid sequence —arginine-glycine-aspartic
acid— (RGID) have been used. for targeting a3, mtegrin
receptors and thus imaging angiogenesis. '

RGD peptides have been labeled with %™ Te, In,
Y 18] 64Cy, #Ga. and 1.5 There is especial inte-
rest in positron emitters for PET (positron emission
tomography) integrin e f, expression imaging in can-
cer tumors. It was shown that constraining the mo-
bility of the linear RDG, by forming a cyclic peptide,
increased their integrin receptor affinity in vitro.™®
Tetramer and octamer RDG peptides have been la-
beied with copper-64 for PET imaging of induced
glioblastomas in a mice model.™ Gallium-68 was
conjugated to cyclic RGDs through a macrocyclic che-
lator.1t1? For ®F Jabeling chemistry many linkers
and conjugaled molecules in ¢yclic, monomeric and
polymeric structures have been used for PET. Some
radiopharmaceuticals are: Y¥F-galacto-RGD, the
dimeric eyclic ®F-E[c(RGDyK)12 and the ¥*F-bombes-
in heterodimer. The tetrameric flucrinated aldehydes
that were conjugated to an aminc-oxy-bearing RGD
peptide and linked to a polyethyleneglycol prosthetic
group gave the best biodistribution in mice.”>* Nev-
ertheless ®™T¢ labeling is still the best option for in
situ radiopharmaceutical preparations useful for the
hybrid SPECT/CT (single-photon emission computed
tomography/computed tomography).®
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A considerable number of synthetic peptides
modified from the five amino acid parent or
lead structure arginine-glycine-aspartic acid-
phenilalanine-valine amino acids (RGD{V) have
been assayed. Kok et al. reported that substitut-
ing the valine of the parental cRGDIV peptide
for a lysine amino acid shows high afflmty for
« f3,integrins.” The cyclized -Arg-Gly-Asp-D-Phe-
Lys (cRGDfK), as a monomer or dimer, can be
technetium-99m labeled for targeting a‘,ﬁ’a recep-
tors. The lysine side chain provides primary
amine functionality for coupling bifunctional
chelating agents such as hydrazinonicotinic acid
(HYNIC) 3212

Decristoforo et al. deseribed the radiolabeling of a
HYNIC-derivatized cyclic monomeric RGD peptide eon-
taining tyrosine and lysine aminc acids [e(RGDyK
{HYNIC)] using tricine and ethy]endiaminodiécetic
acid (EDDA) as coligands.?t

The aim of this research was to easily prepare a
e EDDA/HYNIC-cyclic-Arg-Gly-Asp-D-Phe-Lys
(#nTe.cRGD) radiopharmaceutical, to determine its
biopharmacckinetics, estimate «_ B, integrin receptor
uptake and to image angiogenesis in athymicimice
with induced malignant pancreatic, breast and pros-
tate tumors.

METHODS

Preparation of " Te-EDDA/HYNIC- cychc-Arg—
Gly-Asp-D-Phe-Lys (*Te-cRGD)

The cyclic-Arg-Gly-Asp-D-Phe-Lys pentapeptide
(¢cRGD) (Bachem, USA) was conjugated to hydrazi-
nonicotinic acid (HYNIC) via o-(7-azabenzotria-
zolyl)-1,1,3,3-tetramethyturonium hexafluorophos-
phate (HATU). The HYNIC-cRGD conjugate was
> 0OB%, chemically pure as analyzed by reversed
phase high-performance liquid chromatogr aphy
(HPLC, Waters instrument running Millenium! soft-
ware with both radicactivity and UV photodlode ar-
ray in-line detectors).

The lyophilized kit was prepared with the HYNIC-
¢RGD conjugate plus ethylendiaminodiacetic acid
(EDDA) and tricine as eoligands and SnCl, as a re-
ducing agent.

The radiopharmaceutical **=Tc-EDDA/HYNIC-cy-
clic-Arg-Gly-Asp-D-Phe-Lys (" Tec-cRGD) was pre-
pared by adding *"Tc-pertechnetate obtained from a

"GETEG *Mo/Te generator (ININ-Mexico) to the

lyophilized sterile kit and incubated for 15 min in
beiling water.®

Bioguimia



Evaluation of radiochemical purity

Radiochemical purity analyses were performed hy so-
lid phase extraction (Sep-Pak C-18 cartridges), re-
verse phase high-performance liquid chromatography
(HPLC) and by instant thin-layer chromatography
on silica gel (ITLC-SG, Gelman Sciencesy with three
different mobile phases: 2-hutanone to determine the

amount of free ¥mTcO, (Rf = 1); 0.1 M sodium ci- -

trate pH 5 to determine ®*Te-EDDA coligand and
#¥mTeO, (Rf = 1) and, methanol: 1 M ammonium ace-
tate (1:1 v/v) for ¥ Te-colloid (Rf = 0).%

Cancer cell lines
Three cancer producing cell lines were used:

a) The AR42J murine pancreatic cancer cell line
(ATTC, Rockville, MD, USA) over-expresses soma-
tostatin receptors (88). The cells were routinely
cultivated at 37 °C in 5% CO, and 85% air humidi-
fied atmosphere in Dulbeceo’s minimum essential
culture medium (DMEM) (Life Technolegies, Inc,
Gaithersbureg, MD) which was supplemented with
5% fetal-bovine-serum and 100 U/mlL: of penicillin
and 100 pg/ml streptomycin.

b} The MCF-7 cell line is derived from human breast
cancer and overexpresses cholecystokinin recep-
tors (CCK). The cells were cultivated in DMEM

and 10 nM estradiol and incubated in 5% CO, at

37 °C, 85% atmosphere and humidity.

¢) The PC-8 human prostate cancer cell line PC-3
was originally obtained from ATCC (USA} and
overexpresses gastrin releasing peptide receptors
(GRP). PC-3 cells were routinely grown in "RPMI"
culture medium supplemented with 10% newborn
calf serum and streptomyein (100 pg/mL) at 37 °C,
with 5% CO, atmosphere and 85% humidity.®

Induced cancer tumors in athymic mice

Animal experiments were carried out in compliance
with the Official Mexican Norm (NOM 062-Zoo-
1999): rules and regulations for safe and adequate
laboratory animal handling.

Athymic adult male mice (20-22 g) were kept in
sterile cages with beds of sterile wood shavings, con-
stant temperature, humidity, noise and 12:12 light
periods. Water and feed (standard PMI 5001 feed)
were given ad libitum. The cancer cells (1 x 10% in
0.1 mL) were implanted in 36 athymic mice by sub-
cutaneous injection into the animal’s back (12 mice
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injected with the AR42J cells, 12 mice injected with
the MCF-7 cells and 12 mice injected with the PC-3
cells). Tumor growth was monitored frequent:ly and
the length and width were measured in cm® with cali-
pers. The final volume (cm?®), after sacrifice, Was EX-

pressed In grams.

In vivo biokinetics and cancer tumor uptake
When the tumors hecame visible (< 1 cm?®) a m!ean of
18.5 MBgq of the radicpeptide, was injected i m a tail
vein (n = 3) [or each time interval. After 0.5, 1, 3 and
24 h the mice were sacrificed in a CO, chambel The
tumor and the organs or tissues (blood heart, lung,
Jiver, spleen, pancreas, kidneys, thigh muscle and fe-
ynur) were excised, blotted dry and put into plastlc test
tubes, previously weighed. The weight of the or gan and
the anatomic characteristics of the tumors were record-
ed. Activity of the tumor and organs was measur éd ina
erystal scintillation [Nal (T1)] weil-type dctectm The
mean of 3 diluted aliquots of the injected actnuty {1L.AD
were considered as the 100% uptake. Per centage up-
take or activity A (number of disintegrations pér unit
time) of each organ or tissue was calculated and the re-
sults were expressed as the percentage of inj ected activi-
ty per gram of tissue (%IA/g). Tumor/blood and tumcn /
muscle ratios were calculated. Each value repr esents
the mean and SD of three animals.

To evaluate the kinetics of the system a compa1 t-
mental model was developed using the OLINDA/]“XM
code. The program allows the user to enter kinetic
data and fit it to one or more exponential terms. The
total number of disintegrations (N), in source re-
gions, was calculated, integrated over time and ex-
pr essed per unit of initial activity in the source re-
gion: MBg-h/MBg (previously considered as x esadence
time in the MIRD code) equation 1.%

{n

SOURCF j SOUR(‘}

Image acquisition

Imagmg of mice injected with *"Tc-cRGD was per-
formed with a Siemens E-cam SPECT smgle head
gamma camera with a pinhole collimator.

Statistical strategy |

The mean % uptake for cach lot of 3 mice per tlme in-
terval was calculated. The statistical method em-
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ployed was the t-Student’s test for the activity of the
tumor vs. mugcle for each time interval after admin-
istration. The significance level was p = 0.05.

RESULTS

The average radiochemical purity of **Tc-cRGD was
> 95% in all cases. Free ®®TcO, was < 2 %; 2-3% of
#nPe- DDA and < 1.0% of *"Te-colloid.

The biodistribution of ®@Tc¢-cRGD in the three
models of induced cancer tumors are summarized in
table 1. The radiopeptide shows [avorable pharmaco-
kinetic properties such as rapid blood clearance and
renal elimination. Activity was accumulated mainly
in the liver, spleen and kidneys. ‘

There was a high in vivo stability in the induced
tumors (pancreas, breast and prostate). Low muscle
uptake (background activity) was observed in all the
mice. Twenty four hours after radiopharmaceutical
administration the mean percentage of the injected
activity per gram of tissue (%l1A/g) found in the mu-

rine pancreatic cancer tumor was 0.73 * 0.36%
(AR42J cells); 1.31 + 0.24% in breast cancer (MCF-7
cells) and 0.67 = 0.02% in the prostatic cancer (PC-3
cells), (Table I). The anatomical characteristics for
the xenograft pancreatic tumor were of a large! fria-
ble hemorrhagic mass; the breast tumor was white,
compact and hard; the prostatic tumor was white
with a discreet beige coloring, compact and hard to
the touch. The tumor/blood ratios of % [1A/g tissue in
24 h afler administration were 14.6 for the AR42J
cell line; 10.9 for the MCF-7 cell line; 9.5 for the PC-
3 cell line. The tumor to muscle ratio after 24 h in
the pancreatic tumor induced with the AR42J cell
line was 4.0; in the hard, compact breast cancer
(MCF-7 cell Hine) was 7.2 and for the PC-3 cell line
(prostate) the ratio was 3.5 (Table 1I). The reason for
these differences might be that in the hemoerrhagic
pancreatic tumor the activity leaks out, in thejcom-
pact dense breast tumor it remains inside the tumor
and in the poorly vascular prostatic tumeor the activi-
{y is minor. ‘

Table I Biodistribution data for ®mTe-cRGD in an athymie mice model bearing induced tumors expressed as % injected actwlty /

gram of tissue (%IA/ g tissue), at different time intervals (0.5

to 24 h).

% 1A fg tissue

Organ Time p.i. (h) AR42J (Pancreas) MCF-T7 {Breast) PC-3 {Prostate)
Blood 0.5 3.15 = 0.48 1.66 = 0.21 0.88 = 00.52
¥ 2.86 x 0.38 (.68 = 0.10 0.70 = 0.10
3 0.31 = 0.0B .31 = 0.02 0.34 = 0.07
24 - 0.06 = 0.63 0.12 = 0.04 6.07 = 0.01
Liver 6.5 2.14 + 0.57 216 = 0.24 2.14 = 0.04
1 2,78 + 0.47 1.60 = 0.18 2.45 £ 0.43
3 2.31 = 0.60 1.51 % 0,13 1.57 = 0.40
24 0.83 = 0.31 0.91 = 0.15 1.16 = 0.47
Spleen 0.5 2.53 = (.03 1.792 £ 0.19 2.02 + 0.37
1 1.09 = 0.07 1.56 = (.65 2.11 = 0.20 i
3 1.11 = 0.19 142 = 0.40 1.48 = 0.28 !
24 0.53 = 0.18 116 =021 1.89 = 0.57 :
Kidneys 0.5 3.75 £ 0.74 4.04 £ 012 6.62 = 0.79
1 975 £ 1.84 3.07 £ 0.01 3.02 = 0.14
3 265 = 0:41 3.02 £ 0.30 2.28 £ 0.36
24 1.37 = 0.44 1.85 x= 0.04 1.53 %= 0.33
Muscle 0.5 0.90 = 0.06 0.93 = 0.14 0.65 = 0.04
1 1.09 = 0.14 0.46 + 0.09 0.58 = 0.06
3 0.33 = .05 6.82 = 0.02 0.34 = 0.06
24 0.18 = 0.03 0.18 = 0.03 0.19 = 0.05
Tumoer 0.5 2.26 =+ 0.24 2.00 = 0.60 1.59 + 0.27
1 2.84 + 0.14 1.71 % 0.52 1.48 = 0.19
3 2.15 + (0L15 1.61 = 0.37 1.23 = 0.29
24 0.73 £ 0.36 1.31 = 0.24 0.67 = 0,02
64 Bioquimia



There is a statistical difference (p < 0.05) in %
1A/g tumor vs muscle for the 3 tumors and for each
mean time interval (Table IT1).

Figure 1 shows 0.5-24 h uptake tumor data for
each cell line inductor. The optimal time for activity
concentration was observed between 1 h to 3 h for
the three cell lines. The total number of disintegra-
tions N in the source organs is shown in Table IV.

The back bearing induced human breast cancer
tumor showed the highest uptake (6.15%). A dorsal
SPECT image of one representative athymic mouse
3 h after injection is shown in figure 2.

DISCUSSION

For their growth cancer tumors require new blood
vessel formation via angiogenic factors and one of

Table II. Tumor-to-organ ratios in an athymic mice medel
bearing induced turors at different time intervals (0.5 to 24 h).

Time pi.  AR42dJ MCF-7 PC-3
(h} {Pancreas) (Breast) (Prostate)
Tumor/blood 0.5 0.71 1.20 1.80
1 (.89 . 2,61 2.11
3 6.93 5.19 3.61
24 14.6 10.91 9.57
Tumor /muscle 0.5 2,61 2.73 2.44
1 2.60 3.71 2.55
3 6.51 5.03 3.61
24 4.05 T.27 3.52

. reported without showing specific in vivo uptake

i Te-cRGD for imaging angi:ogenesis

these factors is the a_f, integrin. Besides alfab betas
receptors the 3 tumors studied overexpress specific re-
ceptors: somatostatin in pancreatic cancer, cholecys-
tokinin (CCK) in breast cancer and gastrin releasing
peptide (GRP} in prostate cancer and the 3 tlumors
showed different degrees of radiophar maceutical up-
take which might be due to the differences in vascula-
ture and to the amount of integrins present in the
blood vessels regardless of other specific r eceptors.

As mentioned above, angiogenesis is a complex
natural physiologic process that refers to the.iemo-
deling of the vascular tissue and it is character ll/Bd by
the branching out of new blood vessels from preexmt«
ing vessels. Pathologic angilogenesis is found in can-
cer tumors and in several other pathologic entities.
Anpgiogenesis can be imaged because of integrin tar-
geting and uptake of radiopharmaceuticals. Early at-
tempts using direct ""Tc labeling appr oaches were
28.20
Other groups of researchers have reported indirect
1T Jgheling using HYNIC conjugated to peptlde
analogues.

Janssen et al. have compared the tumor tarcretmg
characteristics of a monomeric radiolabelled, RGD-
peptide with those of a dimeric analogue.® Botih pep-
tides were radiolabelled with *Te¢ via HYNIC to
form ™ Te-HYNIC-¢(RGDfK) and *"Te-HYNIC-
E[e(RGDIK)Z. In vitro, the 1C showed a ]0 fold
higher affinity of the dlmel as compared to the mono-
mer (0.1 vs. 1.0 nM). In athymic female BALB/c mice
with subcutaneously growing OVCAR-3 ovarian car-

Table IIL. Statistical analysis of the tumor activity vs muscle activity for each induced tumor per time intervals (t—Stu(llerzt’s
test) n = 3 for each time. :

"AR42J %IA/e tissue
05 h 1k 5h 24h
Muscle Tumor Muscle Tumor Muscle Tumor Muscle Tumor
Mean 0.03 2.43 1.08 2.84 0.32 2.15 0.17 ;O.TS
Variance 0.003 0.092 0.045 .039 0.006 0.045 0.001 0.173%
t = 8.40 L= 8.58 t=1142 t = 2.66
p = 0.001 p=0.013 p = 0.008 p = 0.087
MCF7 ;
Mean 0.73 2.60 0.46 1.71 0.32 1.61 0.18 51,31
Variance 0.031 0.543 0.011 0,460 6.11E-4 0.201 4,0%-4 0.090
t = 2.90 t = 3.36 t = 4.97 t= 6.47 ;
p = 0.044 p = 0.028 p = 0.007 p = 0.003
PC3 ;
Mean 0.65 1.59 0.68 1.48 0.34 1.23 0.19 0.67
Variance 0.002 0.15%1 0.006 0.054 0.005 0.127 0.004 0.001
t = 4.57 t = 6.32 t = 4.25 t = 9.85
P = 0.019 p = 0.003 p = 0.013 p =0.002
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Figure 1. Biokinetics of " Tc-cRGD in cancer tumors induced
with cel! lines a) AR42] (murine pancreas cancer); b MCF-7 (hu-
man breast cancer) and ¢} PC-3 (human prostate} in 0.5 o 24 h.

66

Table IV. Total number of disintegrations {N) in the source
organs of athymic mice with induced cancer tumors expressed
per unit activity administered, (OLINDA/EXM). |

Total number of disintegrations (N} MBqg- h/MBq
Induced cancer tumor

Organ Pancreas Breast Prostate
Blood 0.061 0.040 0.030 ¢
Heart 0.030 0.037 0.031 |
Lung 0.074 0.061 0.057

Liver (.181 0.193 0.015

Spleen ¢.143 0.154 0.154
Pancreas 0.038 0.043 0.030 |
Kidneys 0.279 0.342 0.251 :
Intestine 0.211 0.255 0.244
Muscle 0.024 0.029 0.027 |
Bone 0.0186 0.058 0.054 |
Tumor 0.140 0.126 0.096 :

Figure 2. A selected image of an athymic mouse with induced
tumor of human hreast cancer 3 h after injection of ¥ Tc-
cRGD was laken afler dissection of inlernal viscera 1o hzghhgh[
the tumor uplake {tumor/ruscle ratic 6.15),

cinoma xenografts, the dimeric RGD peptide showed
better retention in the tumor than the monomeric an-
alogue, most likely due to the bivalent interaction
with the target cell.

The cyclic HYNIC-derivatized monomeric RGD
peptide [¢(RGDyK(ITYNIC)] was successfully *™Tec
labeled using EDDA and tricine as coligands.®!

Evaluation of radiolabeling of linear and cyclic
RGD peptides was determined using a carbonil pre-
cursor {**Tc(H,0),(CO),]* and the uptake of the

Bioquimia




cRGDfK-His was higher than that with the linear
peptide ™

¥ e RGD has been used in many studies as a
dimer or as a trimeric, tetrameric, octameric and
multimeric molecules for imaging of tumor integrin
«, B, expression, with good tumor uptake and favor-
able pharmacokinetics However all these peptides
need to be synthetized L1431

We used the commercial cyelic pentapeptide con-
taining a phenylalanine amino acid {cyclic-Arg-Gly-
Agp-D-Phe-Lys) which was conjugated with HYNIC
and EDDA and tricine as coligands to [orm **Te-
EDDA/HYNIC-cyclic-Arg-Gly-Asp-D-Phe-Lys
{#9mTe-cRGD).

Our research has led us to conclude that a highly
stable, radiochemically pure, freeze dried kit can be
®nTe radio labeled in any hospital radiopharmacy.
The #~Tc-cRGD targets «, 8, integrin receptors in
cancer tumor angiogenesis and allows noninvasive
imaging of malignant tumors in a murine model.
Thie could be a promising radiopharmaceutical for
imaging cancer tumor angiogenesis in human beings.

The advantage of this lyophilized formulation of
the cRGD peptide conjugated to HYNIC and with the
added coligands EDDA and tricine over other report-
ed formulations is that cRGD kit is easily labeled in
one step with technetium-99m in any hospital radio-
pharmacy. The radiopharmaceutical **Te-cRGD tar-
geted &, B, integrin receptors in athymic mice with 3
xenografted pancreas, breast and prostate cancer tu-
mors and the tumor to muscle ratio are high allow-
ing a better resolution of the tumor uptake over the
muscle background in the SPECT image.

This non invasive nuclear medicine procedure de-
monstrated that " Te-cRGD will be of great value as a
radiophar maceutical for ,63 integrin receptor uptake

_and for imaging angiogenesis in neoplastic tissue.
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Introduction: Integrin oif3 plays an important role in angiogenesis and is over—expressed in tumoral endothelial
cells and some other tumor cells. RGD (Arg-Gly-Asn) peptides fabeled with ®%Ga (1, = 68 mln) have showed
good characteristics for imaging of af3; expressicn using pesitron emission tormography (PET) Gallium-66
has been proposed as a PET imaging alternative to %8Ga and given the unigue high energy of its emltted positrons
{Emaw 415 MeV) it may also be usefusl for therapy. The aim of this research is to prepare {'SGGa]DOTA SE-| (RGO,
and evaluate in mice its patential as a new theranostic radiopharmaceutical.

Methods: High specific activity 5°Ga was produced via the **Zn(p.n) reaction, and the labelling methocl of DOTA-
E-[c{RGDAC} ], wich ®Ga was optimized. Radiochemica! purity was determined by TEC, and in vario stability and
protein binding were determined. Seriat microPET imaging and biodistribution studies weye cam;:d out in nude
mice bearing C6 xenografts. Radiation absorbed dose estimates were based on the biodistribution studiee where

" tumor and organs of interest were collected at 0.5, 1,3, 5 and 24 h post-injection of [**Ga]DOTA E fe{ RGDIK) .

Resuits: Our results have shown that [GajDOTA-E- [c{RGDﬂ()]z can be prepared with high radzocll1enncal purity
(=97%), specific activity (36-67 GBa/umol), in vitro stability, and moderate protein binding. MicroPET imaging
up to 24 posi-injection showed contrasting tumonrs reflecting o fs-targeted lracer accamulation. Blodlstubution
studies and dosimetry estimations showed a stable tumor uptake, rapid blood clearance, and favorable tumor-fo-
tissue ratios.
Conclusions: The peptide conjugated NOTA-E-[c(RGDFK)], labeled with #%Ga may be attractive as a theranostic
agent for tumors over-expressing o(3; integrins.

© 2014 Elsevier Inc. All rights reserved.

1. Intreduction

affecting tumar growth, invasiveness and metastatic potential, and are
therefore potential targets for receptor-mediated tumor imaging

During the past three decades, several radiopharmaceuticals have
been develpped for the early diagnosis of cancer through the use of
novel molecular targets and predictive biomarkers, especially those ab-
errantly overexpressed in biclogical matignancy, invasiveness, metasta-
sis and apoptosis {1-5].

It has been shown that peptides based on the Arg- Giy -Asp (RGD)
amino acid sequence bave a high affinity and selectivity for ot,Ps
integrin receptors; specifically, it was found that cyclic anafogues of
RGD containing 5 amino acids {RGD sequence + a hydrophobic amino
acid in position 4 4 an additional amino acid in position 5) have the
highest or {3 binding affinities [6,7]. Alpha{V)beta(3) integrin receptors
are over expressed on endothelial cells during bleod vesse! formation

* Corresponding author at: Unidad PEY, Facultad de Medicina, UNAM, Ciudad
Universitaria, Delegacién Coyoacan, México, D.E., C.P. 04510, Mexico. Tel: +52 55
56232288 fax: 1-52 55 56232115,

E-mail address: avilarpd@owalumni.cony (MA. Avila-Rodriguez).

hiyp://dx.doi org/ 0. TOT6Anucmedbio, 2014.09.010
09658-8051/© 2014 Elsevier inc. All rights reserved.

and therapy.

New approaches have been addressed in order to 1mprove with var-
ious ligands, the affinity of RGD. Due to the naiural mode qf;ntelamon
between o f35 and peptides containing the amino acid sequence RDG
that may involve multivalent binding sites, the use of muitlvalent cyclic
RGD peptides could improve the binding affinity and [umor uptake.
Several research groups have compared the cyclic RGDR( monoermer,
dimer (E-[c(RGDEK} ]} and tetramer {E-[c(RGDfK)]4} as talrgezmwblon
molecule for diagnostic and therapeutic applications [8-11]. The short
distances between the cyclic RGD peptides in dimmers (-20 bond dis-
tance}, make it unlikely simultaneous binding to the ad]acem 2% re-
ceplors. It has been proposed that the binding of one RGD motif to the
integrin a s will significantly increase “local concentration™ of the
multivalent RGD motif in the vicinity of the receptor—bindi}ng site lead-
ing to an enhanced integrin a3 binding rate or the reduced dissocia-
tion rate of the cyclic RDG peptide from the integrin o,3s|12]. This
may explain the higher tumor uptake and longer tumor retention

times of radiolabelled cyclic RGD tetramer and dimmer a!s compared



110 V. Lopez-Rodriguez ef al. / Nuclear Medicine and Binlogy 42 (2015} 109-114

to their monomeric analogues [11-13]. The tetrameric RGD peptide la-
beled with #Cu (1$*Cu]DOTA-E{E-[c(RGDK)1:1);). showed significantly
higher receptor binding affinity than monomeric and dimeric RCD ana-
logues, but demonstrated lower kidney clearance which may be related
to the positively charge differences |14},

The positren emitting radionuclide *%Ga (t; = 9.49 h, 56.5% 3™,
43.5% EC) has been proposed as a PET imaging alternative to 58Ga.
5%Ga is of special interest because of its relative leng half-life which
makes it a suitable tracer for the study of long-term physiological pro-
cesses and labeling of macromolecules with slow pharmacokinetics
[15-17]. In addision, the most abundant positrons emitted by *°Ga
have a unigue high energy (Emay 4.15 MeV, mean range 7.6 mm in
tissue), which may also be useful for therapy [17]. :

At the intersection between treatment and diagnosis, interest has
grown in combining both paradigms into clinically effective pharma-
ceuticals. This concept, recently named as theranostics, is highly refe-
vant to agents that target molecular biomarkers of disease and is
expected to contribute to personalized medicine [18].

The aim of this research was to prepare, characterize and per-
form the preclinical evaluation and dosimetry of [®8Ga]DOTA-Glu-
leycio(Arg-Gly-Asp-D-Phe-Lys) |z {[**Ga]DOTA-E-[c(RGDAI)]2) in
order to evaluate its potential as a theranostic radiopharmaceutical
for molecular imaging diagnosis and targeted radiotherapy of a,fs
pver-expressing tumors. -

2. Materials and methods
2.1. Reagents

All reagents used were TraceSelect grade, and water employed (o
prepare seludons was of Milli-Q grade (18 MQ-cm) to ensure heavy
metal-free aqueous solutions. Ulirapure HCl HEPES and NH,OAc
(>99.999%) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Cation exchange resin (AG50W-X4, 100-200 mesh) was purchased
from BioRad (Hercules, CA, USA). Isotopically enriched *°Zn (98.72 %)
was obtained from Isoflex (Sam Francisco, CA, USA). DOTA-E-[c
(RGDAK)]; was purchased frem ABX advanced biomedical compounds
GenbH (Radeberg, Germany), and centrifugai filters (cetlulose,
30,000 MW cut off} and Millex-GV syringe flters (0.22 wm, PVDF,
33 mm} were obtained from Millipore (Bedford, MA, USA].

2.2, Cell lines and animal model

C6 rat glioma cell line was purchased from the American Type Cul-
sure Collection (ATCCW CCL-107, Rockville, USA), The cells were
grown in RPMI 1640 medium (Invitrogen, USA) supplemented withs
10% fetal bovine serum and antibiotics (100 mg/mi streptomycin} and
incubated at 37 °Cin an atmosphere with 5% CO». ‘

Experimental animals were handied observing the technical specifi-
cations for the production, care and use of laboratory animals stated in
the Official Mexican Norm NOM 0062-Z00-1999. Studies with mice in
this specific work were performed according to protocols approved by
the Research and Ethics Committee of the Facuity of Medicine, at the
National Autonomous University of Mexico (UNAM).

Female athyrnic Balb-C nu/nu mice (20-25 g) wege supplied by the
National Institute of Medical Sciences and Nutrition Salvador Zubiran
{INCMNSZ). Mexico City, Mexico. All animals were kept in a pathogen
free environment and fed ad lb.

C6 xenagrafts were induced by subcutaneous injection of 1 x 108
cells resuspended in 0.1 mi of phosphate buffered saline, in the dorsal
surface of the scapula. The sites of injection wese observed at reguiar in-
tervals for the appearance of tumor formation and progression, and
mice were used for in vive experiments when the diameter of tumor
reached about 0.5 cm. o

2.3. Gallium-66 production :
Galiium-66 was produced in a Siemens Eclipse HP cyclotroﬁ via the
870 (p,n) %®Ga reaction with 11 MeV protons as previously described
by Engle et al. [19]. Briefly, %6Zn was electrodeposited on Aubacking
and then irradiated for 10 to 20 min at a beamn current of 10 o 20 YA
Radicchemical separation was performed by ion exchange chromatog-
raphy using AG 50 W X-4 resin. The reactivity or effective specific activ-
ity of %5Ga was determined by titration of [*°GajGaCly with DOTA
{1,4,7,10-Tetraazacyclododecane-1,4.7,10-tetraaceic acid).

2.4, Preparation of {*°GaJDOTA-E-{c(RGDFG 12 :

For radiolabelling of DOTA-E-{c(RGDfK}]z, 25 W of the cm;jugated
peptide solution (400 pg/ml, 1% EtOH}, 25 ul 1.0 M HEPES {pH 7.0,
and 25 ul 0.25 M NH,OAc (pH 5.5), were mixed with 200370 MBqg of
56Ga stock solution (50 wl 0.1 M HCI) and incubated for 20 min at.
95 °C in a compact thermomixer {Eppendorf, USA) at 300 rpm {125
when needed, purification of the final product was performecil by SPE
using Sep-Pak C18 Light cartridges. The final product was sterilized by
passing through a 0,22 pm syringe filter (Millex-GV). The structural for-
mula of [*®Ga)DOTA-E-{c(RGDAI()L, is shown in Fig. 1 [20].

2.5, Radiochemical purity

The radiochemical purity (RCP) was determined by thin layer chro-
matography (TLC) using silica gel (SG) strips as stationary phase and 1:1
MeOH:10% NH4OAc (w/v) as mobile phase [21]. Evaluation of the TLC
plates was performed by autoradiography in a Cyclone ?Eus§Storage
Phosphor System {Perkin Elmer).

2.6. In vitro stability '

To determine the in vitro stability of {%%Ga]DOTA-E-| c(RGDIK) 5 in
physiological saline and serum, an aliquot {50 ) of the labetled com-
pound sotution was incubated at 37 "C with 1 mi of 0.9% NaCl and
fresh human serum. Radiochemical purity stability was evahjated up
to 24 h by TLC-SG as deseribed above.

2.7 Protein binding

 To determine serum protein binding of [$5Ga]DOTA-E-[c(RGDK) ]z,
and aliquot of the labeled compound (10¢ i) was incubated :at 37 °C
with 1 m of fresh hurnan serum up to 4 hours. After incubatioh the so-
fution was analyzed by ultrafiltration {30,000 MW). Protein;binding
was determined by mieasuring the activity remainingiin the
fiter, while the unbound [#Ga]DOTA-E-{c(RGDFK)]> passed through
the filter. ‘

2.8, MicroPET imaging

Mice bearing glioma C6 tumers were scanned after a tail vein injec-
tion of 20 4+ 0.5 MBq of [*°Ga]DOTA-E[ ¢ RGDIK)]; under isoflourane an-
esthesia (1-3%). PET images were acquired in a MicroPET Focus 120
(Concorde Microsystems, Knoxville, TN, USA) at different post injection
(pi.)times (0.5. 1,3, 5 and 24 h). Scan time was 20 min for im;ages ac-
quired at 0.5, 1, and 3 h p.i.. 30 min for images acquired 5 hip.., and
50 min for images acquired at 24 -h. After PET acquisitions animais
were sacrificed to perform the biodistribution studies. MicroPET images
were reconstructed using a 3-D ordered subset expectation rmaximiza-
tion {OSEM 3D) algorithm. :

2.9. Biodistribution studies

After PET imaging acquisitions, animals were sacrificed by cervical
dislocation at0.5,1,3, 5,and 24 h p.i. {n = 3 per time point), and tissues
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Fig. 1. Structural formula of the DOTA conjugated dimeric-RGE pepticle labeled with Ga isotope [20]

of interest {blood, brain, heart, lungs, liver, spleen, blander, kidneys
howel

B
musrla famnr and mmnrY were remaovesd immediztely and

The labeling vield of {55CaiDOTA-E-[c{RCDIK) ], was almost quanti-

tative ncine & & nnanl af the canineated nentida Trweac nheerved that a

1



112 V. Lopez-Rodriguez et al / Nucleer Medicine and Biology 42 (2015} 109-114

100

80

60+

RCP %

40

20

Time {h)
B |FGa|0OTA-E[¢(RGDK ) in Saline

T PGaiDOTA-E[C(RGDK)]
in Human Serum

Fig. 3. Stability studies showed high stability of [**GajDOTA-E-[c{RGDIK} ], np to 24 hin
human serum and phisiologicat saline.

clearance from blood and kidneys and high uptake in the liver and
spleen, which was consistent with biodistribution data.

Biodistribution data (%¥ID/g and %ID/organ) of [**GajDOTA-E-
[c(RGDIK}]; are shown in Fig. 5. High uptake was observed in organs
such as liver, kidneys, lung, spleen, heart, bladder, and muscle at early
times, but significantly decreased at 5 h p.i. Rapid blood clearance was
also observed, reaching a biood uptake of only 2.81 + 0.32 %ID/g at
1 h p.i. Uptake of [**Ga]DOTA-E-[c{RGDIK}], by the C6 tumor xenograft
indicated stable retention of the tracer with minimal wash-out up 1o
24 h. Tumor-to-muscle ratios (% ID/g) were 1.40 £+ 0.97 and 1.78 &
0.57 at 0.5 h and 24 h p.i.. respectively, while tumor-to-blood ratio
was 020 & 0.0% at 0.5 h, increasing to 1.97 £ 0.37 at 24 b p.i.

Fig. 6 shows the radiation absorbed doses normalized to unit
injected activity (mGy/MBq) and the tumor-to-tissue absorbed dose ra-
tios. As expected, the highest radiation absorbed dose was deposited in

24

B :
0.5h
1 h
c 3n
_5 24 h
= ;

Figz. 5. Biodistribution data for |*GalDOTA-E-{¢(RGDfK)}, in mice 0.5, 1. 3.5 and 24 hpi.
Results are shown 2s A) %ID/g (mean + $D) and B} £ID/organ (mean & SB).

the tumor (65.53 == 8.39 mGy/MBq), followed by the liver {48 06 +
17.01), kidneys (32.72 + 4.42), and spleen (27.2 4 7.29). The b1oioglca]
residence time for the C6 glioma tumors was 5.57 h.

Figr, 4. Coronal microPET images of [FGaJDOTA -E-{c{RGDA) L in nude mice bearing C6 tumor xenograft at G:5 h{A). 1k {B), 3 h (0.5 h (D} and 24 h (C) after injection of 20 & 0.5 MBg of

tracer under isoffouranc anesthesia. Acquisitien time was 20 min for A,B, and C};30 min for £, and 60 min for E.
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Fig. 6. A)Estimated radiation absorbed doses normalized (o unit injected activity and B) tunor-to-tissue absorbed dose ratios of [5%Ga|DOTA-E-[c{RGDIK)], in nude :1ice bearing C6

tumor xenograft,

4. Discusssion

During the past few years different muitivalent cyclic RGD peptide
conjugates have been used to target fumors over-expressing yf3s
infegrin receptors [25-39]; however, it has been demonstrated that

the dimeric conjugate is more suitable for both, imaging and therapeutic -

applications, Li et al. [34] showed that despite the fact that the tetramer-
ic peptide conjugate labeled with %3Ga had the highest tumor uptake, its
poor tumer-to-kidney ratio makes this compound less useful than the
dimeric and monorneric counterparts, It was also found that the dimeric
and monomeric peptide had similar tumor-to-kidney ratios but the
dimer had higher tumor uptake and a prolonged retention time, making
i more suitable than the monomer. On the other hand, Luna-Gutierrez
et al [25] investigated the potential of '"’Lu-labeled monomeric and di-
meric cyclic RGD peptides ([c(RGD{IC),) for the treatment of tumors
OVET-eXpressing o f3; integrins, In vivo evaluation in a mouse US7MG
xenograft model showed that ['7"Lu]DOTA-E-{c(RGDIK)]> kid a higher
uptale in tumor and a higher tsmor-to-kidney ratio than [*7/Lu]DOTA-

E-c(RGDIK), making the dimer more suitable than the monomer for.

therapeutic applications.

In this light we evaluated the dimeric conivgated DOTA-E-[c(RGDK) ],
labeled with ®5Ga to target tumors over expressing o s integrin
receptors. The glioma cell line used in this research was the €6 which
is known fo have a high tumor density of integrin o33 receptors on the
surface (1.51 % 10! number of receptors/mg protein} [28], making this
cell line a good candidate to evaluate theranostic applications with
peptides containing the amino acid sequence RDG, labeled with the
appropriate radionuclide. For imaging purposes, ®8Ga had shown to be a
suitable radionuclide as it can be easily obtained from a %5Ge/%%Ga
generator [29-32], while for therapeutic applications the beta emitter
177Lu is promising [ 34-37]. However, due 1o its decay scheme znd
the vnique high energy of emitted positrons, °°Ga has the potential
to serve a dual role in the development of agents for PET-molecular
imaging and radioimmunotherapy drugs for encology. Additionally,
high specific activity Ga, in enough quantity and quality for clinical
applications, can be efficiently produced in compact biomedical cyclo-
trons using enriched targer material, which is relatively inexpensive
(~2-3 USA dli/mg, "°Zn > 99%) {191

The most important feature of targeted radionuclide therapy is to
deliver a tumoricidat dose for tumor ablation, without compromising
other vital organs [38) The [$Ga)DOTA-E-[c(RGDFK)]; evaluated in
this research showed good pharmacokinetic characteristics with a refa-
tively stable tumor uptake and a rapid blood clearance. Dosimetry esti-
mations from our biodistribution data showed that critical organs siich
as liver, kidneys, and spleen can receive a considerable radiation dose
per unit injected activity, but in all cases the dose was lower than the
cne received by the rumor. Of particular interest in this research was

to determine the tumor-to-tissue ratios that better define tumor
targeting properties.

The 65 mGy/MEBq radiation absorbed dose normalized tojunit injected
activity determined in this research for {**Ga]DOTA-E-[c(RGDA]; In C6
tumors was significantly lower than the 230 mGy/MBq reported by
Luna-Gutierrez et al. [25] for ["77LujDOTA-E-[c(RGDIK)]> in USTMG
tumnors; however, the tumor-to-tissue satios reported in both cases
are very similar. Note that for comparison purposes the higher density
of integrin o, receptors on the surface of USTMG vs. €6 cells [28]
is compensated in some way by the higher specific activity of 7Lu
vs. %Ga |25]. These results suggest that [**GalDOTA-E-[c(RGDFK} 2
possesses potenliat for targeted radionuclide therapy of tumors over
expressing integrin o P receptors. Additionatly, we had ?shown that,
despite the high energy positrons emitted by ®®Ga, it is possible to get
good guality microPET-images.

Since [%5Ga|DOTA-E-[{RGDIK) |, combines imaging and radiothera-
Py in one preparation, it could be useful as a theranostic radiopharma-
ceutical for tumors over-expressing o f3; integrins.|To plan a
diagnosis/trearment scheme for an individuai patient, the diagnosis
and prospective radiation absorbed dose estimates couldbe made by
administering a tracer activity of the radiopharmaceutical and subse-
quently the larger ‘therapeutic activity. The quantitative patient-

specific dosimetry work-1p using a diagnostic dose before the thera-
peutic dose would be useful to identify cancer patients for whom the
treatment is most likely to be effective, eliminating those|patients for
whom it would be unsuccessful {“personalized medicine?). In agree-
ment with other radionuclide therapy protocols, positively charged
amino acids could be coinfused to reduce the radiopeptidl:a kidney re-
tention considering that the maximum toferated dose (MTD) for kidney

is 25 Gy, while for spleer and liver the MTD value is almos;t twice [39].

5. Conclusions

To summarize, 55Ga labeled DOTA-E-[c{RGDIK)], wis prepared
with high yield, specific activity and radiochemical {)u;ity. The
microPET imaging and bicdistribution studies showed high affinity
for the s integrin receptors, with rapid blood clearance; and the
radiatien absorbed dase estimation suggested sub-toxic doses to critical
organs. These results support the idea that {*°Ga]DOTA-E-[c{RGDA) |-
may be attractive as a theranostic agent for tumors over-expressing
o, f33 integrins. P
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ARTICLE INFO ABSTRACT |
\

The gastrin-releasing peplide receptor (GRP-r) is over-expressed in various human tumors. Recently
Received 24 Decernber 2008 99m T EDDA/HYNIC-Lys®-bombesin (2%°"Tc-BN) was reported as a radiopharmaceutical with specific cell
iii:;ﬁi ';ri“";fgé%’gm 1t April 2000 GRP-r binding and images in breast cancer patients demenstrated distinct radicactivity accumulalnon in
Available onlir?e 22 Agril 2000 ralignant tissue. The HIV Tat-derived peptide has been used to deliver a large variety of cargoes into cells.

Therefore, a new hybrid radiopharmaceutical of type 9MTc-N,S;-Tat(49-57)-Lys* -bombesin (““"‘Tcw?at-
BN} would increase cel! uptake. The aim of this research was to prepare and assess in vitro and m vive
juptake kinetics in cancer cells of " Tc-Tat-BN and to compare its cellular internalization with that of
S9MTe-BN, Structures of NaSz-Tat-BN and Tc{O)N2S2-Tat-BN were caleulated by an MM procedure. 99“‘Tc—
Tat-BN was synthesized and stabitity studies carried out by HPLC and ITLC-5G anaiyses in serum and
cysteine solutions. In vitro internalization was tested using human prostate cancer PC-3 celis and breast
carcinoma cell lines MDA-MB231 and MCF7. Biodistribution was determined in PC-3 tumnr—bearmg nude
mice. Results showed a minimum energy of 271 keal/mol for NzSz-Tat-BN and 300 kcalfmol fOl‘TC(O)NzSz"-
Tal-BN. 99mTe-Tat-BN radiochemical purity was >90%, In vitro studies demonstrated stability in serum and
cysteine solutions, specific cell receptor binding and internalization in three cell lines was sngmﬁcanti
higher than that of 9™ Tc-BN (p < 0.05). The tumor-to-muscle radioactivity ratio was 8.5 for 99mTe Tat-BN
and 7 for ™ Tc-8N, Therefore, this hybrid is potentially useful in breast and prostate cancer imaging-
© 2009 Elsevier BV. All rights reserved.
been extended to the study of other radiopeptides to target alterna-
tive cancer-associated peptide receptoss such as gas[rin—rele'asing
peptide, cholecystokinin, peptide ligands for integsin recept%)rs or
neurotensin. The improvement of radiopeptide analogues allows
specific clinical imaging of different tumor types, including breast,
prostate, intestine, pancreas and brain tumors {Ferro-Fiotes et al,
2006a; de Visser and Verwijnen, 2008).
The bombesin (BN) peptide was isolated from frog skm and

belongs to a large group of neuropeptides with many blologlcal

Articie histery:

Keywords:

Radiolabeled bombesin
Hybrid radiopharmaceutical
Pepride-receptor imaging
Tat-bombesin

1. Introduction

Molecular imaging is defined as the visualization, characteri-
zation and measurement of biological precesses at the molecular
and celluiar levels In humans and other living systems (Thakur
and Lentle, 2005). Cancer imaging techniques using radiotrac~
ers targeted to specific receptors have yielded successful results
demonstrating the utility of such approaches for developing specific
radicpharmaceuticals.

Regulatory peptide receptors are over-expressed in DUMerous
human cancer cefls. These receptors have been used as molecu-
lar targets for radiolabeled peptides to localize cancer tumors. The
useful clinicat results achieved during the last decade with somato-
statin receptor-expressing neuroendocrine tumor imaging, have

* Corresponding author at: Departamento de Materiales Radiactivos, [nstituto
Nacional de Invesligaciones Nucleares, Carretera México-Toluca SN, La Marquesa,
Ocoyoacac, Estado de México. OB 52750, Mexiro. Tel.: 452 55 53207200x3863:
fax: +52 55 53297306.

E-muil addresses: Terro Mores@yaitoo.comuank, guillermina.lferro@inin.gobax
{C. Ferro-Flores).

0378-5173/% - see front matter © 2009 Elsevier BV, All rights reserved.
doi:10.1016{j.ijpharm.2009.04.018

functions. The human eguivalent is the gastrin-releasing peptide
i
{GRP, 27 amino acids) and its receptors (GRP-1) are over-expressed
in the tumor cell membsane in an early stage of carcmogenesns {Lui
et al., 2003). GRP and BN differ by only 1 of 10 carboxy—{ermmal
residues and this explains the similar biotogical activity of thje two
peptides (Reubi, 2003). The strong-specific BN-GRP-r bindingiis the
basis for labeling BN with radionuclides (Baidoo etat,, 1998; La Bella
ct al., 2002; Varvarigou et al,, 2002; Smith et ai., 2003; Fam[uch et
al., 2005; Nock ef al,, 2005; Lin et al., 2005; Alves et al,, 2006; Zhang
et al., 2006a; Garcia-Garayoa et al., 2007; Kunstler et al,, 200’?)
99m T EDDA/HYNIC-lys3-BN  (%9™Tc-BN}  obtained |from
tyophilized kit formulations has been reported as a radiopharma=




o
p:

i Provided for non-commercial research and education use.
Not for reproduction, distribution or commercial uss.

This arficle appeared In a journal published by Elsevier. The attached

copy is furnished to the auihor for internal non-commercial research

and education use, including for instruction al the authors institution
and sharing with colleagues.

Other uses, including reproduction and distribution, or selling oy
licensing copies, or posting io personal, institutional or third party
websites are prohibitad.

In most cases authors are permitied to post their version of the
ariicle (e.g. in Word oy Tex form) io their personal website or
institutional repository. Authors reguiring furiher information

regarding Elsevier's archiving and manuscript policies ave
encouraged 1o visit:

hitp/wwwr.slsevier.com/copyright




76 C.L. Sentos-Cuevas et al. / International Journal of Phartnaceurics 375 (2069) 75-83

ceutical with high stability in human serum, specific cell receptor
binding and rapid internalization. Biodistribution data in mice
showed rapid blood clearance, with predominant renal excretion
and specific binding rowards GRP receptor-positive tissues such as
pancreas and PC-3 tumors (Ferro-Flores et al., 2006b). Images of
GRP-r expression in breast cancer patients demonstrated distinct
radipactivity accumulation in malignant tissue (Santos-Cuevas et
al,, 2008).

Targeted entry into cells is an increasingly important research
area. Disease diagnoses and treatment by novel methods would
be greatly enhanced by efficiently transporting materials to living
cell nuclei, Penetrating peptides are emerging as attractive drug
delivery tools. The HIV Tat-derived peptide is a small basic pep-
tide called “trojan horse" for successfully delivering a large variety
of cargoes into cells such as nanoparticies, proteins, peptides and
nucleic acids. The “transduction domain” or region conveying cell
penetrating properties appears to be confined to a small stretch
of basic amine acids with the sequence RKKRRQRRR and known
as Tat{49-57) (Koch et al., 2003; Dietz and Bahr, 2004; Deshayes
et al,, 2005; Zhang et al., 2006b; Hu et al.,, 2007; Jain et al., 2007;
Youngblood et al., 2007; Chen and Harrison, 2007; Cornelissen et
al., 2008).

Therefore, a new hybrid radiopharmaceutical of type ¥™Tc-
N, Sy-Tat{49-57)-Lys3-bombesin  (®9™Tc-Tar-BN) would signifi-
cantly increase cancer cell uptake and consequently image contrast
of cancer tumors and their metastases, improving sensitivity and
specificity of diagnostic studies in breast cancer.

The aim of this research was to prepare and assess in vitro
and in vivo uptake kinetics in GRP receptor-positive canicer cells of
9Mre-Tat-BN and to compare its cellular internalization with that
of 99MTe-BN.

2. Experimental

2.1. Design and preparation ofhybrld NySo-Tuat{49-57 )-Lys3-BN
peptide

Tat{49-57) peptide (H-Arg-Lys-Lys-Arg-Arg-GIn-Arg-Arg-Arg-
NH;) was conjugated to  Gly-Giy-Cys-Gly-Cys{Acm)-Gly-
Cys(Acm)—NHo to produce the Tat(49—57)-space; ~N,S; pepiide
(H-Arg! -Lys?-Lys3-Arg3-Arg3-Clnb-Arg” -Arg8-Arg?-Gly0-Gly -
Cys2-Gly3-CysM(Acm}-Gly P -Cysi®(Acm)-NH;). The sequence
ClyB3-Cys!9(Acm)-Gly 15 -Cys8(Acm}-NH; was added for use as the
specific N5 chelating site for 9™Tc {Fig. 1).

Lys3-bombesin (Pyr-Gln-Lys-Leu-Gly-Asn-GIn-Trp-Ala-Vla-Gly-
His-Leu-Met-NH;) was conjugated to maleimidopropyl {MPA)
through Lys? and the MPA group used as the branch position form-
ing a thioether with the Cys'? side chain of Tat(49-57)-spacer-NySz
peptide (Fig. 1). Synthesis, HPLC analysis, Mass Spectral Analysis
(MALDI), Amino. Acid Analysis (AAA) and peptide content deter-
mination were carried out in the Bachem Laboratories obtaining
a certified white powder product with chemical purity >90% and
molecular weight of 3775.5 g/mol (Bachem, CA, USA).

2.2, Molecuiar modeling

The N3 S2-Tat(49-57)-Lys3-BN peptide molecule was buili taking
into account valence, bond type, charge and hybridization, The min-
imum energies (Molecular Mechanics calculations by Augmented
MM3 procedure) and the lowest energy conformer (CONFLEX pro-
cedure) associated to the optimized geometry of its structure were
calcutated using the CAChe Pro 5.02 andjor 5.04 program pack-
age for windows®  Fujitsu Ltd., 2000-2001). Sequential application
of Augmented MM3/CONFLEX procedures yielded the most stable
conformers for the NpS;-Tat{49-57)-1ys3-BN and for Te(O)N2S;-
Tat{49-57)-Lys3-BN structures,

23, Technetium-99 {abeling of NoS;-Tat{49-57)-Lys*-BN

9WMTe. pertechnerate was obtained from a GETEC $9Ma/SMTe
generator (ININ-Mexico), All the other reagents were purchased
from Sigma-Aldrich Chemical Co., and used as received. |

Acetamidomethyl (Acm} groups deprotection and NZSZ-
Tat(49-57)-Lys3-bombesin labeling were accomplished in one step
by pertechnetate reduction with stanneus chloride in ammenium
acetate and sodium tartrate presence at room temperature. Allca-
linity (pH 9.5) was necessary to de-acetylate Cys“‘{/\cm)l and
Cys18 Acm) side chains of TAT(49-57 }-spacer-N, Sy peptide that are
essential for oxotechnetate binding (Bogdanov et al., 2001; Zhang
et al., 2006a,b).

One milligram of N2S,-Tat{49-57)-Lys*-BN was d]ssolved in
200 of injectable water (Pisa®, Mexico). Ten mlcromefs of
this solution were added to 25 pL of sodium 99“‘?c4pertecimetate
{185 MBq) foliowed by 7L of deprotection mixture (50 mg,’mL
sodivm rartrate in 01 M NH4OH/NH4CH3CCOH, pH 9.5) and
3p,L of reducing solution (0.5mg SnCly/mL in 0.05M HCI)

The final mixture was incubated for 20 min at room tempera-
ture.

2.4, Evaluation of M Te-NoS,-Tat{49-57)-Lys3-BN
(P9 fe-Tat-BN} radiochemical prrity

Radiochemical purity analyses were performed by instant thin-
layer chromatography on silica gel (ITLC-SG, Gelman Smences}
solid phase extraction (Sep-Pak C-18 cartridges) and reverse phase
high-performance liquid chromatography (MPLC).

ITLC-SG analysis was accomplished using 2 different mobile
phases: 2-butanone to determine the amount of free 99M7c0,~
(Rf=13 and 0.1 M sodium citrate pH 5 to determine %™ Tc- tartrate
and 9MTc0,~ (Rf=1). Rf value of the radiolabeled peptide injeach
system was 0.9.

The Sep-Pak cartridges were preconditioned with 5mL of
ethanol followed by 5 mL of 1 mM HCl and 5 mL of air. An aliquot of
0.1 mLofthe labeled peptide was loaded on the precondmoned Sep-
Pal cartridge followed by 5 miL of 1 mM HCl to efute free 93“‘Tc04
and M Te-tartrate. The radiolabeled peptide was eiuted with{3 mL
of ethanol:saline {1:1) mixture and the hydrolyzed-reduced 99mTe
or #MTe_colloid remained in the cartridge.

HPLC analyses were casried out with a Waters instru:ment
running Millennium software with both radioactivity and UV-
photodiode array in-line detectors and YMC OD5-AQ 55 column
{5um, 4.6 mm x 250 mm). The gradient was run at a f‘:ow rate
of 1mL/min with the following conditions: 0.1% trifluoroacetic

acid (TFA)/water (solvent A} and 0.1% TFAfacetonitrile (solvent
B). The gradient started with 100% solvent A for 3min, cixanged
to 50% solvent A over 10min, was maintained lor 10 min,
changed o 30% solvent A over 3min and finally returned to
100% solvent A over 4min, In this system retention time:s for
free S99 Tc0;~, and PV Tc-Tat-BN were 3—4 min and 10-10.5 min,
respectively.

2.5, Serum stability

Size exclusion HPLC analysis and a ITLC-SG were used to esti-
mate serem stability of 59%7Tc-Tat-BN, A 50 L volume of labeled
peptide solution (0.5 pgf50 k) was incubated ar 37-°C with; 1 mL
of fresh human serum. Radiochemical stability was de[em:)ined
from samples of 10w taken at different times from 20 min to
24 h for analysis. A shift of the HPLC radioactivity profile to hzgher
molecular weight indicates protein binding, while 10wer—molecu|ar
weight peaks indicate labeled catabelites or serum cyQ teine
binding.
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TAT(49-57)
(H-Arg-Lys-Lys-Arg-Arg-Gin-Arg-Arg-Arg}

Fige. 1. General scheme of the N2 Sz-Tat{49-57)-Lys*-BN hybrid peptide,

2.6. Cysteine challenge

99mTe-Tat-BN was tested for instability towasds cysteine. A fresh
cysteine solution was prepared {10 mgfmLin 0.1 M PBS, pH 7.0) and
diluted to different concentrations. Then 10 L of each cysteine
solution was mixed with 90 L of 20 pM of the fabeled peptide
solutions. The molar ratios of cysteine to peptide were 5:1, 50:1
and 500: 1. Each test tube was incubated at 37 °Cand radicchemical
purity analyzed 1 h later by ITLC.

2.7, Preparation of ®*"Tc-EDDAJHYNIC-Lys®-BN (**™Tc-EN)

As previcusly reported, a Iyophilized formulation conlaining
HYNIC-Lys?-BN, EDDA, tricine, and stannous chloride was prepared
(Ferro-Flores el al,, 2006D). The radiolabeling procedure was car-
ried out by adding 1 mL of 0.2M phosphate buffer pH 7.0 to the
freeze-dried kit formulation and immediately 740-1110 MBq (1 mL)
of M Te-pertechnetate followed by incubation in boiling water for
15 min. Radiochemical purity was also evaluated by reverse phase
HPLC and [TLC.

2.8 In vitro kinetic studies

2.8.1. Ceil lines

Human prostate cancer cell PC-3 line and human breast carci-
noma cell lines MDA-MB237 and MCF7 were originally cbtained
from ATCC {USA). The celis were routinely grown at 37°C, with
5% CO, atmosphere and 100% humidity in RPMI medium supple-
mented with 10% newborn calf serum and antibiotics (100 pg/ml.
streptomycin).

2.8.2. Internalization assay and non-specific binding

PC-3 or MDA-MB231 or MCF7 cells supplied in fresh medium
were diluted to 1 x 108 cellsftube and incubated with about
200,000 cpm of ¥ Te-BN (0.3 nmol total peptide) or $9M Te-Tat-BN
{0.3 nmol rotal bombesin} in triplicate at 37 °C for 0.083, 2, 4,6 and

Lys?:Bombesin

(Gly-Gly-Cys-Gly) (Cys(Acm}-Gly-Cys(Acm))

SPACER  Tc CHELATING SITE (N,S;)

24 h. The test tubes were cenirifuged (3 min, 500 g), washed twice
with phosphate buffer saline (PBS), and the activity of the cell pellet
determined in a crystal scintillation well type detector. Radioactiv-
ity in rhe cell pellet represents both externalized peptide (s'urface
bound) and internalized peptide. An aliguot with the initial a?:tivity
was Laken to represent 100%, and the cell uptake activity was then
calcufated. i

The externatized peptide activity was removed with 1ml of
0.2 acetic acid/0.5M NaCl solution added to the resuspjenc[ed
cetl pellet. The test tubes were centrifuged, washed with PBS, re-
centrifuged, and pellet activity was considered as internalization.
‘The cell pellet was re-suspended with 1M NaQH to break up the
membranes, centrifuged and washed with PBS. The supernatant
activity represents cytoplasm uptake. Non-specific binding was
determined in parallel but in presence of 10 LM Lys*-BN (Bachem-
USA) {blocked receptor ceils).

2.8.3. Statistical analysis ;
Differences between the in vitro cell data for BN-
radiopharmaceuticals were evaluated with the Student t-test.

2.9, Biodistribution studies

Biodistribution and tumor uptake studies in mice were carried
out according to the rules and regulations of the Official Mexican
Norm 062-Z00-1999.

Healthy 6-weele-old Balb-C mice were used for biodistribu-
tion studies. 9MTe-Tat-BN, 111 MBg {(30pCi) in 0.04mL was
injected in a rfait vein. The mice (n=3) were - sacrificed at
0.25 05, 2, 4 and 24h post-injection. Whole heart, lung,
liver, spleen, pancreas, kidneys, intestines, muscle, bon;e and
blood samples were saline rinsed, paper biotted and placed
into pre-weighed plastic test tubes. The activity was  deter-
mined in a well-type scintillarion detector (Cenberra) along
with six 0.5mL aliquots of the diluted standard representing
100% of the injected activity. Mean activities were used {0
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obtain the percentage of injected activity per gram of tissue
% 1A[g.

2.9.1. Tumor induction in athymic mice

Athymic male mice (20-22g) were kept in sterile cages with
sterile wood-shavings bed, constant temperature, humidity, noise
and 12:12 light periods. Waler and feed (standard PMI 5001 feed)
were given ad libitum.

Prostate tumors were induced by subcutaneous injection of PC-3
cells {1 % 105} resuspended in 0.2 mL of phosphate-buffered saline,
into the upper back of four 6-7-week-old nude mice. Injection sites
were observed al regular intervals for tumor formation and pro-
gression.

2.9.2. Imaging

The nude mice with the implanted tumors were sacrificed and
scanned with a gamra camera with a pinhole collimator 2h after
98M7e-Tat-BN or 99" Tc-BN administration in the tait vein (3 MBq in
.04 ml.). Finaily, complete dissection was carried out to determine
percentage of injected activity per gram ol tissue % 1A/g as described
above.
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3. Results

3.1, Design of {Acm)zSaNz-Tat-Lys® -bombesin and
Te(0)SaNy-Tat-Lys? -bombesin by semiempirical calculations

A good molecular modeling yields structuses which are similar
to those obtained experimentally. However, this similarity could
be affected by the size, charge and mobility of the melecule, é.g. in
the case of big and charged peptides. Without forgerring this fact,
the hybrid NaSy-Tat{49-57)-Lys® -BN peptide (Fig. 2A)was d_esi'gned
using semiempirical calculations to investigate the feasibility!of its
formation. The minimum energies of its most stable structuré and
conformer were 271 and 233 kealj/mol, respectively. w

The technetium-oxo complex formed with this hybrid peptide
was also modeled considering two well-known facts of this} type
of chelating site: (1) the two terminal thiols Sy(Acm), are able to
be ionized by removing the acetamidomethyl protecting gl';oups
{Canmey et al,, 1993; Bandoli et al, 2001}, (2) the amide groups eas-
ily undergo deprotonation (Bandolietal., 2001). Then it is expected
that the chelating site yields a [NzS3}*~ ceordination around the
[Te(O)}3* core forming this way a negative charged five-coordinate

complex. Based on the latter, the motecule of the ITCD(NQSJ)]“-

Fig. 2. {A) The most stable conformer of the medeled N2Sy-Tat(49-57)-Lys3-BN hylrid peptide molecute using CONFLEX. (B} The most stable conformer of the modeled

Te(0)Nz$2-Tat{45-57)-Lys?-BN hybrid peptide motecule using CONFLEX. The expanded geometry of the Tt 0) chelate: [Tc{0IN2 5217 is given for clarity.
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Table 1

Bond distantces of the calculated Te{0)-N3Sz-Tat-Lys3-BN complex using Augmented MM3 and CONFLEX semiempirical procedures.

Bond distance ratio

Compound Geometry “Bond distances {A}

(P9 TFe~{ N, S, DADS]! Squace pyramid? T¢-N1: 2.002 Ry =1.009
Te-N2: 1.984 Rs=1.006
Te-$1: 2,300 TeN2/TcO=1.180
Te-52: 2.286 TeS1/{Tc0=138
Te=0: 1.667

HEOTE{ 0)-{ N2 52 )" -Tat-Lys? - BN Distorted square pyramid Te-N1: 2.314 Ry=1.003
Te-N2: 2.308 Rg=1.003
Te-51: 2.618 TcN2{TeO =104
Te-52: 261 TcS1/Fe0 =119
Te=0:2.210 |

* By X-~ray diffraction {Canney ct al., 1993),

TAT(49-57)-Lys3-BN peptide complex was calculated (Fig. 2B) using
the most stable conformer of the hybrid peptide molecule. The min-
imum energy of the optimized structure was 300 kcal/mol and that
of the most stable conformer equal to 262 kcaljmol. In Table 1 are
given some geemetrical parameters of this complex.

3.2, Evaluation of %™ Tc-Tat-BN radiochemical purity and stability

The results obtained by ITLC, Sep-Pak and HPLC analyses showed
2 mean radicchemical purity for 9MTc-Tat-BN of 92 + 2% (n>30)
and remains stable after 24 h without post-iabeling purification
(Fig. 3). The average specific activity was 14 MBg/nmol. After 1h
in human serum the radicchemical purity remained >50% and
decreased to 82% and 65% after 3 and 24D, respectively. Protein
binding was 36.4 2.7 at 2 h without MTc transchelation to cys-
teine (Fig. 4). After incubation with 5:1,50:1 and 530:1 molar ratios
of cysteine to peptide, ITLC analysis revealed that the radioactivity
dissociated from #"™Tc-Tat-BN was 7%, 16% and 41%, respectively,
indicating adequate radiopharmaceutical stability towards cysteine
present in blood.

3.3, In vitro uptake

The i vitro results showed an important uptake in the three
cancer cell lines PC3, MCF7 and MDA-MB231 which is inhibited
significantly by pre-incubation with coeld bombesin (Table 2). In
general cell binding in blocked cells was less than 3% of total activity
for 29mTc-BN and less than 9% for %M Tc-Tat-BN in all celt lines and
during all rimes, This confirmed in vitro specificity of both radio-
pharmaceuticals for GRP receptors found in cell membranes of the

Radioactivity

] —— Afler labeling
oo ] — p.{eparaﬁﬂﬂ
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400 -
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Fig: 3. Reverse phase HPLC radiochromatograms of %M Te-N;S,-Tat(49-57 }-Lys?-BN
after labeling. and 24 h after preparation (kept at room temiperature).

three cell lines due to the fact that both compounds contain BN.
However, the hybrid 9™ Tc-Tat-BN shows a higher uptake (p <0. 05)
due to Tat's capacity to internalize the molecule into the cytoplasm
and even into the nucleus {(Costantini et al., 2008).

Internalization increase of %M Tc-Tat-BN compared with that of
8IMTc-BN in the cell lines is shown in Fig. 5, demonstratmg that
the hybrid peptide has the ability to penetrate the cell membrane.
Maximum internalization is reached in PC3 and MCEF7 cells between
2 and 4 h after incabation. However MDA-MB231 cells showed a
distinct pattern where cellular internalization reaches a max;mum
during the first few minutes decreasing with time. |

The percentage activity in cytoplasm of the total internal activity
(Fig. 6) shows a great difference between both radiopharmaceu-
ticals. Moest of 99™Tc-BN remains in the cell membrane while
9OmTe Tat-BN is reieased in the cytoplasm, where it can be internal-
ized into the nucleus because of its amine acid nuciear Iocallzatlon
sequence (NLS) (Costantini et al., 2008). |

3.4. Biedistribution and imaging
i

99MTc.Tat-BN biodistribution is shown in Table 3. Renat eXCre-
tion is predominantly observed but hepatobiliary clearance is also
present. GRP-r receptors are naturally expressed in lungs Show-
ing radiopharmaceutical uptake (Shriver et al., 2000). However
pancreas shows higher uptake than non-excretory organs such as
spleen, muscie and even lungs because of its GRP-r expression,
indicaring that BN acts as the targeting vector.

TTe-Tat-BN
1.0 min

FIrdtEreeaves

¢-Blood preteins

6.5 min \ .

Elnnd‘prolelni‘_’
6.2 min

Tat-8N Peplide I

/ 10.7 min

Cysleina

/11.4 min

Btood proleins

4.9 min \

UV absorbance or radioactivity (arbitrary scale)

[ ' s 10 5 20 25 30
Time {min}
Fig. 4. Size-exciusion HPLC, Solid line represents the UV-chrozatogram (280nm)

of human serum profeins and dotted line the radiochromatogram of "NTe-N;S;-
Tat{45-57)-Lys*-BM 2 h after incubation in human serum ac 37+C.
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Table 2
OMTe N, S, -Tat(49-57 J-Lys? -BN ("W Te-Tal-BN) and 29m T EDDAMHYNIC-Lys?-BN (™ Te-BN) cell uptake in different cancer cell lines (% of total activity £5D).

Time (1) PC3 MCF? MDA-MB231
W Tat-BN N Te. BN 88T Tat-BN Bom T BN 9T TaE-BN ool pN
C.083 22,01 + 2.08 10.29 + 1.47 19.27 £ 3.55 783 £ 071 2433 + 2.82 5.M 'i .28
1 2143 £ 2.9 ' 8.58 + 0.59 1743 £ 113 6.70 £ 045 15.43 &+ 1.30 548 i 0.21
2 24.88 £ 212 12,85 £ 0.90 18.27 £ 234 $.97 + 0.92 15.98 % 1.07 ' 5.06 4: 0.57
4 28.10 £ 3.86 17,62 £ 1.86 1315 £ 127 748 + 0.30 1440 1+ 1,78 4.36 4 0.39
G 2543+ 1.79 9.63 + 0.47 12,65 + 0.94 798 4 0.22 13.60 + 0.96 4,19 + 0.52
24 2381 £ 1.53 £.21 1 0.64 12.30 + 116 232 +0.49 14,24 + 0.34 343 % 0.27
Table 3 i
Biodistribution af %MTc-N; §3-Tat(48-57)-Lys*-BN in heaithy Balb-C mice ar different times after radiopharmaceutical administration (n =3 in each rime).
Tissue % IAfg (mean + 5D} |
0251 0.5h 2h 4h 24h |
Biood 781 + 2.62 G6.02 % 2.59 112 £ 0,17 1.0C % 0,03 .07 :L 0.02
Hearr 243 4 078 1.62 + 0,63 .33 £ 007 ) 0,32 £ 0.03 0.00 + 010
Lungs 2.68 £ 0.04 2,26 = 0.44 0.60 = 0.08 0,56 = 0.04 .05 i 003
Liver 491 + 1.57 3.97 £ 170 203 £ 604 231 £ 032 0.52 & 047
Spleen 128 3 040 0.80 030 0.35 + D.05 0.55 £ 047 0.23 + 0.07
Pancreas 2.80 & 1.01 . 2651077 187 £ 0.11 1.43 £ 0.24 : 0.21 +0.04
Kidneys 16.87 + 4.85 22,99 + 8.57 29.02 4278 27.72 £ 218 845 £ 0.81
intestine 3.70 L 149 11,30 L7273 206 1L 0.33 . 205 1 0.98 017 £ 0.08
Muscie 147 + 0.26 128 + 0.70 0.58 4: .23 0.43 £ 014 0.03 £ 002
Bone 244 +0.79 1.74 + Q.60 0.42 £ 005 0.78 4: 0.26 019 :&: 017
Table 4 shows hiodistribution in mice with induced PC-3 tumors.  cera, highlighted the 90 Te-BN and 99MTe-Tat-BN uptake in tumor

Tumorto-blood, fumoi-to-muscle and pancreas-to-blood ratios for PC-3 cells (Fig. 7). The tumor/muscle ratio obtained from image
9OMTc_BN were 4.4, 7 and 8.2, respectively, and 3.2, 8 and 1.4 counis per pixel corresponding to M Tc-BN was 7 and for #MTe-
for 99MTc.Tat-BN correspondingly. In vivo images showed a clear Tat-BN was 8.5, demenstrating a minimal difference between the
tumor uptake and a dissection process to elisninate internal vis- rwo. i
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Fig. 5. Time dependent internalization of OM TN, §; -Tat{49-573-Lys?-BN (*?Tc-Tat-BN) and omTe-EDDAJHYNIC-Lys3-BN (M Te-BN) in (A) PC3, (B) MCF7 and {C) MDA-
ME231 cancer cell lines. ' .
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Table4

Biodistribution in nude mice with indeced PC-3 tumors 2 h after administration of
R N, 8o -Tat(49-57 }-Lys? ~BN (*™Tc-Tal-BN) (n =3} or 99mTe_EDDAHYNIC-Lys®-
BN (9" Tc-BN) (=3}

Tissue %1Afg (mean £5D}

95T BN BT Tat-BM
Biood 0.40 4 0.03 122 £ 016
Heart 0.25 4 002 043 +90.08
Lung 0.50 - 0.04 0.54 & 0.07
Liver 0,85 & 0.04 2.14 + 0.05
Spleen 0.40 £ 0.05 0.42 £ 0.04
Pancreas 329+ 027 169 £ 012
Kidney 2354+ 121 2812 1218
Intestine 085012 1.56 4 D.23
Muscle 0,25 £ 0.03 0.48 £ 0.05
Tumoyr 1.75 £ 0.1 3.84 £ 0.25

4. Discussion

The mininnm energies of the calculated hybrid peptide are ade-~
guate for its molecular structure since the large size, complexity
and high chasge of this peptide impose steric and electrostatic
repulsions against its stabilization at lpwer mipismum energies.
However, the comparison of its minimusm energy (271 kcalfmol}to
those reported for cther calculated structuves of smaller charged
peptides like UBI(29-41} (Melendez-Alafort et al, 2003), Tat-Scr
{Ferro-Flores et al., 2004). 90 and 72-50 lecalfmol, respectively, sug-
gested that the hybrid peptide has to be stable. In addiiion, the
conformation acquired by the peptide molecule does not interfere
with the recognition capability of BN. These facts supperted the
proposal ¢har the preparation of the hybrid peptide has to be'viable
and the specificity maintained.

[TCO(N;S,)]1-Tat(49-57)-Lys®-BN peptide structure acquired
in the chelating site a distorted square pyramidal geometry
with the oxo group at the apical position of the pyramid and
Te about the center of the plane formed by the N;S; donors
{see expanded segment of the molecule, Fig. 2B). This ghome—
try has been found by X-ray diffraction for other five-coordinate
Tc{0} complexes neutral or charged compounds like negatively
charged five coordinate Te{O)N252 complexes (Bandoli et a}.‘!z{}m ;
Canney et al, 1993). The minimum energy of this complex does
not differ significantly from that of the hybrid peptide before
coordination to {Tc(0)1**. This evidence together the geomjetrical
arrangement acquired by the complexed hybrid peptide (Fig. 28)
demonstrate that the recognition capability of the pepfide is
little affected by the faormation of the Te{O)N2Sz complex.! How-
ever, the stability of the {Tc(QI(N,S:3]~? chelate irself could be
affected.

In general 2™Tc-Tat-BN did not show the excellent radio-
chernical characteristics as that previously reported for 9-‘3“'|‘"1"C—BN
(Ferro-Floves et al., 200Gb), since the first one showed slightly
lower radiochemica} purity (>95% for 98mTc.BN) and lowf:r sta-
bility in cysteine and hurman serum. These results were expected
since HYNIC core with additional co-ligands has demonstrated
to be highly stable for labeling peptides (Liu and Ediwards,
1999; Decristoforo et al, 2000). Nevertheless, the technetium-
binding region consisting of Gly-Gly-Cys-NHy or Cys-Gly-Cys-NH;
peptide (to form 2 —NpSa— or ~M3S— ligand) has been suc-
cessfully used o prepare stable complexes with the Tc=03+
core producing minimum alteration of the molecule ibioac—
tivity in agreement with results obtained in this research
(Bogdanov et al, 2001; Francesconi et al, 2004; Zhang et al.
2006b). '
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&)

Fig. 7. Uptake of (A) ¥™Tc-Np$y-Tat(49-57)-Lys-BN (¥ Tc-Tat-BN} and (8} 9IMTC_EDDAHYNIC-Lys*-BN (¥™Tc-BN} in tummor PC3 cells in athymic motse 2h after radicphar-
maceutical administration (mice with dissection of internal viscera to highlight tamor uptake).

98mTe_Tat-BN binds to plasmatic proteins approximately 20%
more than ¥™Tc-BN. These data indicate that in spite of the fact
that both radiopharmaceuticals contain BN and are labeled with
99T, the positive charges of Tat due to arginines and lysines con-
tained in ifs amino acid sequence, tend to interact faster and in a
strong way with proteins, besides that it is not targeted fo a spe-
cific receptor (Costantind et al,, 2008; Cornelissen et al., 2008} This
cationic property is necessary to penetrate the cell membrane and
jocalize the nucleus {Drin et al, 2003), but these characteristics
can have an effect in blood elimination rate by binding to plasmatic
proteins as well as increasing interaction and internalization in cells
and healthy tissue (e.g. plasmatic cells, spleen and liver), Although
cancer cell uptake was significantly higher for 9" Tc-Tat-BN with
respect to S9MTc-BN, the higher activity in blood for the first one
did not produce a very high increase in the contrast of turor image
in mice (Fig. 7). .

The maximurn uptake of both radiopharmaceuticals was pre-
sented at the same times in all cancer celis, in PC3 at 4 h {%*™e-BN,
17.62 + 1.86%: 99 Tc-Tat-BN, 28.1 4 2.86%), in MCF7 at 2h (%MTc-
BN, 8.97 +0.92%; 59MTc-Tat-BN, 18.27 £ 2.14%) and in MDA-MB231
at5 min (¥MTc-BN, 5.91 - 0.26%; #°MTc-Tat-BN, 24,33 £ 2.82%) with
differences only attributed so GRP-r cell expression. In this point it
is important to mention that although MCF/ and MDA-MB231 ase
both breast cancer cell lines, the frst one is estroger-dependent
and the latter is estrogen-independent, and it has been suggested
that the GRP-T expression is estrogen-dependent in the early stages
of breast carcinoma {Halmos et ai., 1995). The elimination of the
radiopharmaceuricals in the following times is due to the fact that
the internaiization process of the ligand/GRP-1 complex involves
lysosemes final trapping upon binding, where, in the case of the
peptides, are guickly degraded. Due to this immediate lyscsome
degradation, ne radioactivity accumulation in cells was expecied
(La Bella et al, 2002).

Receptor proteins in ceils are considered targets in molecular
nuclear medicine. In general cell internalizafion was receptor spe-
cifie with 99MTe-BN and in the 92MTe-Tat-BN case 9% of total activity
was noa-specific as demonstrated uptale results in GRP-r blocked
celi experiments because of Tat nuclear localizing sequence (NLS)
(Costantini et al., 2008},

Iy this work the nucleus of the cytoplasm was not separated
to quantify nuclear internalization. Nevertheless it was considered
necessary to carty out this test with the purpose of estimating cel-
lular dosimetry because of *?MFc-auger electron emission.

Biodistribution studies showed a stow blood clearance for %9 Te-
Tat-BN, the contrary was observed in non-target organs, however,
maximum uptake was observed in kidneys indicating principal

renal excretion, These results coincide with %™ Tc-BN biodistri-
bution studies where excretion is mainly renal and uptake in
non-target organs was lower with faster blood clearance. Neverthe-
less hoth radiopharmaceuticals showed good tumor focalization for
PC3 cells in athymic mice. However 9™ Tc-Tat-BN showed a slightly
better tumor/muscle ratio of 8.5 compared to 7 for POMTc-BN.:
High 99MTc-Tat-BN uptake in Kidneys and in non-target c1gans
shows the need for an improved method for reducing radioactivity
background which could be done by the co-administration ofacold
Jysine-arginine infusion as previously reported for other peptide-
radiophasmaceuticais (Bodei et ai,, 2003). s

5. Conclusions

98T N, S, -Tal(49-57)-Lys3-BN has been developed as a hybrid
radiopharmaceutical composed of a penetrating peptide witl: spe-
cific targeting moiety (Tat conjugated to BN) producing a stable
Tabeted molecule abie to overcome the lypophilic cell membrane
barrier with higher internalizations in GRP-receptor positive cancer
cells with respect to 9 Te-EDDA/HYNIC-Lys®-BN. Therefore] this
hybrid is potentially useful in breast and prostate cancer imnaging.
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Abstract: The gastrin-releasingpeptide receptor (GRP-1)is overexpressed in breast and prostate cancer, and Lys’-bombesin is a péptide
that binds with high affinity 1o the GRP-r. HIV Tal{49-57) is a cell-penctrating peptide that reaches the DNA. in cancer celis, " Lu s:hows
efficient crossfire effect, while™™Te that is intemalised Lo cancer cell nuclei acts as an effective system of targeted radiotherapy because
of the Auger and IC clectzon emissions near the DNA. The aim of this rescarch was to prepare a multifunctional system of {"'Lu-
and "™ Tc-labelled gold nanoparticies (AuNPs) that were conjugated to Tat(49-57)-Lys -bombesin (Tat-BN) and to evaluate the radiation
absorbed dose to GRP receptor-positive PC3 tumours that were induced in mice. Cys-Gly-Cys-Tat-BN (CGC-Tal-BN), 1,4:7,10-
tetranzacyclododecane-N' N" N"'-tetraacetic-Gly-Gly-Cys (DOTA-GGCandhydrazinonicotinyi-Phe-Cys-Phe-Trp-Lys-Thr-Cys-Thr-ol
(HYNIC-TOC) peptides were cenjugated to AuNPs to prepare a multifunctional system by means of a spontaneous reaction ol the thiol
groups of cysteine. TEM, UV-Vis, XPS and Far-IR spectroscopy technigues demonsirated that AuNPs were functionalised with peptides
fhrough interactions with the-SHgroups, The”™Tc labelling was performed via the HYNEC-TOC ligand, and the"Lu labelling wa$ per-
formed through DOTA-GGC. The radiochemical puritywas 96 +2%. The 7Lu-absorbed doseper injected activity that wasdelivered to
the PC3 tumonrs was 7.9 Gy/AMBq, and the "™ e absorbed dose that was delivered to the nuelei was 0.53 Gy/MBq, The '"Lu/?" Te-
AuNP-Tat-BN system showed properties suitable for a targeted radienuctide therapy of tumours expressing GRPreceptors due to tﬁue en-

ergy deposition from f-emissions and the Auger and [C ¢lcetron emissions near the DNA.

Keywords: '""Lu-gold nanoparticles; radiolabelled gold nanoparticles; radiolabelled Lys3~bombesin-Tat(49-57)_: targeted radioth{arapy; Pmre.

gold nanoparticles.

1. INTRODUCTION

The objective of targeted radiotherapies for cancer is to deliver
a maximum radiation dosc to tumours in a selective and localised
manner, thereby generating a therapeutic cffect through the energy
deposition from charged particle emissions. The radionuclide'”"Lu
has a haiflife of 6.71 d and a Bnwemission of 0.497McV (78%),
andit has been successfully used for radiopeptide therapy with an
efficient crossfive effect in cancer celis {1-4]. At the single-cell
level, short-range charged particles, such as internal conversion
{IC) electrons and Auger electrons, Impart a dense jonising energy
deposition pattern that is associated with an increased radicbiologi-
cal effectiveness [5]. The®™ Tc that is internalised in cancer cell
nuclei acts ag an effective system of targeted radiotherapy because
of the defivery of Auger energy (0.90 keV/decay) and IC electron
encrgy (15.40 keV/decay) near the DNA [6].

The gastrin-releasingpeptide receptor (GRP-r) is overexpressed
in breast and prosiate cancer. Lys’-bombesin is a peptide that binds
with high affinity to theGRP-r [7-9}. Current chalienges include
conjugating biomolecules with cell-penetrating peptides and/or
nuclear localisation peptide sequences (NLSs) io promote their
internalisation and routing to the ceil nucleus. Tat{49-57) is a pep-
tide derived from thetransactivator of transcription protein of the
HIV-1 virus that has a membrane translocation domain and an NLS
glO,ll]. Recently, Santos-Cuevas ef al. {12,13] reported that the
Mo Tat(49-57)-Lys -Bombesin (" Te-Tat-BN) was a new hybrid
radiopharmaceutical that was internalised imto the nuclei of prostate
and breast cancer cells.

#Addsess correspondence Lo this author at the Departamento de Maleriales
Radiactivos, Instituto Nacional de Tnvestigaciones Nucleares, Carretera
Mexico-Toluca S/N,, La Marquesa, Oceyoacac, Estado de México,, C.P.
52750, México, Tek + (52) {55)-53297200 cx1. 3863; Fax: + {52) (53)-
53297306; E-mail: ferro_flores@yahoo.com.mx;
geillermina.ferro@inin.gob.mx

1573-4137/12 $58.08+.00

Several studies have demonstrated that conjugating peptides to
gold nanoparticles {AuNPs) produces biocompatible and stable
multimeric systems with target=specific molecular recognition [14-
24]. Peptides can be conjugated o one AuNP by aispontaneous
reaction of the AuNP surface with a thiol {cysteine) lor an amine
[T6, 25]. :

The aim of this research was to prepare a multifunctional sys-
tem of ""Lu- and *™Tc-labelled gold nanoparticles (AuNPs) that
were conjugated to Tat(49-57)-Lys -bombesin ('"’Lu/*"Tc-AuNP-
Tat-BN) and to evaluate the radiation absorbed dose 10GRP recep-
tor-positive PC3 tumowrs that were induced in mice.

2. MATERIALS AND METHODS :

Reagents. N N-dimethylacetamide (DMA), tert»b;uiyl bromo-
acetate, N,N-diisopropylethylamine (DIPEA), diisoprlopylcarbodi—
imide (DIC), dimethylformamide (DMF),dichloromethane (DCM),
2-(1H-benzotriazole-1-y1)-1,1,3,3~tetramethyluronium - hexafluoro-
phosphate (HBTU), hydroxybenzotriazole (HOBt),Fmoc-cys-Tri-
OH, Fmoe-gly, 20-nm gold nanoparticles and other reagents were
purchased from the Sigma-Aldrich Chemical Co. and used as re-
ceived.Rink Amide MBHA was obtained from Novabiochem.

2.1. Synthesis of Peptides -
2.1.1. Tat{49-57)-Lys’-bombesin (Tat-BN) ;

The Tat(d9-57) peptide (H-Arg-Lys-Lys-Arg-/—l\rg-GlnnArg-
Arg-Arg-NH,) was conjugated to Gly-Gly-Cys-Gly-Cys(Acm)-
Gly-Cys(Acm)-NH; to produce the Ta{49-37)-spacer-GCGC pep-
tide (H-ArgI-Lysz-Lst-Arg“-Args-G]nﬁ-Arg -Argtearg®-Gly 0.
Gly''-Cys'%-Gly-Cys"(Acm)-Gly®-Cys'*(Acm)-NHz). The se-
quence Gly'*-Cys' - Gly'*-Cys'® was added for use as the specific
chelating site by theAuNPs Fig. (1. The Lys3-bombesin (Pyr-Glo-
Lys-Leu-Gly-Asn-Gin-Trp-Ala-V1a-Gly-His-Leu-Met-NH2)  was
conjugated to a maleimidopropyl moiety through Lys', and the
maleimidopropyl group was used as the branch position to form a
thioether with the Cys'* side chain of the Tat(49-57)-spacer-GCGC

© 2012 Bentham Science Publishers
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Tal{49-57)
{H-Arg-Lys-Lys-Arg-Arg-Gln-Arg-Arg-Arg)

peptide Fig. {1}. The synthesis, high-performance liquid chromatog-
raphy (HPLC) analysis, matrix-assisted laser desorption/ionisation
mass spectral analysis (MALDI), amino acid analysis and peptide
content determination were carried out in the Bachem Laboratorics
(Bachem, California,USA) to ultimately obtain a certified white
powder product with a chemical purity of more than 90% and a
molecular weight of 3779.5 g/mol.

2.1.2. DOTA-GGC (1,4,7,10tetraazacyclododecane-N'\N",N'"'-
tetraacetic-Gly-Gly-Cys)

DO3A-tris-tertBu ester:Tert-butyl bromoacetate (24.52 g, 0.12
moi) in DMA (50 mL) was added dropwise to a stimed DMA sus-
pension (100 mL) containing cyclen {7.22 g, (.04 mol) and sodium
acetate (10.31 g, 0.12 meol) at 0°C. ARer the addition, the reaction
mixture was stirred at room temperature for 2 days. Water (Milli-Q
grade) was added until all solids were dissolved, yielding a light
yellow solution. The pH of thesolution was adjusted to 9.0 by the
addition of Na,COs, and a precipitate was formed. Then,KBr (7.25
g) was added, and the resultant suspension was stined for 2 d;
which was followed by theaddition of ether (5 mL). The obtained
white solid was filtered cut,added to a 3 M NaOH solution {aque-
ous phase) and extracted with dichloromethane (2x, organic phase).
The organic extrast was then dried over anhydrous ¥,CO; and fil-
tered, and the solvent was evaporated on a rotary evaporator, yield-
ing a light yellow oil 16.42 g (roaction yield=76%). The resulting
product had the following properties: TH NMR (200 MHz, CDCl3):
5 1.45 (94, s, 'but), 1.46 (18H, s, ‘but), 2.92 (4H, sa, N-CHy-CHa-
N)), 3.11{12H, sa, N-CH,-CH,-N), 3.29 {2H, s, N-CI1;-CO), 3.38
(4H, s, N-CH,-CO) and"*C NMR (30 MHz, CDCl,): 8 28.2, 283,
47.6, 50.8, 52.33, 57.2, 80.8, 80.8, 171.2, 171.34. ES-MS
[M+H]+=516 (Cale. 516).

a
NH o Hit
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Fig. (1). General scheme of the T at{49-57)-Lys*-Bombesin (Tat-BN) hybrid peptide conjugated to gold nanoparticles.
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DOTA-GGC: The peptide was synthesised on Rink Amide
MBHA {(with a 0.64 mmol/g resin load) at'a 0.14 mmol tscale. The
resin was placed in a peptide reaction vessel and swelled in DMEF.
Aminoacids were attached by using single-step couplings with 5
equiv. of Fmoc-amino acid, 4.9 equiv. of HBTU and HOB, and 6
equiv. of DIPEA in DMF in the order Fmoc-Cys-Tﬂ-QH, Fmoc-
Gly and Fmoc-Giy for 2 b each. Fmoc removal was performed by
shaking the resin with 20 % piperidine in DMF for 30 min after
aminoacid coupling. The resin was thoroughly washed with DMF
after each step. The reaclion progress was monitored by a ninhydrin
test. After the last aminoacid couplingresin was treated with a DMF
solution containing 2 M bromoacetic acid and 3.2 M DIC in DMF,
the coupling was performed in a microwave oven set to deliver 10%
pawer (2 x 15 5). After washing the resin with DMF, the reaction
vessel was treated with DO3A-tris-tertBu ester (2.64 g, 5 mmol)
and DIPEA. (0.76 g, 6 mmol) in DMF, and the coupling jwas again
performed in the microwave oven as desoribed above.j Once the
peptide synthesis ended, the resin was washed with DMFE|and DCM
and dried under a vacuum. Beads were then treated with a 95 %
TFA, 2.5 % triisopropylsilane, and 2.5 % water mixtureifor 2Zhto
remave the side chain protection groups and the peptide fiom the
resin. The resin was filtered out, and the acid from the fﬁltrate was
removed under a nitrogen flow. The residue was dissolved in 0.1 %
TFA, and the product was purified by HPLC with a gradient of
water/acetonitrile containing 0.1 % TFA from 95/5 to 80/20 over 35
min and lyophilised. Sixty milligrams of the peptide wa_'s obtained
{reaction yield=60 %) with the following properties:iy =4.4 min
andm/iz (MALDI) miz=621.12 [M+H] (calc. 621.68). |
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2.1.3. HYNIC-TOC Lyophilised Formulations

The ITYNIC-TOC peptide conjugate (hydrazinonicotinyl-D-
Phe-Cys-Tyr-D-Trp-Lys-Thr-Cys-Thr{ol}; MW [170.29 g/mol} was
synthesised by PiChem (Graz, Austria) with a purity > 98 %, as
analysed by reversed phase HPLC (RP-HPLC) and mass spec-
trometry.

HYNIC-TOC lyophilised formulations were prepared as de-
scribed by Ocampo-Garciaet et ol [26]. Briefly, 0.5 mg of HYNIC-
TOC was dissoived in T mL of 10% ethanol,which was then added
to a solution of EDDA-Tricine-Mannitol that had previously been
prepared by mixing 1g of EDDA (cthylenediamine-N,N-diacetic
acid), 2 g of tricine (N-tris-fhydroxymethyl]-methylglycine) and 2 g
of mannitel in 97 mL of sterile apyrogenic water while stirring over
low heat. Subsequently, 2 mL of a freshly prepared stannous chlo-
ride solution (1 mg/mL in 0.012 M I1C1) was added under a nitro-
gen atmosphere. The mixture was sterilised by membrane filtration
(Miflipore; 0.22 um), and 1.0 mY. was dispensed into pre-sterilised
serum vials and Iyophilised for 24 h.

Additionally, 100 mI of a 0.2 M phosphate buffer solution, pH
7. was prepared under aseptic conditions and sterilised by mem-
brane filtration (Millipore; 0.22 pm). A total of 3 mL of phosphale
buffer was dispensed into pre-sterilised serum vials and stored at
4°C. ‘

2.2. Conjugation of Peptides to the AuNPs

A 5-pM solution of Tat-BN, DOTA-GGC or HYNIC-TOC was
prepared using injectable-grade water, and 0.05 mL of the solution
was added to 1 mL of the AuNP solution (20 nm;6.99x10'' parti-
cles/mLywhile stirring for 5 min. Under these conditions, an aver-
age of 215 molecules of Tat-BN. DOTA-GGC or HYNIC-TOC
were aftached per nanoparticle (20 nm; surface area = 1260 nin’ and
37,000 surface An atoms). The above peptides were also conjugated
to the 5-nmdizmeter AuNPs (Sigma-Aldrich; 32107 particles/mL
with a surface area = 79 nm” and 951 surface Au atoms) under the
same conditions, and it was estimated that 5 peptides were conju-~
gated per AuNP. ‘

2.3, Chemical Characterisation of the AuNP-peptide Conju-
gates

2.3.1. UV-Vis Spectroscopy

The absorption spectra from 400 Lo 700 am were obtained with
a Perkin-Elmer Lambda-Bio spectrometer using a l-cm quartz cu-
vette. The nanoconjugates were measured by UV-Vis spectroscopy
to monitor the shift in the AuNP surface plasmon band (520 nm).

2.3.2. X-ray Photoelectron Spectroscopy (XPS)

The XPS spectra of AuNPs, DOTA-GGC-AuN?, HYNIC-
TOC-AuNP and AuNP-Tat-BN were acquired on a K-Alpha
Thermo Scientific spectrometer that was equipped with aMgI, X-
ray source {1233.6 eV). The source was operated at 10 kV/20 mA
and calibrated using Au 4fy, (84.0 eV) and Ag 3dsp (368.2 eV}
from foil samples. The samples were introduced into the vltra-high
vacuum (UHV) chamber of the spectrometer {5 x 10? torr) and
measured at 24°C (room temperature). The spot size of the beam
was 100 pm. The pressure did not change during the analysis, and
20 scans for Aun 4f were performed with an energy step size of 0.1
eV. The binding energies were referenced to the Cls peak at 284.3
eV. A Shirley background was subtracted from all of the spectra 1o
perform peak fitting with a symmetric Gaussian-Lorentzian sum
function (SpecSurf software).

2.3.3. Far-Infrared

The far-infrared specira of the AuNP-conjugates were acquired
on a Perkin Ehner spectrometer (Spectrum 400) with an ATR plaf—
form (Diamond GladiATR. Pike Technologies) using attenuated
total reflection Fourier transform infrared (ATR-FTIR) spectros-
copy from 200 to 300 cm™,
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2.4. Preparation of """ Lu-DOTA-GGC

A 5-ql, aliquot of DOTA-GGC (1 mg/mL} was diluted with 50
pi. of 1M acctate buffer at pH 5, which was followed by the addi-
tion of 7 uL of the 'LuCly (~370-MBq, >3 TBg/mg, IRE, ELIT,
Belgium) solution. The mixture was incubated at 90°C in a dlock
heater for 30 min. All solutions were prepared using deionised wa-
ter. A radiochemical purity >98 % was verified by TLC silica gel
plates (aluminium backing, Merck). Ten-centimetre strips were used
as the stationary phase and ammonium hydroxide:umethanol:water
(1:5:10) was used as the maobile phase to determine the amount of
free 7""Lu (R=0) and '"Lu-DOTA-GGC (R=0.4—0.5). The radio-
chemical purity was also determined by reverse phase HPLC on a
C-18 column (u-Bondapack C-18, Waters) using the ‘Waters Mil-
lennium system with an in-line radioactivity detector and a gradient
of waterfacctenitrile containing 0.1 % TFA [rom 93/5 to 20/80 over
35 min at 1 mE/min {7LuClstg=3 min; '"La-DOTA-GGC tz=16
min). 5

2.5. Preparation of ™ c-HYNIC-TOC

The **™Tc-pertcchnctate was obtained from ia GETEC
Mo/ Te generator (ININ-Mexico). The ¥ Te-EDDAHIYNIC-
TOC was prepared by adding | mL of 0.2 M phosphate buffer, pH
7.0, that was followed immediately by 4 GBq (1 mL) of mTe-
pertechnetate to the HYNIC-TOC frecze-dried kit formulation,
which was then incubated at 92°C for 20 min in a dry block heater.
A radiochemical purity >95 % of **"Te-HYNIC-TOC iwas verified
by ITLC-SG (Gelman Sciences, Pali Corporation, Port Washington.
New York, USA) analyses using three mobile phases, 2-butanone to
determine the amount of free *™TeOy (Re=1) 0.1 M sodium cit-
rate, pII 5, to determine > Te-EDDA and ***1¢0,” (Rg=1); and a
1:1 (v/v) methanokl M ammonium acetate Solutimf] for *™Te-
colloids (R=0), andthe Ry values of the radiolabe!le:d peptide in
these ihrec systems were 0.0, 0.0 and 0.7-1.0, respectively.

2.6. Preparation of the ""Lu/”"Te-AuNP-Tat-BN: Multifunc-
tional System :

To 1 mL of AuNP (20 nam or 5 am), 0.025 mL of Tal-BN (5
uM: 108 moleculcs per 20-nm nanoparticte and 2 molecules per 5-
nmAuNP} was added that was followed by 25 uL (50 MBq) of
BT HYNIC-TOC (0.063 pg of peplide; 3 x 10" miolecules; 43
molccules per 20-nmAuNP and 1 molecule per S-nmAuNP) and 3
pL (18.5 MBa) of '"Lu-DOTA-GGC (0.25 pg of peptide; 1.89 x
10" molecules; 270 molecules per 20-nmAuNP and 6 molecule per
5-nmAuNP) with stirring for 5 min to form the Y 0P Te-AuNP-
Tat-BN system Fig. (2). No further purification was performed.

Additionally, """Lu " Te-labelled AuNPs were iprepared  as
desoribed above but without the Tat-BN for comparative i vive
studies. The”*™Te-Tat-BN was also prepared as previously reported
[12]. i

The number of peptides per nanoparticle was corroborated by
UV-Vis titration of peplides (8 pM) using increasing céncentrations
of gold nanoparticies {from 0 to 1 nM), as previously 1‘cfportccl [21].

I

2.7. Radiockcmical Purity

Size~cxclusion chromatography -and ultrafiltration were used as
radiochemical control methods for the final radiopharmaceutical
solution. A 0.1-mL sample of '"Lu/"Tc-AuNP-Tat-BN was
loaded into a PD-10 column, and injectable water was used as the
eluent. The first radicactive and red eluted peak (3.0-4.0 mL) cor-
responded to the radiolabelied AuNP-Tat-BN. The fice radiola-
belled peptides appeared in the 3.0-7.0 mL eluted [raction, and
P50, and' " LuClremained trapped in the column miatrix. Using
ulirafiliration (Centricon YM-30 regenerated cellulose| 30,000 MW
cut-off: Millipore, Bedford, MA, USA), the ' Lu/”"I'e-AuNP-Tat-
BN remained in the filier, while free *™TelEYNIC-TOC, "'Lu-
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Fig. (2). Overall scheme of the multifunctional system of '"Lu- and PmTedabelled gold nanoparticies (AuNPs) conjugated to Tat(49-57)-Lys -bombesin

"L/ Te- AuNP-Tat-BN),

DOTA-GGC, ""LuCly and ®™T'cO,” passed through the filter. The
activity was determined by using a well-type scintillation detector
{Canberra), and the radiochemical parity (% R.P.) was estimated as
foliows:

AcTiviy in the fiiter

tA.F= Y108

Activity i the filter + Activity i the fultered solution ’
In the radio-HPLC size exclusion system (ProtcinPak 300SW,
Waters; [ mL/min with injectable water), the tps for the
77 0" Te-AuNP-Tat-BN, " Te-HYNIC-TOC, '"Lu-DOTA-
GGC and P"TeQ, were 4.5-3, 8, 7.8 and 11 min, respectively.

2.8. Biological Evaluation .
2.8.1. Cell lines

The human prostaie cancer cell line PC3 was originally ob-
tained from the American Type Culture Collection (USA). The
cells were grown at 37°C with a 5% CO; atmospherc and 100%
humidity in RPMI medium supplemented with 10 % newborn calf
seram and antibiotics (100 pg/mL streptomycin).

2.8.2, Animal Model

. Tumour uptake and biodistribution studies in mice were carried
out according to the rules and regulations of the Official Mexican
Norm 062-Z00-1999.

Athymic male BALB/c (nu/nu) mice (20-22 g) were kept in
sterile cages with sterile wood-shavings for bedding al a constant
temperature, humidity and noise level and a 12:12 light:dark period.
Water and food (standard PMI 5001 feed) were given ad libitum,
2.8.3. Tumour Induction in Athymic Mice

Prostatc tumours were induced by a subcutaneous injection of

PC3 cells (1 X 10% resuspended in 0.2 mL of phosphate-buffered -

saline into the backsides of 6- to 7-week-old nude mice. The sites of
injection were inspectedat regular intervals for tumour formation
and progression. The type and size of the tumours play an important
role in the radiopeptide uptake; therefore, after 9 days, only the
mice with tumours between 0.5 and 0.6 g were usedtodecrease the
biological variability.

2.8.4, Biodistribution

Athymic mice with induced tumours received the'7Lu” ™ Te-
AuNP-Tat-BN (0.05 mlL; ~2.5 MBq of *"Tc and ~1 MBq of
7 u:AuNP=3 nm) by intratumoural injection. The mice were sac-
vificed at 0.5, 1, 3, 24, 48, 72 or96 h (n=3 at cach time point) after
the radiopharmaceutical administration. The whole heart, spleen,
pancreas, liver, lung, kidneys and tumour and samples of the blood,
intestines, bone and muscle were rinsedwith salinc, blotted with

paper and placed into pre-weighed plastic test tubes. The activity
was determined in a well-type scintilfation detector (Canberra)
along with 3 x 0.5-mL aliquots of the diluted standard {7/ Lu/”"Te-
AUNP-Tat-BN, 0.05 mL; ~2.5 MBq of *"Tc and ~1 MBq of '"'Lu),
which represented 100% of the injected doss, to obtain the activity
corrected by decay. Mean activities were used to obtas’:n the per-
centage of injected dose per gram of tissue (% ID/g) or % ID per
organ.

A blocking siudy was performed in three mice with PC3-
induced tumours. One hundred microlitres (0.1 mM) of unlabelled
Lys*-bombesin {Bachem) was intraperitoneally administered one
hour before theintratumouralinjection (n=3) of 177 M- AuNP-
Tat-BN (0.05 mL; ~2.5 MBq of ***T¢ and ~1 MBq of 'Lu), and
complete dissections were performed 1 h after the radiopharmaceu-
tical administration, as described above. .

The " Luf™Tc-AuNP and”™Te-Tat-BN were also adminis-
tered by an intratumoural injection in athymic mice with PC3-
induced tumours, and complete dissections were perforrﬁcd at 1,3
or24 h after the administration (n=3). '

2.8.5. Biokinetic Model and Radiation Absorbed dose Estimation

The percentages of the injected dose at different t?es in the
liver. kidney, spleen and tumour were used to erive the
0" Te-AuNP-Tat-BN time acfivity curves that were‘j corrected
for decay [q;}.(ﬁi = A4{£)e*"] and that represent the ‘biclogical
behaviour in each organ. The Ay (t) functions were thenobtained for
"M 4,061 = gg(t)etenmtm] and BET

At =g x(t1e~HTe=wmT] separatelyand then were integrated

over time to give the total number of disintegrations {(N)of each
radionuclide in the sourcs regionsnormalised to the unit of adminis-
tered activity (MBq) (Table 2). X

f=oo

Nsoufcc = J Ah (f)dt ( 1)
=0

The absorbed dose of the organs was evaluated according to
equation 2; :I
}_)mrgct ¢ SDURe — Z Nsoun:c X DF!nrgcl &~ scu:cc 1 (2)

SHIrces

where Dy uc coue 15 the mean absorbed dose to a target organ

from a sourcs organ and DPFuget « souce 15 a dose factor ({equation
3). -




Multifunctional Targeted Radiotherapy System

Dot s = 3 APt o somes (3)
i

The A, term is the mean energy emitted per disintegration for

the various i-type radiations (i-type emissions,Zfz,.E; ). The
@, lerm is the absorbed fraction that is dependent on the properties

of the i-type emission and the size, shape, and separation of the
source and target organs. DF values were calculated as reported by
Miiler et al. [27] using the beta-absorbed fractions in a mouse
mode! as calculated by two Monte Carlo radiation transport codes,
MCNP4C and PEREGRINE (voxel-based).

2.9. Statistical Analysis

Comparisons between groups in the blocking assay and for
tumour uptake were made using Student’s t-test (significance was
defined as P < 0.03). ’

3. RESULTS

UV—Vis speetroscopy. The 20-nm AuNP spectrum showed a
surface plasmon resonance (SPR) at 520 nm, and the 5-nm AuNPs
exhibited an SPR at 523 nm, A red shift to 522 nm or 524 nm for
the 20~ or 5-nm AuNPs, respectively, was observed in the HYNIC-
TQC-AuNP, DOTA-GGC-AuNP and AuNP-Tat-BN spectra due to
changes in the refraction index and the surrounding dieleciric me-
dium as a consequence of the interactions between the peptides and
the AuNP surfaces [28].

XP spectroscopy. The AuNP spectrum Fig. (3) showed two
main peaks that corresponded to the binding energies (B.E.; eV) of
electrons in the Au 4f orbitals at 87.5 eV (Audfsn) and 83.8 eV
(Andfz), with a characteristic difference of 3.6 ¢V and an intensity
ratic of 3:4 between the two peaks. The AuNP-Tat-BN deconvo-

“"’GD} HY RIC-TOG-AUNP
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luted spectrum Fig. (3} displayed a peak at 84.7 eV, with a positive
shift of 0.9 eV with respect to the Au 46, of the AuNPs. The peak
that correlated with the Au 41, orbital appeared at 88.4 eV. The
HYNIC-TOC deconvoluted spectrum reveals positive shifts at 87.9
eV (Audfsn) and 84.3 eV (Audfyp) with respect to the jAuNDs. The
otbital enesgies of the Au-Au or AuNP {Au”) and Au-S (Aauth
bonds are related to changes in the oxidative states (Au’ to Au*'}:
therefore, a shift of the electron-binding energies to higher values in
the AUNP-Tal-BN and HYNIC-TOC-AuNP is an intrinsic property
of the interaction between the gold core etectrons and!the peptides
[28]. The XP spectrum confirms thai the AuNP-Tat-BN bond has
an important covalent character thatstabilises it becausé only a neg-
ligible amount of other species is found. In the XP-spectrum of the
DOTA-GGC-AuNP, the shift of electron-binding energies to higher
values bud with a Jow intensity indicates (at more than one type of
interaction of the NH; {belonging to the amide group) with the Au—
surface or the citrate-Au is possibly occutring, with the NI, groups
also potentially forming hydrogen bonds. There was no difference

between the 5-nm and 20-nm AuNP-conjugate spectra.!

Far-IR spectroscopy, The AuNP-Tat-BN, DOTA-GGC-AuNP
and AuNP-TOC showed a characieristic band at 279+ 1 cm’,
which was assigned to the Au-S bond [29] Fig. (4). However, the
DOTA-GGC-AUNP band at 278 cm” is of low resolution with re-
spect to that of the AuNP-Tat-BN at 280 em™, whichisupports the
idea that the Au-S bond in the DOTA-GGC-AuNP conjugate is net
the only type of interaction with AuNP. In agreement with previous
reports, at least three main peaks of the va,g were found in the
range of 200-280 em”’, which was attributed to multiple adsorption
sites [29, 30}. There was no difference between the 3-nm and 20-
nm AuNP-conjugate specira. ;

The radiochemical purity of the I Te- AUNP-Tat-BN

rultifunctional radiopharmaceutical was determined by size exclu-

8437,
s+ 838

g

o T

8000 4 DOTA-GGC-AUNP
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Fig. (3). The XPS spectra of AuNPs, AuNP-Tat-BN, DOTA-GGC-AUNP and HYNIC-TOC-AuNP. The experimental bands are represented b'y dotted lines.

and the deconvoluted experimental bands are represented by soiid fines.
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Fig. {(4). The far-infrared spectra of AuNP-Tat-BN, DOTA-GGC-AuNF and HYNIC-TOC-AuNP. The characteristic band at 279 + 1 cm™that is ass gneci to the

Au-S bond can be observed.

sion chromatography and ultrafiliration to be 96+ 2 %. No further
purification was necessary, and after 8 d, the radiochemical purity
decreased to 93 + 3 % at room temperature (20°C). Previously, we
had demonstrated that radiolabelled gold nanopatticles conjugaled
to peptides were stable in human seram [20,21]. -

Biodistribution studies showed that over 40% of the
17 P To-AuNP-Tat-BN remains in the tumour 24 h after the
intratumoural administration (Table 1). The specificity was con-
firmed by a receptor blocking study, in which a previous injection
of Lys’-bombesin significantly diminished (P<0.05) the activity in
the tumours, pancreas and intestine (Table 1) thereby demonstrating
an ability to target in vivo GRP receptor-bearing celis. A recent
studyfound that more than 300,000 bombesin receptor sites per cell
are available in themouse pancreas-and that prostate tumour PC3
cells have 44,000 receptor sites per cell [24]. The significant but
minor uptake in the liver, intestine and bone could be related to the
biological variability.

Tumour uptake of the Lo/ Te. AuNP-Tat-BN multifunce
tional system was significantly higher than that of the '""Lu/*"Tc-
AuNP or *"Tc-Tat-BN Fig. (5). The '""Lu/"Tc-AuNP accumula-
tion (27.32 £2.89 % at 1 h) in PC3 tumours was related to a passive
uptake. Passive targeting depends on the accumulation of AuNPs in
the tumours due to extravasations through leaky blood vessels (gaps
- 100-800 nm), but with the conjugation of Tat-BN to the AuNPs,
the tumour uptake was significantly increased (58.43 £ 6.19 % at
1h). The significant difference in turnour uptake results (27.32 %
vs. 58.43 %) was due toactive targeting, suggesting that a specific
GRP receptor was recognised.

1% Te-Fat-BN
70 . =] L Te-AuNP
65 L™ T c-AuNP-Tat-BN
&0 -
85~
50:
45 -
40 -
36

Uptaka (%)

Time (h}

Fig. (5) Tumour uptake of ®Tc-Tat-BN, "'Luf*Te-AuNP: and 1 uf
Mo AUNP-Tat-BN at 1, 3 and 24 h after intratumoural administration.
*Statistically significant difference (P<0,05) vs. "Lu/™ Te-AuNP-Tat-BN.

The' 7" Lu/ ™ Tc-AuNP-Tat-BN showed a biological| residence
time of 80.6 h (Table 2). The radiation absorbed doses from '"'Lu
and *™T¢ to the tumour after normalisation to the unit of adminis-
tered activity were 7.90 = 0.95 Gy/MBq and 0.07 £ 0.01] Gy/MBq,
respectively. The absorbed doses to the kidney, liver and spleen
were(,80 + 0.11, 0.18 + 0.04 and 0.49+ 0.09 Gy/MBg, respectively.
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Table 1. The biodistribution in mice with PC3-induced tumours after an intratumoural administration of **"Te- and YL u-labelled
gold nanoparticles conjugated to Tat(4‘)-57)—Lys3~Bembcsin, which is expressed as a percentage of the injected dose per
gram of fissue (% ID/g™) or a percentage of the injected dose per organ (%I} (mean + 8D, n=3}.

TISSUE Unhlacked Biocked"
0.5h 1h 3h 24 h 48 h 72h 926 It 1h
' B]cod1ur 0964017 037 +0.02% 0464007 0.04+0.03 0.03+£0.02 0.04+0.02 0,02+0.02 2.07 +£0.98%
Heart" 0.24 4 0.09 0.18£0.06 0.10+0.08 0.00+0.00 .00 0.00 0.00 4 0,00 0.00+£0.00 093017
Lung” 076+0.13 0.51+£0.09 0,23 £0.04 0.05+0.02 0.01 £ 0.01 0.00=0.00 9.00 +0.00 1.24 £0.06
Liver' 232x0,16 2374018 2,59 +0.04 123 £0.42 0984023 0.93+£027 1.04+£0.18 3.96+0.28
Pancreas” 0.10:*:6.05 i.46£021 118014 0.88+0.26 0.69+0.12 018=0.09 011004 083010
Spleen’ 021005 ‘0.98:1:0.17 179034 0.94 4064 0710318 0244008 025 +0.11 037022
Kidneys" 5.01+0.23 3.14£0.12 4.90+0.10 1.98£022 1234015 065+0.10 0.87+0.09 5.13+1.03
Inlcsiinf:++ - 027014 0.78 +£0.0% - 052+0.14 038013 022011 0.0640.05 0.07+0.01 039015
Muscle++ 0.34+0.03 : 0.12£0.01 0.07+0.02 0.00 0,00 0.00£0.00 0.00+ 0,00 0.00£0.00 068012
Bone++ 0.9 0,.01 0.16=0.06 0.05+003 0.00+0.00 .00 £0.00 0.00£0,00 0.06 £ 0,00 0.67 £ 021
PC3 Tu- .
mour'{Average | 63.13£12,92 58.43+6.19* 49.22£3.92 43,73+4.07 35.854+3.83 31.58+4.12 27.69+3,19 36.1945,04%
mass=0.5 g}

*Btocked with an additional inframmoural cold Lys™-Bombesin blocking dose 1 h prior to the administration of I - AUNP- Tat(49-57)-Lys'-Bombesin (o determing the non-

specific binding of the radioactivity.
*Significant difference {P< 0.05) between unblocked and blocked GRPreceptors.

In apreement with Santes-Cuevas er al. [13], 4,696,423
PC3cells were calculatedto form a 0.5-g tumour. After a 1IMBq

administration of P™Te-AuNP-Tal-BN, the activity per cell would-

be 0.213 Bg/eell, and using the biokinetic subcellular model previ-
ously reported (Table 2; 2.49 Gy/Bq [13]), the radiation absorbed
dose to the PC3 cell nuclei was estimated to be 0.33 Gy per MBg
administered into the tumour. Nevertheless, immunofluorescent cell
images and kinetic studies on the intemalisation of the multifunc-
tional system in PC3 tumour cells have to be accomplished.

4. DISCUSSION

Gold nanorods and silica-gold nanoshells were shown to be
useful as photo-absorbing agents in photothermal therapy due to
their strong and tunable linear absorption in the NIR region where
tissues are optically transparent [31,32]. However, compared to the
above nanosiructures, spherical gold nanoparticles are particu-
larlyappealing because of the easy methods for their synthesis and
bioconjugation. Eibialy et al. [33] demonsirated irreversible thermal

tumour damage for subcutaneous Ehrlich carcinomas in mice vsing
sphericat gold nanoparticles irradiated with a fow-power argon
laser. The use of goid nanospheres in: photothermal cancer therapy
can alse be performed using short NIR laser puises to generate 2
second harmenic or a two-photon absorplion process |34]. Second
harmonic generation converts the NIR photons into visible phoions
{400 nm) that are absorbed by the gold nanospheres through the
surface plasmon absorption and the electron inter-band transition
from the d band Lo the sp band with the consequential conversion of
their epergy into hcat. NIR photons could alse be divectly absorbed
and converted into heat through a nonlinear two-photon absorption
process duc to an aggregated alignment of nanoparticles bound to
the cancer celis [34]

The goal of radiotherapy with internal emitters is to deliver
therapeutie doses to a tumour without affecting healthy organs. The
cffectiveness of a radiopharmagentical is a function of the absorbed
dose (the mean energy imparted by ionising radiation to the matter
or a wmit of mass) and the total absorbed-dose rate that is delivered
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Table 2. wammmnAmmmmucﬁ”mwmm”ﬂrMMMdGmaNmmmmdmcmw@mdme@mﬂﬂqﬁmmmml
(Lo Te-AuNP-Tat-BN) in PC3tumoursthat Were Induced in Mice,Which was Normalised to the Unit off Adminis-
tered Activity :
J qr, {t}di J Ah (.f) dt Absorbed
Nuclide Biolinetic model Y o dose(Gy/MBq)
Biological resi- -(Total disintegra~
dence time (h) tions)
- tqy(d) = 22,5705 L 40, 347000 06 -
.t Ap(t) = 22,5010 £ 49, 3-001 . 1.714E11 7.90 4 0.95
(Tumocur) .
9oy A8 = 22, 571 L 49 3,01k . '1.548E10 0.07 2001
(Tumour)
BDmTc
(Cell ou- Au(f) = =091, g-U6B 4 54 4,000 L g3 9032 - 17826 2494 0.01%
clens™) {Gy/Bgibound to
thelcell)
*‘?.Fs':t:l “activity corrected by decay, biclogical behaviwrlq*gf:f:‘ = A4{te R
*Data reported by Santos-Cuevas ef af, 2011

to the tumour and to the normal tissues. The dose and its rate de-
pend on the injected activity, the kinetics of uptake, the clearance of
radicactivity within the tumour and the normal tissues/cells and the
physical properties of the radionuclide (t)}q:& of radiation, range of
the emitted particles, ete.) [35]. In the YT P Te-AUNP-Tat-BN
multifunctional system reported in this work, the beta particle
("""Lu) and the Auger electron (**™ T} emitters were readily conju-
gated onto gold nanoparticles with a molecular recognition for
GRPreceptors. The linear energy transfer (LET) from beta particles
is low, and they traverse several millimetres to deposit their energy
over hundreds of cancer cells within the dimensions of the tumour.
However, for microscopic tumours, micrometastascs or single can-
cer cells, the low LET of beta particles is inefficient in causing
lethal DNA damage or killing cells. In this case, the high LET of
the Auger electrons near DNA is more efficient in producing lethal
effects in the range of several nanometres. The ir vitro and in vivo
absorbed-dose assessments for the dual-labeiled muitifanctional
system indicate a high potential for radiotherapy of tumours, mi-
crometastases and individualcancer cells because the '"Lu ab-
sorbed dose per injected activity delivered to the PC3 tumours was
7.9 Gy/MBq and the *"Tc absorhed dose delivered to muclei was
0.53 Gy/MBa.

In addition, Berry ef al. [36] demonstrated that 5-nm nanoparti-
cles pass through the plasma membrane and achieve nuclear entry,
while larger 30-nm particles are retained in the cytoplasm, which
suggests that nuclear internalisation is blocked via the dimensions
of the nuclear pore. Therefore, the L To-AUNP-Tat-BN
(5 nm) radiopharmaceutical could be a multifunctional system that
is useful for the identification of malignant tumours and metastatic
sites during treatment (SPECT imaging), for targeted radiotherapy
(high B-pariicleenergy delivered per unit of targeted mass and
Auger and internal conversién electron emissions near DNA) and
for photothermal therapy (localised heating). However, for thera-
peutic purposes, NPs have to be administered by an intratumoural
injection or via a selective artery to avoid a high uptake by organs

of the reticuioendothelial system because of the colloidaf— nature of
the nanoparticles. An injection of the multifunctional systlem into an
artery of the affected organ would allow for a high uptg‘zke toa tu-
moar, possible micrometastasesorindividual cancer cells. Studies on
the toxicity, therapeutic efficacy and those to evaluate the potential
of Y"Lu/ " Te-AuNP-Tat-BN for photothermal cancer therapy arc

in progress.

5. CONCLUSIONS ‘

A multifunctional system of '""Lu- and gE‘"“'.Fr;—labfclied zold
nanopatticles conjugated to Lyss-bombesin-Tat(ﬁiS)-S7):|; was pre-
pared with high radiochemical purity (>94 %) without post-
labeliing purification. The *""Lu and oo AuNP-Tat-BN radio-
pharmaceuticals showed properties suitable for a targeted radionu-
clide therapy of tumours expressing GRPreceptors due |to the en-
ergy deposition from B-emissions and the Auger and IC eleciron
emissions near the DNA.
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ARTICLE INFO ABSTRACT
Article history: Introduction; Integrin o5 plays an iraportant role in angiogenesis and is over-expressed in tumoral endothetial
Received 28 August 2014 cells and some other tumor cells, RGD {Arg-Gly-Asn) peptides labeied with %Ga (4, 2 = 68 min) have showed
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good characteristics for imaging of o33 expression using pasitron emission tomography (PET). Gallium-66
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has been proposed as a PET imaging alternative to 58Ga and given the unique high energy of its emitted positrons
(Ermme 415 MeV) it may aiso be useful for therapy. The aim of this research is to prepare [*GaJDOTA-E-[c{RGDK) 1,

Jézm Or:i 5 and evafuate in mice its petential as a new thieranostic radiopharmaceutical, - :

RGD peptides Methods: High specific activity %°Ga was produced via the ®°Zn(p,n} reaction, and the labelting method of DOTA-
Integrin oty E-|c{RGDAC) |, with %8Ga was optimized. Radiechemical purity was determined by TLC, and ir vitre stability and
Angingenesis protein binding were determinecl. Serial microPET imaging and biodistribution studies were carried out in nude
Theranostics mice bearing C6 xenografts. Radiation absorbed dose estimates were based on the biodistribution studies, where
PET imaging tumor and organs of interest were collected at0.5, 1,3, 5 and 24 h post-injection of [P GaiDOTA-E-[c(RGDIK) ..

Results: Our resuits have shown that [*6a]DOTA-E-[c(RGDAK}]; can be prepared with high radiochemical purity
{=07%), specific activity {36-67 GBa/umol}, in vitro stahility, and moderate protein binding. MicroPET imaging
up to 24 post-injection showed contrasting tumors reflecting otyfhs-targeted tracer accumulation. Riodistribution
studies and dosimetry estimations showed a stable tumor uptake, rapid bleod clearance, and favorable tumor-to-
tissue satios.
Conelusions: The peptide conjugated DOTA-E-[c(RGDIK)], labeled with ®*Ga may be attractive as a theranostic
agent for tumors cver-expressing of3s integrins.

' @ 2014 Elsevier [nc. All rights reserved.

1. Intredoction affecting turnor growth, invasiveness and mefastatic potential, and are

therefore potential targets for receptor-mediated tumor imaging

During the past three decades, several radiopharmaceuticals have
been developed for the early diagnosis of cancer through the use of
novel molecular targets and predictive biomarkers, especially those ab-
errantly overexpressed in biological malignancy, invasiveness, metasta-
sis and apoptosis [1-51

It has been shown that peptides based on the Arg-Gly-Asp (RGD)
amino acid sequence have a high affinity and selectivity for ctyfs
integrin receptors; specifically, it was found that cyclic analogues of
RGD containing 5 amino acids (RGD sequence + a hyedrophobic amino
acid in position 4 -+ an additional amino acid in position 5) have the
highest e, f3; binding affinities [6,7]. Alpha(V}beta(3) integrin receptors
are over expressed on endothelial cells during blood vessel formation

* Corresponding authos at: Unidad PET, Facultad de Medicina, UNAM, Ciudad
Universitaria, Delegacién Coyoacén, México, D.F., €.P. 04510, Mexico. Tel.: +52 55
5G232288; fax: +52 55 56232115

E-mail address: avilarod@uwalumni.com (M.A. Avila-Redriguez).

hitp:/fdx.dolorg/10.1016/nucmedbio.2014,09.010
0969-8051/© 2014 Elsevier Inc, All rights reserved,

and therapy.

New approaches have been addressed in order to improve, with var-
ious ligands, the affinity of RGD. Due to the natural mode of interaction
between P and peptides containing the amino acid sequence RDG
that may involve multivalent binding sites, the use of rnultivalent cyclic
RGD peptides could improve the binding affinity and tumor uptake.
Several research groups have compared the cyclic RGDIK monomer,
dimer (E~[c{RGDFIC}]z) and tetramer (E-[c(RGDfK)]4) as targeting bio-
molecule for diagnostic and therapeutic applications [8-11]. The shert
distances between the cyclic RGD peptideé in dimmers (~20 bond dis-
tance), make it unlikely simultaneous binding to the adjacent ct,f33 re-
ceptors. It has been proposed that the binding of one RGD motif to the
inteerin c.3s will significantly increase “local concentration” of the
multivalent RGD motif in the vicinity of the receptor-binding site lead-
ing to an enhanced integrin oo f3; binding rate or the reduced dissocia-
tion rate of the eyclic RDG peptide from the integrin o, [33{12]. This
may explain the higher tumor uptake and longer tumor retention
times of radiolabelled cyclic RGD tetramer and dirnmer as compared
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to their monomeric analogues [11-13]. The tetrameric RGD peptide la-
beled with %Cu ([*Cu}DOTA-E{E-[c{RGDK))z).), showed significantly
higher receptor binding affinity than monomeric and dimeric RGD ana-
logues, but demonstrated lower kidney clearance which may be related
te the positively charge differences [14].

The positron emitting radionuclide %5Ga (t;, = 9.49 h, 565%™,
43.5% EC} has been proposed as a PET imaging alternative to 5%Ga,
58Ca is of special interest because of its relative long haff-life which
makes it a suitable tracer for the study of long-term physiofogical pro-
cesses and labeling of macromolecuies with slow pharmacckinetics
{15-17]. In addition, the most abundant positrons emitted by *Ga
have a unique high energy (Enax 4.15 MeV, mean range 7.6 mm in
tissue), which may also be useful for therapy [171].

At the intersection between treatment and diagnosis, interest has
grown in combining both paradigms into clinically effective pharma-
ceuticals. This concept, recently named as theranostics, is highly rele-
vant to agents that target molecular biomarkers of disease and is
expected to contribute to personalized medicine [18].

The aim of this research was to prepare, characterize and per-
form the preclinica) evaluation and dosimetry of [5°Ga]DOTA-Glu-
fcyclo{ Arg-Gly-Asp-D-Phe-Lys)]s ([®9Ga]DOTA-E-[c(RGDII)],) in
order to evaluate its potential as a theranostic radiopharmaceutical
for molecular imaging diagnosis and targeted radiotherapy of aps
over-expressing tumors,

2. Materials and methods
2.1. Reagents

All reagents used were TraceSelect grade, and water employed to
prepate solutions was of Milli-Q grade (18 MO-crn) to ensure heavy
metal-free aqueous solutions. Ultrapure HCIL, HEPES and NH,0Ac
(>99.099%) were purchased from Sigma-Aldrich {St. Louis, MO, USA).
Cation exchange resin (AG50W-X4, 100-200 mesh) was purchased
from.BioRad {Hercules, CA, USA). Tsotopically enriched %7Zn (98.72 %)
was obtained from Isoflex (San Francisco, CA, USA). DOTA-E-[c
{RGDfK)]; was purchased from ABX advanced biomedical compounds
GmbH {Radeberg, Germany), and centrifugal filters (cellulose,
30,000 MW cut off} and Millex-GY syringe filters (0.22 pm, PVDF,

"33 mm) were obtained from Millipore (Bedford, MA, USA).

2.2, Cell lines and animal model

CG rat gliorna cell line was purchased from the Armeyican Type Cul-
ture Collection (ATCCW CCL-107, Rockville, USA). The cells were
grown in RPMI 1640 medium (lavitrogen, USA) supplemented with
10% fetal bovine serum and antibiotics (100 mg/mt streptomycin) and
incubated at 37 °C in an atmosphere with 5% CO,.

Experimental animals were landled ebserving the technical specifi- -

cations for the production, care and use of laboratory animals stated ins
the Official Mexican Norm NOM 0062-Z00-1999. Studies with mice in
this specific work were performed according to protocols approved by
the Research and Ethics Committee of the Faculty of Medicine, at the
National Autonomous University of Mexica {UNAM).

Female athymic Balb-C nu/nu mice (20-25 g) were supplied by the
National Institute of Medical Sciences and Nutrition Salvador Zubiran
{INCMNSZ}, Mexice City, Mexico. All animals were kept in a pathogen
free environment and fed ad fib.

(6 xenografts were induced by subcutaneous injection of 1 % 108
cells resuspended in 0.1 ml of phosphate buffered saline, in the dorsat
surface of the scapula. The sites of injection were observed at regular in-
tervals for the appearance of tumor formation and progression, and
mice were used for in vive experiments when the diameter of tumor
reached about 0.5 cn.

2.3, Gaﬂium—SG production

Gallium-66 was procduced in a Siemens Eclipse HP cyciotlon v1a the
8670 (p.n) ®6Ga reaction with 11 MeV protons as previously descubed
by Engie et al. [19]. Briefly, ®5Zn was electrodeposited on Au backmg
and then irradiated for 10 to 20 min at a beam current of 10 tq_ 20 1A,
Radiochemical separation was performed by jon'exchange chr omatog-
raphy using AG 50 W X-4 resin. The reactivity or effective specxﬁc activ-
ity of %Gz was determined by titration of [%®Ga]GaCl, w1th DOTA

 {1,47,10-Tetraazacyclododecarie-1,4,7,10-tetraaceic acid}.

2.4, Preparation of [*Ga]DOTA-E-[c(RGDfI)]: |

|
For radiolabelling of DOTA-E-[¢(RGDAK )}, 25 W of the con}ugated
peptide solution {400 jig/ml, 1% EtOH), 25 pl 1.0 M HEPES (pi]-[ 7.0),
and 25 11 0.25 M NH40Mc {pH 5.5), were mixed with 200-370 MBq of
62 stock solution (50 wl ©.1 M HCI) and incubated for 20{min at
95 °C in a compact thermomixer {Eppendorf, USA) at 300 rpim [12].
When needed, purification of the final product was performed by SPE
using Sep-Pak C18 Light cartridges. The final product was sterilized by
passing through a 0.22 ym syringe filter (Millex-GV). The structuyal for-
mula of [%°Ga]DOTA-E-[c{RGDAK)]; is shown in Fig. 1 [20]. i

2.5. Radiochermical purity

The radiochemical purity (RCP} was determined by thin layer chro-
rmatography (TLC) using silica gei {SG) strips as stationary phase ; and 1:1
MeOH:10% NH,.0Ac (w/v) as mobile phase {21]. Evaluation of the TLC
plates was performed by autoradiography in a Cyclone Plus Storage
Phosphor Systern {Perkin Elmer?},

2.6, In vitro stability

To deterrnine the in vitre stability of [*°Ga]DOTA-E-[c(RCD{I(]: in
physiological saline and serurn, an aliquot (50 pl) of the Jabelled com-
pound sofution was incubated at 37 °C with 1 ml of 0.9% NaCl and
fresh human serum. Radiochemical purity stability was evalucted up
to 24 h by TLC-SG as described above.

2.7. Protein binding

To determine serum protein binding of [SGGa]DOTAuE—[c(RGDfK)]2,
and aliquot of the labeled compound (100 pl) was incubated at37°C
with 1 mt of fresh human serum up to 4 hours. After incubation the s0-
lution was analyzed by ultrafiltration (30,000 MW). Protéin bmdmg
was determined by measuring the activity remaining m the
filter, while the unbound [*°Ga]DOTA-E-[c(RGDIK)]; passed thlough
the filter.

2.8, MicroPET iinaging

Mice bearing glicma C6 tumors were scanned after a tailfvei_zﬁ iniec-
tion of 20 <1 0.5 MBq of {%5Ga]DOTA-E[c(RGDIK}]; under isoflourane an-
esthesia (1-3%). PET images were acquired in a MicroPET Focus 120
{Concorde Microsystems, Knoxville, TN, USA) at different post injection

(p.i) times (0.5, 1,3, 5 and 24 h), Scan time was 20 min for’ images ac-
quired at (1.5, 1, and 3 h p.i, 30 min for images acquired 5 h p:1 and
60 min for images acquired at 24 h. After PET acquisitions almmals
were sacrificed to perform the biodistribution studies. MicroPET jinages
were reconstructed using a 3-D ordered subset expectatton maximiza-

tion (OSEM 3D) algorithm.

2.9 Biodistribution studies

. -
After PET imaging acquisitions, animals were sacrificed by cervical
dislocation at 0.5, 1, 3, 5, and 24 h p.i. {n = 3 per.time point}, andtissues




V. Lopez-Rodriguez et al / Nuclear Medicine and Biology 42 (2015) 109-114 111

HO

\

NHN

BN Q
0 Os NH ﬁ_—\.;:o
HN

N/\\/\\\\\v NH H(.””
H
5 Y >———0H
o

Fig. 1. Structura) formula of the DOTA conjugated dimeric-RGD peptide labeted with Ga isotope {20}

of interest (blood, brain, heart, lungs, liver, spleen, blander, kidneys,-

bowel, muscle, femur and tumor) were removed immediately and
weighed, Total blood volume, bone, and muscle mass were estimated
as 5.4%, 10%, and 40% of the total body weight, respectively [22,23]. Ac-
tivity in the different tissues was measured using a Nal(T1) scintillation
detector {ORTEC 905-3, AMETEK, USA). All the data were corrected for
physical decay and to calculate uptake in each tissue sample as a frac-
tion of the injected dose, aliquots of the injected dose were counted si-
multaneously, The results are expressed as a percentage of injected
dose per gram of tissue (%1D/g) and percentage of injected dose per
organ (%ID/organ}.

2.10. Radiation dosimetry

Mice biodistyibution data (%ID/organ) were used for estimation of
the radiation absorbed dose for [58Ga]DOTA-E[¢(RGDA .. The mean
activity in mice organs of interest (liver, splecn, kidneys and tumor)
were used to calculate the biokinetic madel, residence times and radia-
tion absorbed doses according to the method described by Jimenez et al.
[24} and Lura et al, {25]. The absorbed dose to organs was evaluated
according to the equation:

Dirye—ry) = Z;;Eluzf'ﬁsd’i(f;:‘—rn)

where 3_;A;; values were estimated in a mouse model by Monte Catlo
methodology using the Penmain programme of Penclope 2008 {26] and

5 Ay were estimated using OLINDA/EXM software {271
2.11. Statistica! methods

All of the data are presented as means == SB.
3. Results

The experimental thin target yield (61 £ 14 mg/cm?, 11 — 9.7 MeV)
for %9Zn targets was 3415 + 681 MBg/pA with a radionuclide purity
>G7% at 2 h after the end of bombardment. Typical reactivity or effective

specific activity of ®®Ga as determined by DOTA titration was in the
range of 160-370 GBg/umol.

The labéling yield of [6CalDOTA-E-[c{RGEHK} ], was almiost quanti-
tative using 5.5 nmol of the conjugated peptide. [t was observed thata
mass as low as 2 nnol of DOTA-E-[¢(RGDfK)[» was sufficient to reach
nearly quantitative labeling. Fig. 2 shows that 7 min of incubaticn at
95 °C are enough to reach a complexation yield > 95%. Specific activity
of the labeled conjugate was in the range of 36-67 GBg/umol. The RCP
as determined by TLC was >97% without the need of purification. With
the chromatographic method used, the free [*®Ga]GaCls stayed at the
origin, while the Ry values of [$Ga]DOTA-E-[c(RGDfK)], and [*°Ga]
DOTA were 0.6-0.7 and 0.7-0.8, respectively.

In vitro studies indicated high stability of the compound in physio-
logical saline and fresh human serum after T hof incubation at 37 °C
(RCP > 98%) and was degraded to ~95% at 24 h (Fig. 3} On the other
hand; protein binding was negligible (<3%) after one hour of incubation
in fresh human serum, but increased to almost 20% after 4 h of
incubation at 37 °C.

MicroPET Isnages of CG glioma tumeor-bearing mice at different time
points after injection of tracer showed a contrasting tumor reflecting
txvPa-targeted tracer accumnulation. Typical decay-corrected images at
0.5, 1,3, 5 and 24 h p.i. are shown in Fig. 4. Note that the C6 tumors
were clearly visualized with good tumor-to-background contrast for
all time points evatuated. Serial microPET imaging revealed a rapid
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Fig. 2. Effect of incubation time on the complexation yield of |58Ga]DOTA- En[c(RGDﬂ\)!z
al95°C,
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1] 1 3 5 24
Time {h)

BB [®CaiDOTA-E[c(RGDIK)in Saline

[®Ga]DOTA-E[¢(RGDK),
in Human Serum

Fig. 3. Stability stuclies showed high stability of {*Ga]DOTA-E-[¢(RGDAQ], up to 24 h in
human serum and phisiological saline.

clearance from blood and kidneys and high uptake in the liver and
spieen, which was consistent with biodistribution data.

Biodistribution data (%1D/g and %ID/organ) of [*®*Ga]DOTA-E-
[e(RGDFI)]; are shown: in Fig. 5. High uptake was observed in organs
such as liver, kidneys, lung, spleen, heart, bladder, and muscle at early
times, but significantly decreased at 5 h p.i. Rapid blood clearance was
also observed, reaching a blood uptake of only 2.81 & 0.32 %ID/g at
1 h p.i. Uptalee of [*Ga]DOTA-E-[c{RGDEK)]> by the C6 tumor xenograf
indicated stable retention of the tracer with minimal wash-out up o
24 h. Tumor-to-muscle ratios (% ID/g) were 1.40 % 0.97 and 1.78 4
0.57 at 0.5 h and 24 h p.i, respectively, while tumor-to-blood ratio
was 0.20 4- 0.09 at 0.5 h, increasing to 1.97 4= 0.37 at 24 h p.i.

Fig. 6 shows the radiation absorbed doses rormalized to umit
injected activity (mGy/MBa) and the tumor-to-tissue absorbed dose ra-
tios. As expecied, the highest radiation absorbed dose was deposited in

Fig. 4. Corcnal microPET images-of [5%Ga|DOTA -'é—[c(RGDﬁ() |2 in nude mice bearing C6 tumor xenograft at 05 h (AL Th{B)3h (€),5h (D) and 24 1 (C) after injection of 20 2=
tracer under isoflourane anesthesia. Acquisition time was 20 min for AB, and C); 30 min for D, and 60 min for E. )

% IDforgan

- E Hl .
Fig. 5. Biodistribution data for [*°GalDOTA-E-[c{RGDAQ), in mice 0.5, 1, 3,5 and 24 hp.i
Results are shown as A) %ID/g (mean 4= SD) and B) ¥ID/organ (mean +5D). |

the tumeor {65.53 = 8.39 mGy/MBq), followed by the fiver (lﬁB.OS *=
17.01), kidneys (32.72 & 4.42), and spleen {27.2 & 7.29). The biological
residence time for the C6 glioma tumors was 5.57 h. ’

O'SMBq of
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Doses {(mGy/MBq)

Fig. 6. A)Estimated radiation absorbed doses normatized to unit injected activity and B)
tumer xenograft.

4. Discussion

During the past few years different multivalent cyclic RGD peptide
conjugates have been used to target tumors gver-expressing olyphs
integrin receptors [25-39]; however, it has been demonstrated that
the dimeric conjugate is more suitable fos both, imaging and therapeutic
applications. Li et al. {34] showed that despite the fact that the tetramer-
ic peptide conjugate labeled with ®°Ga had the highest tumor uptake, its
poor tumer-to-kidney ratio malkes this compournd less useful than the
dimeric and monomeric counterparts. it was also found that the dimeric
and monomeric peptide had similar tumor-to-kidney ratios but the
dimer had higher turer uptake and a prolonged retentien time, making
it more suitable than the monomer. On the other hand, Luna-Gutierrez
et 21, [25] investigated the potential of '’ Lu-fabeled monomeric and di-
meric cyclic RGD peptides {[c{RGDIK)],} for the treatment of tumoss
over-expressing o f3+ integrins. In vivo evaluation in a mouse U87MG
xenograft model showed that ['7’LulDOTA-E-]c{RGDfK)]> had a higher
uptake in tumor and a higher tumor-to-kidney ratio than $777LujDOTA-
E-c(RGDfK), making the dimer more suitable than the monomer for
therapeutic applications.

I this light we evaluated the dimeric conjugated DOTA-E-[¢{RGDI)];
labeled with 56Ga to target tumors over expressing owf3s integrin
receptars. The glioma cell line used in this research was the €6 which
is known to have a high tumer density of integrin cuf3s Teceptors on the
surface (151 % 10" number of receptors/mg protein) {28]. making this
cell line & good candidate to evaluate theranostic applications with
peptides containing the amino acid sequence RDG, tabeled with the
appropriate radionuclide. For imaging purposes, %8Ga had shown to be a
suitable radienuclide as it can be easily obtained from a %%Ge/®Ga
generator [29-32], while for therapeutic applications the beta emitter
1771 is promising [34-37}. However, due to its decay scheme and
the unique high energy of emirted positrons, 86Ga has the potential
to serve a duaj roie in the development of agents for PET-motecular
imaging and radicimmunotherapy drugs for oncology. Additionatly,
high specific activity %%Ga; in enough quantity and quality for clinical
applications, can be efficiently produced in compact biomedical cycio-
trons using enriched target material, which is relatively inexpensive
(-2-3 USA dll/mg, 5Zn > 99%) {19).

The most impertant feature of targeted radionuclide therapy is o
deliver a tumoricidal dose for tumor ablation, without compromising
other vital organs [38]. The [*°GalDOTA-E-[¢{RGDfK}], evaluated in
this research showed goed pharmacokinetic chasacteristics with a rela-
tively stable tumor uptake and a rapid blood clearance. Dosimetry esti-
mations from our bicdistribution data showed that critical organs such
as liver, kidneys, and spleen can receive a considerable radiation dose
per unit injected activity, but in all cases the dose was lower than the
one received by the tumor. Of particular interest in this research was

B
__I-T!;ssae ‘;‘ -. a8 Tumorto t,ssue S i
R gbsorbed dose ratio - :
Liver E, 1.36
Spleen ! 241
Kidneys f 2.01
Tumor L i

[umos-to-tissue absorbed dose ratios of [°Ga]DOTA-E-Lc{RGDR(]: in ndde mice bearing C6

te determine the tumos-fo-tissue ratios that better define tumor
targeting properties. ’

The 65 mGy/MBq radiation absorbed dose normalized to unit injected
activity determined in this research for [#%Ca]DOTA-E-[c(RGDIK)]; in (6
tumors was significantly lower than the 230 mGy/MBq reported by
Luna-Gutierrez et al. [25] for [ Lu]DOTA-E-[c(RGDA ]y, in USTMG
tumors: however, the tumor-te-tissue ratios reported i’ both cases
are very similar, Note ¢hat for comparison pusposes the higher density
of intagrin o83 receptors on the surface of US7TMG vs. (6 cells (28]

- is compensated in some way by the higher specific activity of 7"Lu

vs. 55Ga [25). These results suggest that [*°GajDOTA-E-[¢(RGDIC];
possasses potential for targeted radionuciide therapy of timnars over
expressing integrin oy f3s receptors. Additionally, we had shown that,
despite the high energy positrons emitted by E6Ga, it is possible to get
good quality microPET-images. ‘

Since [*¢Ga]DOTA-E-[c(RGDfK)]; combines imaging and radiothera-
py in one preparation, it could be useful as a theranostic radiopharma-
centical for tumors over-expressing w3y integrins. To plan a
diagnosis/trearment scheme for an individual patient, the dlagnosis
and prospective radiation absorbed dose estimates could be made by
administering a tracer activity of the radiopharmaceutical and subse-
quently the larger therapeutic activity. The quantitative patient-
specific dosimetry work-up using a diagnostic dose before the thera-
peutic dose would be useful to identify cancer patients for whom the
treatrnent is most likely to be effective, eliminating those patients far
whom it would be unsuccessful (“personalized medicine”}. In agree-
ment with other radionuciide therapy protocols, positivély charged
amino acids could be coinfused to reduce the radiopeptide kidney re-
tention considering that the maximur tolerated dose {MTD) for kicney
is 25 Gy, while for spleen and liver the MTD value is almost twice [39],

5. Conclusions

To summarize, ¥5Ga labeled DOTA-E-[c(RGDIK)}]; was prepared
with high vield, specific activity and radiochemical purity. The
microPET imaging and biedistribution studies showed high affinity
for the a, B integrin receptors, with rapid blood clearance; and the
radiation absorbed dose estimation suggested sub-toxic doses to critical
organs. These results support the idea that [*°Ga)DOTA-E-[c(RGDAK) |,
may be attractive as a theranostic agent for tumors over-expressing
a3y integrins. :
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Nanoparticles in Tumor-Bearing Mice
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Peplides based on the cyclic Arg-Gly-Asp {(RGD) sequence have been designed to antagonize the function of a(v)ﬁ(s)
integrin, thereby inhibiting angiogenesis. The conjugation of RGD peptides to radiolabeled gold nanopariicles (AuNP)
produces biocompatible and stable muliimeric systems with target-specific molecular recognition. The aim of this research
was t¢ evaluate the therapeutsc response of 7LU-AUNP-RGD in athymic mice bearing a(v)B(3)-integrin-positive | CB
gliomas and compare it with that of "77Lu-AuNP or "77Lu-RGD. The radiation absorbed dose, metabolic activity (SUV,
[*BFlfluor-deoxy-glucose-microPET/CT), histological characteristics and VEGF gene expression (by real-time polymerase
chain reaction) in tumor tissues following treatment with 77Lu-AuUNP-RGD, "7Lu-AuNP or *7Lu-RGD were assessed.
Of the radiopharmaceuticals evaluated, 7 Lu-AuNP-RGD delivered the highest tumor radiation absorbed dose (63.8
7.9 Gy). These results correlated with the observed therapeutic response, in which *7Lu-AuNP-RGD ssgmflcantly
{p < 0.05) induced Jess tumor progression, less tumeor metabolic activity, fewer intratumoral vessels and less VEGF gene
expression than the other radiopharmaceuticals, a conseguence of high tumnor retention and a combination of molecular
targeting therapy (muliimeric RGD system) and radiotherapy (77Lu). There was a low uptake in non-target organs and'no
induction of renal toxicity. "7 Lu-labeled gold nanoparticles conjugated to cyclo-RGDK(C) demonsirate properties suitable
for use as an agent for molecular targeiing radiotherapy. '

KEYWORDS: Radiolabeled Gold Nanospheres, RGD Peplides, Lutetium-177, Targeted Radiotherapy.

INTRODUCTION properties of the radionuclide, the injected activity and the

Molecular targeting therapy has become a relevant ther-
apeutic strategy for cancer.'® The principle that peptide
receptors can be used successfully for in vive targeting of
human cancers has been proven, and radiolabeled peplides
have been demonstrated lo be effeclive in patients with
malignant tumors, ™ The effectiveness of largeted radio-
therapy depends primarily on the absorbed-dose rate and
the total absorbed dose delivered to the tumor and to nor-
mal tlissues. The dose and its rate depend en the physical
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kinetics of uptake and clearance of radioactivity within the
tumer and normal tissue/cells.®

Angiogenesis is a physiological process involving the
growth of new blood vessels. Angiogenesis is a require-
ment for twmoer growth and metastasis and is stimulated
by signal proteins such as the vascular endothelial growth
factor (VEGF) and cell adhesion receptors, including inte-
grins. The a(v)B(3) integrin, a transmembrane protein .
consisting of two noncovalently bound subunits (e and ),
is over-expressed on activated endothelial cells in the
tumor neovasculature and on the cell membrane of various
tumoer cell types such as ovarian canccr, neuroblastoma,
slioblastoma, breast cancer and melanoma celis. Based on
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the Arg-Gly-Asp (RGD) wipeptide secquence a series of
small peptides have been designed to antagonize the func-
tion of the a(v)B(3) integrin and to inhibit angiogenesis.”
Radiolabeled RGD peptides have been reported as radio-
pharmaccuticals with high affinity and selectivity for the
a(v)B(3) integrin; therefore, these peplides have potential
for use in the early detection of rapidly growing tumors
and noninvasive visualization of tumor metastagis in can-
cer patients.®'?

Gold panoparticles can be used to prepare multivalent
pharmaceuticals.'*™'* Recently we demonstrated that cova-
lent conjugation of 100 molecules of cyclo-RGDFK(C) to
the surface of one radiclabeled gold nanosphere {20 nm,
gold-thiol bond) produces a biocompatible and stable nul-
timeric system with target-specific molecular recognition
in vitro and in vive.'*" Due to passive and active-targeting
mechanisms, the radiolabeled multimeric and muitivalent
system exhibit higher tumor uptake than does a RGD-
monomer or -dimer.'*

Lutetium-177 ("7Lu} is a radionuclide with a half-life
of 6.71 d, a B,,, cmission of 0.497 MeV (78%) and y
radiation of (.208 MeV {11%) and has been used suc-
cessfully for radiotherapy with efficient cross-fire effect in
cancer cells, -2

If cyclo-RGDIK(C) peptides conjugated to '"'Lu-gold
nanoparticles (‘’Lu-AuNP-RGD) are retained in tumors

by both passive and active-targeting-mechanisms; the fotal -
dose (RGD and '"Lu molecules) ‘deliveréd’ to’ the -tumor
would be significantly higher than that produced by "L~

AuNP or "77Lu-RGD, reducing the tumor angiogenic activ-
ity and increasing the effectiveness of molecular targeting
radiotherapy.

The aim of this research was to evalvate the therapeu-
tic response of 'Lu-AuNP-RGD in athymic nude mice
bearing a(v)B(3)-integrin-positive C6 gliomas and com-
pare the radiation absorbed dose, metabolic activily, histo-
Jogical characteristics and VEGF gene cxpression in fumor
tissues following treatment with '7’Lu-AuNP-RGD, ""Lu-
AuNP or "Lu-RGD.

METHODS
Design and Synthesis of 7’ Lu-DOTA-GGC-AUNP-
c[RGDIK(C)]{"Lu-AuNP-RGD)
In the c[RGDFK(C)] molecule, the sequence-Arg-Gly-Asp-
(-RGD-) acts as the active biological site, the D-Phe (N
" and Lys (K) residues complete the cyclic and pentapeptide
structure, and Cys (€) is the spacer and aclive thiol group
that inleracts with the gold nanoparticle surface (Fig. 1)
The c[RGDIK(C)] was synthesized and characterized
according (o the method described by Moraies-Avila et al, '
In the DOTA-GGC (1,4,7,10-tetranzacyclododecane-
N'.N® NP tetraacelic-Gly-Gly-Cys) molecule. the GG
sequence is the spacer, cysteine (active thiol group} is used
to interact with the gold nanoparticle surlace and DOTA is
used as the lutetium-177 chelator (Fig. 1). The DOTA-GGC
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was synthesized and characterized according to the method
described by Luna-Gutierrez et al.'’ :

Gold nanoparticles {AuNP) in injectable-grade  water
(202 nm, 7x 10" pariicles/mL) were synthesized as
described by Ocampo-Garceia et al."?

Preparation of 7'Lu-DOTA-GGC: A 5 uL aliquot of
DOTA-GGC (I mg/mL) was diluted with 40 pL of | M
acetlate buffer at pH 35, followed by the addition of 10 uL
of a '""LuCl, (~740 MBq, > 3 TBg/mg, JTG Isotope
Technologies Garching GmbH, Germany) solution. The
mixture was incubated at 90 °C in a-block heater for
30 min. All solutions were prepared using dcionized
water. A radiochemical purity of > 98% was verified by
TLC silica gel plates (aluminum backing, Merck): 10-cm
strips were vsed as the stationary phase. and ammoniun
hydroxide:methanol:water (1:5:10) was used as the mobile
phase to determine the amount of free '"'Lu (R, = 0) and
"Lu-DOTA-GGC (R, = 0.4-0.5). Radiochemical purity
was also defermined by reversed-phase HPLC oa & C-18
column (;-Bondapack C-18. Waters) using a Waters
Empower system with an in-line radioaclivity detector and
a gradient of water/acetonitrile containing 0.1 % TFA from
95/5 (viv) to 20/80 (v/v) over 35 min at a flow ratc
of 1 mL/min (7LuCl, t, == 3~4 min; ' Lu-DOTA-GGC
f = 12—13 min}. ‘

Preparation of 177} 4-DOTA-GGC-AUNP-c[RGDIK(C)i:

To. 1. mL; of . AulNE (20_nm),. 0.025 mL of c[RGDIK(CH]
(50 wMy 108 »molecples per .20 nm nanoparticle) was
- added; followed by 3 pl. (40 MBg) of ""Lu-DOTA-GGC

(0.25 g of peptide; 1.89 x 10" molecules; 270 molecules
per 20 nm AuNP}, and the mixiure was stirred for 5 min

to form the PLu-DOTA-GGC-AuNP-c[RGDIK(C)] sys-

tem (Fig. 1). No further purification was required because
we have found that the maximum number of peptides that
can be bound to one AuNP (20 nm) is between 520 and
1701 depending of the peptide structore,'® 7 The num-
ber of peptides per nanoparticie was calculated by UV-Vis
titration of peptides (8 uM) using increasing gold nanopar-
ticle concentration (from 0 to 1 nM).'&*

Radiochemical Purity of '"Lu-AuNP-RGD: . Size-
exclusion chromatography and ultrafiltration  were
used as radiochemical control methods for the final
radiopharmaccutical sofution. A 0.1 mL samplc of " u-
DOTA-GCC-AuNP-c[RGDIK(C)}] was loaded onto a
PD-10 column and injectable water was used as the eluent.
The first radioactive and red eluted peak (3.0-4.6 mL)
corresponded o radiolabeled AUNP-¢[RGDIK(C)]. The
free radiolabeled peptide {7'Lu-DOTA-GGC) appeared
in the fraction that cluted at 5.0-7.0 mL, and '""LuCl,
remained trapped in the column mairix. Upon ultrafil-
tration (Centicron YM-30 regenerated cellulose 30.000
MW cut off, Millipore, Bedford, MA, USA), the Ty~
DOTA-GGC-AUNP-c[RGDIK(C)] remained in the filter.
while free "7 Lu-DOTA-GGC and '""LaCl; passed through
the filter. In the radio-HPLC size exclusion system (Pro-
teinPak 300SW. Waters, 1 mL/min, injectable water),

J. Biomed. Nanotechnol. 10, 393-404, 2014
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P-269 %Ga labeled DOTA-E(c(RGDIK)); and NODAGA-E(c(RGDIK)), to target tumors over-expressing
a,P; integrin receptors '
Lopez-Rodriguez, V.": Gaspar-Carcamo, R.E; Lara-Camacho, V.M.'; Avila-Garcia M.'; Ferro-Flores, G.%
Pedraza-Lopez, M.*; Arteaga de Murphy, C.*; Avila-Rodriguez, MA.'

1 Unidad PET. Facultad de Medicina, Universidad Nacional Autonoma de Meéxico, Mexico City, Mexico; 2
Institute Nacional de Investigacioncs Nucleares, Estado de México, Mexic; 3 Instituto Nacional de Ciencias
Médicas y Nuiricion Salvador Zubirén, Mexico City, Mexico

Objectives: Angiogenesis plays an important role in neoplastic processes, one of the key players involved in this
angiogenic process of avBs integrin. This integrin is overexpress on endothelial cells during blood vessel formation
where it affects tumour growth, local invasiveness and metastatic potential. It has been shown that peptides based
on the Arg-Gly-Asp (RGD) amino acid sequence have a high affinity and selectivity for oy integrin receptors (1},
The aim of this research was to prepare and evaluate **Ga-DOTA-Glu- [eyclo(Arg-Gly-Asp-D-Phe-Lys) . and %Ga-
NODAGA-Glu-[cyclo(Arg-Gly-Asp-D-Phe-Lys) ], ‘as potential agents to target tumors over-expressing ofy
integrin receptors.
Methods: %Ga was produced in a cyclotron via the *Zn(p,))*Ga reaction with 11 MeV protons using "Zn
electrodeposited on Au backing as target material. Radiochemical separation was performed by ion exchange
chromatography [2}. For radiolabelling, 40 pl of DOTA-E-[c(RGDIK)]: (0.4 mg/ml) or NODAGA-E-[c(RGDfK)].
(0.75 mg/ml), with 1M HEPES (pH 7) and0.25M NH,0A¢ (pH 5.5), were mixed with 18.5-37 MBq of %GaCly
stock solution (0.1M HCL and incubated for 20 min at 95°C or room temperature, respectively. Radiochemical
purity was determined by TLC using SG strips as stationary phase and 1:1 MeOH:10% NH;0Ac (v/v) as mobile
phase. TLC-strips were analyzed by autoradiography.  In wifro stability in human serum and 0.9% NaCl was
evaluated up to 24 h at 37 °C and protein binding was determined in fresh human serum for 2 h at 37°C, samples
were analyzed by ultrafiltration. Preclinical evaluation of the labelled peptide conjugates was performed in nude

* mice bearing C6 (glioma) xenografts using a microPET Focus 120.
Results: The radiochemical purity of ®Ga-DOTA-E-[c(RGDIK)}, and **Ga-NODAGA-E-[c(RGDfK)], were > 98
+ 2% (Figure 1A). In vitro studies indicated high stability of the compounds in 0.9% NaCl and human serum after
24 1 incubation at 37°C. Protein binding was <5% after 2 h incubation as determined by ultrafiltration. MicroPET
images showed contrasting tumors reflecting o.yPs-largeted tracer accumulation from 1 to 24 h after injection and
receptor-specific-mediated uptake of the tracer was demonstrated by injecting unlabeled ¢(RGDfK); prior to tracer
injection.

_ B)

g N

Az GaCly
B:%°Ga $CaDOTA]
C: %5Ga (GaDOTA-E [e{fRCDI),]

D: %Gz [GaNODAGAE (c(REDIK,}

Figure 1. A) Autorradiography of radiochemical purity by TLC and B) MicroPET images in C6 tumor at 3h post-
irffection

Conclusions: ®Ga-DOTA-E-[c(RCDfK)], and "Ca-NODAGA-E-[c(RGDfK)}, were prepared with high
radiochemical purity (~98) without post-labeling purification, high in vitro stability, low protein-bound activity and
demonstrated high affinity for the a.f}; integrin. _
Research Support: This work was supported by CONACYT Grant 179218, UNAM-DGAPA-PAPHT TA200512
and International Atomic Energy Agency RC16467.

References: [1] Dijkgraafl Iet al.{2011) Eur J Nucl Med Mol Imaging, 38, 128-37. {2] Engle YW, et al. (2012) Appl
Radiat Isot, 70, 1792-96. :
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the tps for the 17 y-DOTA-GGC-AuNP-c[RGDIK(C)]

and "7Lu-DOTA-GGC were 415, and '8 min, respectively
(Fig. 2). Chromatographic profiles were, obtainéd .using .
two different detector systems, the UV-Vis detector and

a radiometric detector. The sample first passed by the
UV-Vis detector (photodiode array) and after .37 min
(0.37 mL, 1 mL/min) it passed by the radioactive detec-
tor. Correspondence of retention times of the peaks of
interest in the chromatogram is commonly accepted as a
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Figure 2. Size-exclusion HPLC chromatogram {520 nm; con-
tinuous line} and HPLC radiochromatogram (dotted line) of the
177 1-DOTA-GGC-AUNP-c[RGDIK(C)] (""" Lu-AuNP-RGD) conju-
gate. UV-Vis spectrum of the compound wilh retention time at
3.915 min (inset).
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prool ol the chemical identity of the radiopharmaceutical.
"The .‘;UV_—_\'/_‘i‘s.‘.Tsp‘egtrhrﬁ,_Qa’séifghéd"to the peak at 4-5 min
using the photodjode array of the system, exhibited the
" AUNP surface plasmon band at 521 nm. Minor peaks
corresponded to minor '7'Lu-AuNP-RGD-sizes. (Fig.i 2).

Preparation of 7Lu-DOTA-GGC-AuNP
{77 Lu-AuNP) ‘
Three pL (40 MBgq) of ""Lu-DOTA-GGC (0.25 pig ol
peptide; 1.89 x 10* molecules; 270 molecules per 20 nm
AuNP) was added to 1 mL of AuNP (20 nm), and the mix-
wre was stirred for 5 min to form the ""Lu-DOTA-GGC-
AuNP system. No further purification was performed.
Radiochemical purily was evaluated as described above for
Lu-AuNP-RGD. ?

Chemical Characierization '
The characterization of the DOTA-GGC and ¢[RGDIK(C)}
conjugated to the gold nanoparticle surface by far infrared
(FIR), UV-Vis, X-ray photoclectron speclioscopy (XPS)
and Raman spectroscopy was proviously reported  in
detail.'*" _ ‘
Transmission Electron Microscopy (TEM): AuNP,
TLu-AuNP and "TLu-AuNP-RGD were characterized in
size and shape by TEM using a JEOL JEM 20010 HT
microscope operated at 200 kV. The samples were pre-
parcd for analysis by cvaporating a drop of thc agucous
product onto a carbon-coated TEM copper grid.
Particle size and zeta potential: AuNP, '""Lu-AuNP
1771 4-AuNP-RGD were measured (7 = 5} using

ar
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the particle size {dynamic light scattering = DLS) and
Z potential Nanotrac-analyzer (Nanotrac Wave, Modcl
MN401, Microtract, FL, USA).

Preparation of '"’Lu-DOTA-E-c{RGDIK),
(""Lu-RGD)

DOTA-E-c(RGDfK), was synthesized by Peptide Tnterna-
tional Inc. (Kentucky, USA) with a purily of =98% as
analyzed by reversed-phase HPLC {RP-HPLC) and mass

spectroscopy. A 5 pL aliquot of DOTA-E-c(RGDIK), -

(1 mg/mL) was diluted with 50 pL of § M acetate buffer
at pH 5, followed by the addition of 10 pl of the
TLuCl, (~370 MBg, >3 TBg/mg, ITG Isotope Tech-
nelogies Garching GmbH, Germany) solution. Each mix-
lure was incubated at 90 °C in a block healer for 30 min
and diluted to {8 mL with injectabie-grade water. A radio-
chemical purity of > 98% was verified by TL.C and HPLC
as described above for '7"Lu-DOTA-GGC.

Cell Culture

The C6 rat cell line was originally obtained from ATCC
(Atlanta, GA, USA). The cells were routinely cultured
al 37 °C. with 5% CO, and 85% humidity in mini-
mum essential medium eagle (MEM, Sigma-Aldrich Co...
Saint Louis, Missour], USA) supplemented with 10% fetal

100 pg/mL streptomyycin)i it

bovine serum and antibiolics (100 units/mkL penicillin and

Solid-Phase «(v)f(3) Binding Assay ~

Microtiter 96-well viny! assay plates (Corning, NY, USA)
were coated with 100 pLiwell of purified human integrin
a(1)B(3) soluton (150 ng/mL., Chemicon-Millipore Cor-
poration, Billerica, MA, USA) in coaling buffer (25 mM
Tris-HCl,_pH 7.4, 150 mM NaCl, ] mM CaCl,, 0.5 mM
MgCl, and 1 mM MnCl,) for 17 h at 4 °C. The plates were

washed Iwice with binding bulfer (0.1% bovine serum '

albumin (BSA) in coating buffer). The wells were blocked
for 2 h with 200 gL of blocking bulfer (19 BSA in coal-
ing bulfer). The plates were washed twice with binding
buler, Then, 100 pL of binding buller containing 10 kBg
of 77 Lu-AuNP-RGD or '"Lu-RGD and appropriate dilu-
tions of ¢(RGDK) (From 10.000 nM to 0.001 nM in bind-
ing buffer, Bachem-USA) were incubated in the welis at
37 °C for | h. After incubation, the plates wcre washed
three times with binding buffer. The wells were cut out and
counted in a gamma counter. The 1Cy, values of the RGD
peplides were calculated by nonlinear regression analysis

{n=5).

In Vitro Cell Proliferation After 77 Lu-AuNP-RGD,
177 y-AuUNP and "7 Lu-RGD Treatments

C6 ceclls suspended in fresh medium were incubated in a
06-well platc at a density of 1x 107 cells/well. The cells
were cubtured for 24 h at 37 °C with 5% CO, and 85%
huntdity. The growth medinm was removed, and the cells
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were exposed for 2 h (at 37 °C, with 3% CO, and 85%
humidity) to one of the following treatments (n=6):

(a) 100 pL of Lu-AuNP-RGD (5 kBq) and 100 pL of
PBS, pH 7, ‘

{b) 100 pL of ""Lu-AuNP (5 kBq) and 100 pL of PBS,
pH 7,

(c) 100 uL of ""Lu-RGD (5 kBg) and 100 L of PBS,
pH 7 or '

(d) no treatment.

After 2 h, the solution in cach well was removed and
replaced with fresh culture medium. The cells were-main-
tained for 3 days at 37 °C with 5% CO, and 859 hurnidity.
After that, the percentage of cell proliferation in cach well
was evaluated by the spectrophotomelric measurement of
cell viability as a function of mitochondrial debydrogenase
activity, which involves the cleavage of the tetrazolium
ring of XTT (sodium 3/-{1-{phenylaminocarbonylj-3,4-
tetrazolium]-bis|4-methoxy-6-nitro]benzene sulfonic acid
hydratc) in viable cells to yield orange formazan crystals
that are dissolved in acidified isepropanel (XTT kit, Roche
Diagnostics GmbH, Mannheim, Germany). The resulting
absorbance of the orange sofution was measured at 480 nm
in a microplate absorbance reader (EpochTM, BioTek, VT,
USA). The absorbance of the untreated cells was consid-
ered as 100% of living C6 cells (or 100% proliferation).

o Induction’of €6 Tumors in*Athymic Mice
. Tumor uptake-studies in micc were performed according
to the rules and regulations of the Official Mexican Norm

062-Z00-1999. The study was approved by the Institu-
tional Committee for the Care and Use ol Laboratory Ani-
mals (“Institufo Nacional de Ciencias Médicas y Nutricién
Salvader Zubirdi™).

Athymic male mice (20-22 g) were kept in sterile
cages with bedding of wood-shavings, constant tempera-
fure, humidity, noise and 12:12 light periods. Waier and
feed (standard PMI 5001 feed) were given ad [ibitum.

Glioma tumors were induced by subcutaneous injection
of C6 cells {1.5 x 10) suspended in 0.2 mL of phosphate-
buffered safine into the upper back of twenty 6—7-week-
old nude mice. Injection sites were observed at regular
intervals for tumor formation and progression.

Therapeutic Protocol

Four groups {(n = 5. lotal mice = 20) of athymic nude
mice bearing C6 gliomas (tumor size 0.05 4+0.01 g} were
used. Bach group was treated with onc of the following
radiopharmaceuticals: (a) 7'Lu-AuNP-RGD or (b) ""Lu-
AuNP or (¢) 'Lu-RGD. There was an untreated control
group. All radiopharmaceuticals (four administrations of
2 MBg/0.05 mL: in the case of 177 u-AuNP-RGD and
7] 1RGD ~ 3 x 10" molecules of c-RGD) were injected
intraturnorally in mice under 2% isofiurane anesthesia.
Doses were administered at day |, 7, 14 and 21, fora total
of lour doscs. Tumor growth was monitored weekly, the

J. Biomed. Nanotechnol. 10, 393-404, 2014
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length (L) and width (a) were measured with calipers and
the volume was determined as V = /6% (L) x (a*). Con-
sidering a tumor density of 1 g/em®, the tumeor mass in
grams was calculated. After 23 days, the mice were sacri-
ficed and tumors and kidneys were dissected and prepared
for histopathological or PCR studies as described below.
Blood samples were also obtained for creatinine and urea
quantification.

Biokinetic Studies

To evaluate biokinetics, the radiopharmacenticals Lu- -

AUNP-RGD, 7Lu-AuNP or "7Lu-RGD were adminis-
tered intratumorally in mice with induced CO tumors
(0.05 mL, ~2 MBq). Mice were sacrificed at 3. 24, 48
and 96 h posi-administration (7 = 3 at each time. total
mice = 12). Whole liver, heart, spleen, lung, kidneys and
mumor as well as samples of blood, intestines, bone and
muscle were placed into pre-weighed plastic test tubes.
The activily was determined in a well-type scintillation
detector {Auto In-V-tron 4010, Nuclear Medical laborato-
tes Inc., CA, USA) along with 3 x 0.05 mL aliquots of
the standard (~ 2 MBq) representing 100% of the injected
dose {o obtain the activity corrected by decay. Mean activi-
ties were used to obtain the percentage of the injected dose
per organ (%ID). The time aclivity curves corrected by
decay [g,(1) = A, (1)e* R'] (biclogical behavior) for HTLu-

AUNP-RGD, '"Lu-RGD or'#77Lu=AUNP “were alculated .

using the %ID al different times.’

Radiation Absorbed Dose Assessment

The A, (1) functions [A,(1) = g, (t)e”+-7""] obtained from
the biokinetics studies were integrated (o obtain the tofal
nurber of disintegrations (N) in the main source regions
(liver, spicen, kidneys and turnor) during the entire lreat-
men:

r=23

-/;=()
=23 ¢
. f
r=14 d

The absorbed dose to organs was evaluated according to
the general equation:

= .Z NS‘OUI’CC S DF[.‘!T_QC] <—80uree

S0UrCcs

1==23 d

N,

SOUreC

dA,,(r)dr—kf

=7 4

Ay (D) dr

F=23 d
A;,(f)dr+fwl 1 A () dt

D

Largel «—fouree

where Dy e souce 18 the mean absorbed dose (o a target .

organ from a source organ and DF o —surce is a dose
factor:

—
= L AE(I)f(turgclewrcc)

i

DFiurgcl 4SOUFCE

The A; terms are the mean energy emilled per disinte-
gration for the various i-type radiations (i-type cmissions,
S m,E). The @; terms arc the absorbed fractions that
depend on the propertics of the i-type cmission and the
size, shape and separation of the source and target organs.
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DF values were calculated according to Miller et al?!
using the beta-absorbed fractions in a mouse model: cal-
culated by two Monte Carlo radiation transport codes,
MCNP4C and PEREGRINE (voxel-based).

77 y-SPECT/CT Imaging

Single photon emission compuied tomography (SPECT)
and X-ray computed tomography (CT) images were
acquired 24 h after the last injection {al 22 days of
treatment) using: a micro-SPECT/CT  scanner (Albira,
ONCOVISION, Spain} 1o vesify the tumor uptake of M-
AUNP-RGD, Lu-AuNP or 7"Lu-RGD. Mice under 2%
isofiurane anesthesia were placed in the prone position and
whole body imaging was performed. The micro-SPECT
Geld of view was 60 mm, a symmetric 20% window
was sel at 208 keV and pinhole collimators were used to
acquire a 3D SPECT image with a total of 64 projections
of 30 s, over 360°. The image dataset was then recon-
structed nsing the ordered subsct expectation maximization
(OSEM) algorithm with standard modc parameter as pro-
vided by manufacturer, CT parameters were 35 kV surc
voltage, 700 pA current and 600 micro-CT projections.

Standardized Uptake Value (SUV) of ['®FIFDG:in
Tumors with PET/CT: Tumor Metabolic Activity
["*FIFDG (2-deoxy-2-['*F]Quoro-D-ghicose)-positron

-’e;jjiss'iouii*tmhbgréphi:-'_(PET-)_*' and X-ray CT imaging
“were performed using a Thicro-PET/CT scanner (Albira,

ONCOVISION. Spain). The images were acguired at the
end of the treatments {after 23 days). The micro-PET field
of view was 60 mm. Mice were injected in the Jateral tail
vein with 9 MBq of ["*F]FDG in 100 pl PBS under 2%
isoflurane anesthesia. After a resting period of 1 h the mice
were transferred to the scanning room, placed in a prone
position and the whole body imaging was performed. The
PET acquisition time was 7.5 min. The CT parameters
were those described above. From the [F]FDG dose and
weight of cach mousc, the mcan standardized uptake valuc
(n=75) |mean SUV = (Ba/g)/(injected -activity, Bg/body
weisht, g)] was calculated vsing PMOD Data Analysis
Software (PMOD technologies).

Crealinine, Urea and BUN Quantification _
Blood samples obtained at the cnd of the trealments were
used to quantify creatinine, urca and urca pitrogen (BUN)

in order to cvaluate kidney funciion becausc renal toxicity

¢is the primary obstacle 1o raciiopeptide therapy.” Creati-
Inine was measured titrimenically using the conventional

picrate methed. Serum urea and BUN were quanlified
by an enzymalic in vifro assay using the coupled. ure-
ase/glulamate debydrogenase {GLDIT) enzyme syslem.

Histopathological Evaluation
Tumers and kidneys samples were fixed in neutral . 10%
fonmaldehyde for 24 h, washed 70% ethanol and
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Table I. Primers and probeé used in the VEGF gene expression assessment in tumor tissues by real time-PCR analysis.

Gen/Accession number Upper primer

Lower primear

Ampticon (nt) Probe number”

B-Actin/NM_031144.2
VEGF/AY702072.1

tgceotagacttcgageaag
cggagagcaacgtcactatg

ggcagcetcatagetelicice 72 69
ggtctgeattcacatetge 04 4

Noie: *From the universal probe library (Rechel.

embedded in paraffin. Sections of 4 pm thickness were
placed on slides and dried in an oven at 37 °C. Sections
were dewaxed in xylene, rehydrated in a series of
araded alcohols, and finally stained with Meyer’s hema-
toxylinfeosin and coverslipped.

Evaluation of VEGF Expression in Tumors by
Real-Time PCR

All the ofigonucieotides for real-time polymerase chain
reaction (qPCR) assays were ohtained from Invitrogen
(CA,USA). The TaqMan Master reaction, TagMan probes,
capiilaries and the reverse transcription (RT} system were
from Roche (Roche Applied Science, IN. USA).

Excised tumors were homogenized in | ml. of Trizol
reagent with a Polytron homogenizer (BioSpec Products.
Inc.). Total RNA was then extracted following the manu-
facturer’s instractions. Three pg of total RNA was reverse
wanscribed with the Transcriptor RT system. Real-time

PCR was performed with-th;:.L‘igh_LC_y_cler@.Q_:O.l’;pm_Rpgl)g .
{Rochc Diagnostics, Mannheim: Germany); according to”

the foliowing protocol: activation of Tag DNA: polymcrasc
and DNA denaturation at 95 °C for 10 min, followed by
45 amplification cycles consisting of 10 ¢ at 95 °C, 30 s at
60 °C, and § s at 72 °C, Primers scquenees, corresponding
probe numbers and the sizes of the resulting amplicons
arc piven in Table I Gene expression of the housckeep-
ing acne fB-actin was uscd as an inlernal control and the
results were exprossed as a rchative concentration (RC) of
B-actin expression.

Statistical Analysis

Dilferences between the treatiment groups werc cvalualed
with Student’s i-test. (Significance was defined as p <
0.05.)

RESULTS

Chemical Characterization and

In Vitro Evaluation

1Ty AuNP-RGD, ""Lu-RGD and ""Lu-AuNP weic
obtained with radiochemical puritics of > 92%. The TEM
images of 7"Lu-AuNP-RGD and 177 u-AuNP showed
monodisperse sofutions (Fig. 3). The increase in the
hydrodynamic diameter of the particle by the peptide
conjugation-effect was abserved by TEM as a low clec-
tronic densitly around the gold nanoparticle due (o the poor
interaction of the electron beam with the peptide molecules
(low electron densily), in contrast Lo the strong scaltering
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of the electron beam when it interacted with the metallic
nanoparticles (Fig. 3). The average particle hydrodynamic
diameters determined by DLS were 26.6-£8.7 nm, 2564
9.4 nm and 23.84£7.6 nm for 1777 u-AuNP-RGD, 177 Lu-
AuNP and AuNP, respectively (Fig. 3). The Z potential of
177 u-AuNP-RGD was —64.6:£2.8 mV and that af 7Lu-
AUNP was —56.943.1 mV, versus ~22.2+1.7 mV lor the
AuNP. indicating that the peptide functionalization (both,
DOTA-GGC and c[RGDIK(C)]) conferred a high colloidal
stability Lo the nanosystem.*

The in vitro affinity. which was determined by a com-
petitive hinding assay, indicated that the concentration of
¢(RGDIK) required to displace 50% ol the YLu-AulNP-
RGD (ICq = 10.2£1.1 M) or ""Lu-RGD (ICs =53+
0.4 nM) from the receplor was the same order of mag-
nitude Tor both, demonstrating a high i vitro alfinity for
the a(v)B(3) integrin for both conjugates. However, the
amount of c(RGDIK) required to displace 7L u-AuNP-
RGD from the ae(v)B(3) protein wasg twice of thal neccs-

~sary to dispiace 7"Lu-RGD. which may be atiributed o

.- the multivalent-effect of the AuNP system.®%

As shown in Eigure 4, "7"Lu-AuNP-RGD significantly
inhibited C6 cell proliferation (3,621 079 with respect
to that of "7Lu-AuNP (6.3241.16%) and T u-RGD
(29.67:I:'2.82%), which was also atiributed to the greater
in vitro C6 cell internalization as a result of muitivalency.

Biokinetics, Radiation Absorbed

Dose and Therapeutic Response

After each of the four intratumoral administrations, the
mean tumor uptakes 3 h post injection were 08.1 £
7.1% 1D (7"Lu-AuNP-RGD), 482 +55% 1D ("Lu-
AuNP) and 26.8 £2.9% ID ("MLu-RGD), with a high
wmor retention for the radiolabeled nanopatticles. The
wumor retention of T7Lu-AuNP-RGD at 96 b (34.7 +
4.3% TD) was significantly higher {7 < 0.05) than that of
L u-AuNP (15.541.7% ID), whereas 771 u-RGD exhib-
ited the highest twmor clearance (5.74£0.8% 1D). Uptake
occurred mainty in the kidneys and liver, as well as in
the spleen, with negligible uptake in other orgavs. The
mean tumor residence times were 61,658 h (""Lu-
AuNP-RGD), 38.74.1 b ("""Lu-AuNP) and 1734240
(TLu-RGD), while the mean kidney residence times were
088001 h ('77Lu-AuNP—RGD), 0724010 h (7Lu-
AuNP) and 1.2040.24 h ("""Lu-RGD). Figure 5 shows
{he tolal radiation absorbed doses to the kidney, liver
and spleen that were received during the dilferent treat-
ment prolocols. The kidneys are the major dose-timiting

J. Biomed. Nanotechnol, 10, 393404, 2014
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Figure 3. TEM image and size distribution of (A) AUNP, (B) 1773 u-AuNP and (C) 7"Lu-AuNP-RGD.

organ because of the tubular re-absorption and retention of
radioactivity, which may fead to radiation nephropathy.”>**
The maximum tolerated dose to the kidneys is 25-30 Gy
and the dose in our study was less than 1.5 Gy in the three
"Ly treatments.

The tumor size progression for all '"’Lu-conjugates was
significantly lower (p < 0.03) after 23 days with respect to
that of the control group (Fig. 6). At 23 days, tumor size
in the ""Lu-AuNP-RGD group was 27 limes smaller than
that of the controls and twelve-fold and three-fold smaller
than in the ""Lu-RGD and '"Lu-AuNP groups, respec-
tively (Fig. 6). These tumor size data corrclate with the
doses delivered to the tumor in the following order: ' La-
AuUNP-RGD (63.84:7.9 Gy), ""Lu-AuNP (38.3:£4.2 Gy)
and ""Lu-RGD (16.6+ 1.3 Gy) (Fig. 6). The experimen-
tal protocol was completed at 23 days becanse the control

J. Biomed. Nanotechnol. 10, 393404, 2014

mice presented tumor sizes as large as 3 g, therefore, sac-
rifice was necessary. '

Figure 7 shows the '"’Lu-micro-SPECT/CT images
ai 24 h after the last injection (at 22 days of treat-
ment), in which the differences in tumor sizes | and
radiopharmaceutical accumulation in cancer tissues as well
as the negligible uptake in non-target organs are visible.
The tumor area in which no radioactivity is observed is
necrotic tissue. It is important to mention Lhat in advanced
stages, (he histopathological features of glioma are exten-
sive necrotic foci surrounded by tumor cells, while in less-
advanced ncoplasms the necrosis occurs sparsely. Because
"L u-AuNP-RGD induced less tumor progression than the
other radiopharmaccuticals, its twmeor uptake in the micro-
SPECT/CT image was more homogeneous indicating Jess
Nnecrosis,
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Figure 4. Effect of the 'Lu-AuNP-RGD, ""Lu-AuNP and
7L -RGD on in vitro C6 cell profiferation. *Statistically signif-
icant difference (p < 0.05) versus "7 Lu-AuNP-RGD.

.54 "7Lu-RGD
[ " Lu-AuNP
1 FEE " Lu-AuNP-RGD

Absorbed dose (Gy)

Liver Kidneys

Figure 5. Radiation absorbed doses of 7 Lu-AuNP-RGD,
77| -AuNP and ""Lu-RGD to ihe spleen, liver and kidney
induced in mice after 23 days of treatment. -
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4.04 W) (-AGNP-RGD
3.5

3.0

4.5

Tumor mass {a)
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Figure 7. micro-SPECT/CT images of '7Lu-AuUNP-RGD, Lu-
AuNP and " Lu-RGD at 24 h afler the last injection {al 22
days of treatment). The tumor areas in which no radioac-
tivity is observed is necrotic tissue. Extensive necrotic focl
are present in advanced stages of glioblastomas and in less-
advanced neoplasms necrosis occurs sparsely. Y7 Lu-AuNP-
RGD tumor uptake is more homogeneous indicating less
necrotic tissue.

Tumor Metabolic Activity '

High accumulation of ["*FJFDG in the wmor and conse-
quently high SUV values represent high metabolic activity
in viable wmor cells. As shown in Table 11, the SUV val-
ues of the groups treated with ' Lu-radiopharmaccuticals

t were significantly -lower than those of the control group
L (p< 0,05), while the SUV of the '"'Lu-AuNP-RGD group
“way Significantly lower than that of """Lu-AuNFP and TLu-

RGD groups (p < 0.05) (Fig. B).

Histopathological Studies -
Microscopic histofogical characteristics that define C6
gliomas were observed in tumors implanted in mice,

) Lu-RGD
[T " Lu-AuNP
7 Lu-AuNP-RGE

704

Tumor absorbed dose (Gy)

Time (ireatment days)

Figure 6. Tumor size progression for ¥/ Lu-AuNP-RGD, 177 -AuNP and "7 Lu-RGD groups at different days of the treatment {ieft).
The average radiation absorbed doses of "/Lu-AuNP-RGD, 177y - AuNP and Y7 Lu-RGD delivered to C6 tumors (right). *Statistically
significant difference {p < 0.05} versus control group, TStatistically significant difference (p <0.05) versus " Lu-AuNP-RGD group.
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Tabkle Il

Tumor metabolic activity ('*FDG standard uptake value, SUV), VEGF gerie expression in tumor tissues (relative con-

centration versus g-actin} and urea, creatinine and urea nitrogen {BUN} serum concentrations in mice bearing C6 gliomas after
23 days of treatment with ""Lu-AuNP-RGD, ""Lu-RGD or 7 Lu-AuNP {mean =+ standard deviation). )

Treatment group suv VEGF (RC)

Greatinine (mg/dL) Urea {mg/dL) BUN {mg/dL)

7 Lu-AUNP-RGD 0.335:0.099° 0.012+0.008*

7 Lu-AuNP 0.584 40,1077 0.840+£0.0121
YT Lu-RGD 2.7404-0.260*1 0.037 £0.0067
Control 6.538+£0.062 0.0704£0.028

- 0.23040.026 77.933+7.487 30,417 3.502
0.16340.050 67.025+7.562 31.320+3.534
0.180+40.036 59.267 £5.282 32.9934+2.433
0.2004 0.057 63.550-4+3.804 28,698 1.821

Notes: *Statistically significant difference {p < 0.05) versus control (unlrealed group); TStatistically significant difference (p < 0,05) versus T Lu- AuNP RGD

group.

including giant cclls and pleomorphic celi elements, mostly
with vesicalar nuclei and abundant eosinophil cytoplasm,
mifotic forms and atypical nuclei. The following character-
istics were observed in the different treatment groups.

T u-AuNP-RGD: Tumors were delimited by a weak
necrotic (V) area in the periphery (Fig. 9(A)); intralumoral
vessels (V) observed in the necrotic zonc were scarce and
thinner than in ofher groups, with non-significant thick-
wall (Figs. 9(B) and (C)); no inflammatory infiltrate was
observed, and no detritus was formed in the tumor tissues,

1T u-RGD: Necrotic areas were surrounded and limited
to the tunor periphery (Fig. 9(D}). Glomernfoid epithe-
lial proliferations were occasionally present (Fig. %(E)).
Diffuse inflammatory infiltrate and cellular detritus were

observed predominantly in necrouc sites, and mtratumoral

vessels were dispersed and” “6ec 1dna1 (Tl 9(F)) '. I
observed. Necrotic areas were dlspersed in the periphery
and within the tumor {(Figs. 9(G) and (I)). In some cases,
detritus accumulation and diffuse inflammatory infilirate
were present (Fig. 9(H)).

Control group: Extensive necrotic areas with pseudopal-
isading sections and thick-walled capillaries were observed

[BFIFDG
PET/CT images of the control (untreated mouse),
AUNP-RGD, "Lu-RGD and "’Lu-AuNP groups at 23 days
of treatment. High accumulation of ["F]FDG in the tumor
represent high metabolic activity in the viable tumor celis.

Figure 8. (2-deoxy-2-["°Flfluoro-D-glucose)-micra

177Lu_

J. Biomed. Nanotechnel, 19, 393—404, 2014

(Figs. 9(1), (L)). The necrotic area exhibited more intfratu—
moral vessels than in the ""Lu-AuNP-RGD, '""Lu-RGD or

'TLu-AuNP groups. The vessel morphology was irregular

in shape and size (Fig. 9(K)), and inflammatory infiltrate
with an accurnulation of cellular detrifus was also observed
{Fig. 9(L)).

No cytopathological damage was observed in kidneys.
The glomeralus, proximal tube and distal tube cxhibited
no sign of necrosis or of damage any kind. :

VEGF gene expression in fumor tissues. Real-lime PCR
analysis revealed that all treatments tended to rcducc
VEGF gene expression in tumor cells, although the etfect
in the 7"Lu-RGD group was not significant versus con-
trols (Table II). However, treatment with "'Lu-AuNP-
RGD exerted the strongest and significant inhibition of

“'VEGF gene exprussmn when ‘compared to the controls

""TLu-AuNP: Intratumorat  thick- walled vessels \‘;!Clei‘_: ; (P < 0. 05) ‘As'""Lu- AuNP-RGD affinity for the a(v)B8(3)

integrin was ‘demonstrated, the significant reduction in
VEGF gene expression can be directly related to the
(1) B(3) blocking.*®

Creatinine, urea and BUN guantification, Serum ]wul@
of creatinine, urea and BUN in the treatment groups wcsc
not statistically significant different with respect to con-
trot levels {p > 0.03) {Table II). This resuft correlates with
the calenlated low radiation absorbed dose (o the kidneys,
therefore, no renal loxicity was observed.

DISCUSSION

As expected, the radiopharinaceutical that yielded the
greatest nptake and retention in tumors was ' Lu-AuNP-

RGD. The cffects of this radiopharmaceutical can be

aitributed to passive and aclive-largeting mechanisms as
well as multimeric and multivalent properties.” Con-
sequently, the radiolabeled multimeric system delivered
a grealer radiation absorbed dose in tumors than; did
TTLn-AuNP or ""Lu-RGD. The ¢RGD dose was ialso
areater than that ol 7"Lu-RGD, as ' Lu-AuNP-RGD and
"TLu-RGD were injected with the same ¢cRGD concen-
tration {~3 » 10" molecules of cRGD/S0 wl). These
resulis correlated with the observed therapeutic response in
which 7Lu-AuNP-RGD was the radiopharmaceutical: that
induced significantly less tomor progression, less tumor
metabolic aclivily, fewer mitralumoral vessels and rcduu:d
VEGF gene expression.
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177 0-RGD 177 Lu-AUNP-RGD

Lu-AuNP

177

CONTROL

Figure 9. Three microscopic views {{A), (D; (G}, (B), (E), (H), {J), (i): x100; (CY, (F), (I}, {L): x200) of tumor histopathology with
7L u-AUNP-RGD, " Lu-RGD or " Lu-AuNP after 23 days of treatment. The control is a tumor from an untreated mouse. Less
necrosis {N) and less vascular proliferation (V) in the " Lu-treatments against the control are observed. Nuclear pleomorphism

is indicated by arrows.

A peplide-nanoparticle conjugate bearing ¢RGD pep-
tides provides a surface for simultaneous multiple interac-
tions with the cell surface, giving rise to multivalent effects
(defined as an affinity ephancement). Poethko et al.
reported that the minimum linker length is approximately
3.5 nm for the simultaneous binding of two c¢{RGD)
motils in the a(v)B(3) integrin. In the ""Lu-AuNP-RGD
system, (he longest distance between two RGD motifs
was calculated to be 11 nm, which is sufficiently long
for the motifs to bind to adjacent e{uv)B(3) intcgrins
simultaneously.® ' The increase of peptide multiplicity in
77 u-AuNP-RGD may be at lcast partly responsible for
the enhancement in tumor uptake (by an active-targeting
mechanism) with respect to '""Lu-RGD (V' Lu-DOTA-E-
c(RGDK),), in which the distance between the RGD
molecules 'is 2.8 nm.!?

Because the aim of this study was to evaluate and
compare the therapeutic response, no umor ablation
was induced. However, in agsecment with the radia-
tion absorbed doses obtained in the non-target organs,
the '""Lu-AuNP-RGD dose could be increased ten-fold
without exceeding the maximum (oleraled radiation dose
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(MTD) to the kidneys (MTD = 25-30 Gy) or liver
(MTD = 30-40 Gy), increasing the therapeutic efficacy
and likely yielding complete tumor remission.***

The results indicated that '7'Lu-AuNP-RGD exerted the
strongest and most significant inhibition of VEGF gene
expression when compared o the controls (p <;0.05),
potentially due io the multivalent RGD system, which may
antagonize the [unction of the a(v)B(3) integrin, thereby
inhibiting angiogencsis.?® Cyclic RGD peptides have previ-
ously been reported to have limited activity as single agents
in the treatment of glichlastoma, but when added to stan-
dard radiochemotherapy, appear to prolong progression-
free and increasc the overall survival in patients with newly
diagnosed glioblastomas.” Therefore, the observed effect of
177] u-AuNP-RGD on VEGF gene expression could be due
to the combined molecular targeting therapy {multimeric
and multivalent RGD system) and radiotherapy {""Lu
found in this one particular pharmaceutical. :

Several triafs have shown a significant improvement in
clinical outcome when radiotherapy, chemotherapy or both
were carried oul under hyperthermic conditions in patients
with advanced solid lumors such as cervical cancer?’%

J. Biomed. Nanotechnol. 18, 393-404, 2014
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Hyperthermia increases the efficacy of radiotherapy by
improving lumor oxygenation and interlfering with DNA
.repair mechanisms.”” In combination with chemother-
apy, hyperthermia increases the drug concentration in the
tumor atea.”’ However, current techniques for hyperther-
mia induction display low spatial selectivity for the tissues
that are heated. Lasers have been used for inducing hyper-
thermia, and spatial sclectivity can be irproved by adding
gold nanoparlicles Lo the lissue (o be trealed. By expos-
ing nanoparticies'to laser irradiation, it is possible to heat
a localized area in tumors without any harmfu} heating
of surrounding healthy tissues. The multifunctional '""Lu-
AuUNP-RGD system prepared in this study, could also
be used in photothermal cancer therapy using short NIR
laser pulses to generate a second harmonic or a two-
photen absorption process.® Second harmonic generation
converts the NIR photons (800 nm} into visible photons
(400 nm), which could be absorbed by the '""Ln-AuNP-
RGD nanospheres through surface plasmon and clectron
interband transition from the d band to the sp band with
the consequent conversion of their energy into heat. NIR
photons could also be directly absorbed and converted into
heat through a nonlingar two-photon absorplion process
due to an ageregated alignment of the nanoparticles bound
to cancer cells.”-
If afl the properlies of the radiolabeled multifunctional
system could be applied in.nanomedicine, .!”’Lo-AuNP-

RGD could be potentially useful:for’ the specn"c imaging; '
of malignant tumors during trcatment (SPECT imaging);

for molecular largeling therapy/radiotherapy (mullimeric
RGD peptides plus high B-particle energy delivered per
unit of targeted mass) and for photothermal therapy (local-
ized heating). For therapeutic applications in " humans,
nanoparticles would have to be administered by an intra-
turnoral injection or via a selective artery to avoid high
uptake by organs of the reticuloendothelial system because
of the colloidal nature of the nanoparticles.*! Injection of
the multimeric system into an artery of the affected organ
would permil high uptake to a tumor and potentially to
micrometastases or individual cancer cells.

CONCLUSIONS

177 u-labeled gold nanoparticles conJUUdLed to cyclo-

RGDFK(C) significantly decreased glioma tumor progres- '

sion in mice through the cffect of a combined molecular
targeting therapy/radiotherapy. The inhibition of VEGF
gene expression. jnvolved in the angiogenesis process,
indicated a molecular response. ["*F]fiuor-deoxy-glucose-
" microPET/CT images showed a significant decrease in
tumor metabolic activity. Therefore, "/Lu-AuNP-RGD
demonsirates properiies suitable for use as an agent for
molecular targeting radiotherapy.
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9mMTe-N,S,-Tat (49-57)-bombesin internalized in nuclei of
prostate and breast cancer cells: kinetics, dosimetry and

effect on cellular proliferation

Clara L. Santos—Cuevasa'b, Guillermina Ferro-Flores?, Eva L. Rojas-Calderon?,
Rocio Garcia-Becerra®, David Ordaz-Rosado®, Consuelo Arteaga de Murphy”

and Martha Pedraza-Lopez®

Background The gastrin-releasing peptide receptor
(GRP-1) is overexpressed in prostate and breast cancers.
tecnitium 99-bombesin (®*®*™Tc-BN) has been reported as
a radiopharmaceutical with specific cell GRP-r binding. The
HIV Tat (49-57)-derived peptide has been used to deliver
a large variety of molecules to cell nuclei. A new hybrid
radiopharmaceutical of type %°™Te-N,$,-Tat(49-57)-Lys*-BN
(**Tc-Tat-BN) internalized in cancer cell nuclei could act
as an effective system of targeted radiotherapy using
Auger and internal conversion electron emissions near
DNA,

Aim The aim of this study was to assess the in-vitro
nucleus internalization kinetics of **™Te-Tat-BN in GRP
r-positive cancer cells and to evaluate the subcellular-level
radiation-absorbed dose associated with the observed
effect on cancer cell BNA proliferation,

Methods **™Tc-Tat-BN in-vitro internalization kinetics
were evaluated in human prostate cancer PC-3 cells and
breast carcinoma cell lines MCF7 and MDA-MB231. Nuclei
from cells were isclated using a nuclear extraction kit
Total disintegration in each subcellular compartment was
calculated by the integration of experimental time—~activity
kinetic curves. Nucleus internalization was corroborated by
confocal microscopy images using immunofluorescently
labelled Tat-BN. The PENELOPE code was used to
simulate and calculate the absorhed dose by the
contribution of Auger and internal conversion electrons

in the cytoplasm and nucleus using geometric models

Introduction

As interest in targeted therapies for cancer increases,
radionuclides stand out not only for their ability to be
. detected by external scintigraphy, but also for their
therapeutic capacity [1]. The objective is to deliver a
maximum radiation dose to tumour areas in a selective and
localized manner, generating a therapeutic effect becanse
of encrgy deposition from charged particle emissions. At the
single-cell level, short-range charged particles, such as o,
internal conversion {IC) electrons and Auger electrons,
impart a dense ionizing energy deposition pattern
associated with increased radiobiclogical effectiveness.
However, they must be able to penetrate the cytoplasm

0143-3636 © 2011 Wollers Kiuwer Health | Lippincoll Williams & Wilkins

built from immunofluorescent cell images. A cell
proliferation kit was used to evaluate DNA concentration
after cancer cell incubation with %™ Tc-Tat-BN.

Resulls The results showed that 59.7, 61.2 and 41.5% of
total disintegration per unit of **™Tc-Tat-BN activity (1 Bq)
bound to the cell oceurred in the nucleus of PC-3, MCF7
and MDA-MB231, respectively. The S°™Tc-Tat-BN absorbed
doses delivered to nuclei were 0.142 mGy/decay (PC-3),
0.434 mGy/decay (MCF7) and 0.276 mGy/decay (MDA-
MB231). ®™Tc-Tat-BN produced a significant decrease in
PC-3 (52.98%), MCF7 (45.71%) and MDA-MB231 (35.80%)
cellular proliferation with respect to untreated cells.

Conclusion The hybrid radiopharmaceutical could be
potentially useful as a therapeutic agent for prostate and
breast cancers. Nucl Med Commun 32:303-311 @ 2011
Woiters Kluwer Health | Lippincott Williams & Wilkins.

Nuclear Medicine Communications 26G11,32 :303-311

Keywords: hybrid radiopharmaceutica), peptide-receptor therapy,
radiolabelied bombesin, subeellular dosimetry, Tat-bombesin
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and reach the nucleus, which is considered to be the most
radiosensitive component of the cell. Auger and IC
electron emitters that can be targeted to the DNA of
tumour cells represent an attractive system of radiation
therapy because of their high linear encigy transfer within
nuclear dimensions (426 keV/um) [2]. In contrase to
& radiation, Auger and IC radiation are of low toxicity
when decaying outside the cell nucleus, such as in the
cytoplasm or outside the cells during blood transport.
"Technetium-99m (*P™Tt) is the most frequently used radio-
nuclide for in-vivo diagnostic imaging studies because
of its monoenergetic y rays of 140 keV and casy complex
formation with a large number of ligands. **™Te produces

DOl 10.1087/MNM.0b0132328341b27f
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Multifunctional Targeted Radiotherapy System for Induced Tumours Expressing

Gastrin-releasing Peptide Receptors

Nallely Jimenez-Mancilla"”, Guillermina Ferro-Flores'*, Blanca Ocampo—Garcial, Myrna Luna-Gutierrez"”,
Flor De Maria Ramirez', Martha Pedraza-Lopez’ And Bugenio Torres-Garcia®

! Instituto Nacional de Investigaciones Nucleares, Estado de México, Mexico; 2Universidad Auténoma del Esiado de México, Mexico;
3 nstituto Nacional de Ciencias Médicas y Nutricion Salvador Zubirdn, Mexico

Abstract: The gastrin-releasingpeptide receptor (GRP-r)is overexpressed in breast and prostate cancer, and Lys’-hombesin is a peplide
that binds with high affinity to the GRP-1. HIV Tai{49-57) is a cell-penctrating peptide that reaches the DNA. In cancer cells,""Lu shows
officient crossfire effect, while”™™Tc that is internalised to cancer cell nuclei acts as an effective system of targeted mdiotherapy because
of the Auger and IC electron emissions near the DNA. The aim of this research was to prepare a multifunctional system of "Lu-
and " Tc-labelled gold nanaparticles (AuNPs) that were conjugated to Tai{49-57)-Lys*-bombesin (Tat-BN) and to cvaluate the radiation
absorbed dose to GRP recoptor-positive PC3 tumours that were induced in mice. Cys-Gly-Cys-Tat-BN (CGC-Tat-BN), 14,7,10-
tetraazacycledodecane-N', N" N"-tetraacetic-Gly-Gly-Cys  (DOTA-GGC)andhydrazinonicotinyl-Phe-Cys-Phe-Trp-Lys-Thr-Cys-Thr-ol
(HYNIC-TOC) peptides were conjugated to AuNPs to prepare a mullifunctional system by means of a spontaneous reaction of the thiol
groups of cysteine. TEM, UV-Vis, XPS and Far-IR speciroscopy techniques demonstrated that AuNPs were functionalised with peptides
through inferactions with the-SHgroups. The®™Te labelling was performed via the HYNIC-TOC ligand, and the'"Lu labelling was per-
formed through DOTA-GGC. The radiochemical puritywas 96 = 2%. The '"Lu-absorbed doscper injected activity that wasdelivered to
the PC3 twmours was 7.9 GyMBq, and the *™Tc-absorbed dose that was delivered to the nuclei was 0.53 Gy/MBq. The ML/ Te-
AuNP-Tat-BN system showed properties suitable for a targeted radionuclide therapy of tumours expressing GRPreceplors due to the en-

ergy deposition from f-emissions and the Auger and IC eleciron emissions near the DNA.

Keywords: '""Lu-gold nanoparlicles; radiolabelled gold nanoparticles; radiolabeiled Lys™-bombesin-Tat(49-57); targeted radiotherapy; #me.

gold nanoparticles.

1. INTRODUCTION

The objective of targeted radiotherapies for cancer is to deliver
a maximum radiation dose fo tumours in a selective and localised
manner, thereby generating a therapeutic effect through the energy
deposition from charged particle emissions. The radionuclide'”’Lu
has a half-life of 6.71 d and & P,emission of 0.497MeV (78%),
andit has been successfully used for radiopeptide therapy with an
efficient crossfire effect in cancer cells {1-4]. At the single-ceil
level, short-range charged particles, such as internal conversion
(IC) electrons and Auger electrons, impart a dense ionising energy
deposition pattern that is associated with an increased radiobiologi-
cal effectiveness [5]. The”Tc that is internalised in cancer cell
nuclei acts as an effective system of targeted radiotherapy because
of the delivery of Auger energy (0.90 keV/decay) and IC electron
encrgy (15.40 keV/decay) near the DNA [6].

The pastrin-releasingpeptide receptor (GRP-1) is overexpressed
in breast and prostate cancer. Lys™-bombesin is a peptide that binds
with high affinity to theGRP-r {7-9]. Current challenges include
conjugating biomolecules with cell-penetrating peptides and/or
nuclear localisation peptide sequences (NLSs) to promote their
internalisation and routing 1o the cell nucleus. Tat(49-57} is a pep-
tide derived from thetransactivator of transcription profein of the
HIV-1 virus that has a membrane translocation domain and an NLS
giﬂ,lk]. Recently, Santos-Cuevas ef af. [12,13} reported that the

" Te-Tat(49-57)-Lys’-Bombesin (*™Te-Tat-BN) was a new hybrid
radiopharmaceutical that was internalised into the nuclei of prostate
and breast cancer cells,

*Address correspondence to this author at the Departamento de Materiakes
Radiactivos, Instituto Nacional de Investigaciones Nucleares, Carreterz
México-Teluca S/N,, La Marquesa, Ocoyoacac, Estado de México., C.P.
52750, México; Tel: + (52} (85)-53297200 ext. 3863; Fax: + (52} (55)-
53297306; E-mail: ferro_flores@yahoo.com.mx;

guillermina. ferro@inin. gob.mx

1573-4137/12 $58.00+.00

Several studies have demonstrated that conjugating peptides fo
gold nanoparticles (AuNPs) produces biocompatible and stable
multimeric systems with target-specific molecular recognition [14-
24]. Peptides can be conjugated to one AuNP by a spontaneous
reaction of the AuNP surface with a thiol (cysteine} or an amine
[186,25].

The aim of this research was to prepare a multifunctional sys-
tem of '""Lu- and ®™Te-labelled pold nanoparticles (AuNPs) that
were conjugated to Tat(49-57)-Lys’-bombesin (7 Lu/”™T'c-AuNP-
Tat-BN) and to evaiuate the radiation absorbed dose toGRP recep-
tor-positive PC3 tumours that were induced in mice.

2. MATERIALS AND METHODS

Reagents. NN-dimethylacetamide (DMA), tert-butyi bromo-
acetate, N,N-diisopropylethylamine (DIPEA), diisopropylearbodi-
imide (DIC), dimethyiformamide (DMF)dichloromethane (DCM),
2-(111-benzotriazoie-1-y1}-1,1,3,3-tetramethyluronium  hexafluoro-
phosphate (HBTU), hydroxybenzotriazole (HOBt),Fmoc-cys-Tri-
OH, Fmoc-gly, 20-nm gold nanoparticles and other reagents were
purchased from the Sigma-Aldrich Chemical Co. and used as re-
ceived.Rink Amide MBHA was obtained from Novabiochem.

2.1, Synthesis of Peptides
2.L1. Ta#(49-57)-Lys’-bombesin (Tat-BN)

The Tat(49-57) peptide (H-Arg-Lys-Lys-Arg-Arg-Gln-Arg-
Arg-Arg-NH,;) was conjugated to Gly-Gly-Cys-Gly-Cys(Acm)-
Gly-Cys{Acm)-NH; to produce the Tat(49-57)-spacer-GCGC pep-
tide  (H-Arg'-Lys>-Lys>-Arg™-Arg’-Gln®-Arg"-Arg®- Arg”-Gly™"-
Gly'-Cys'%-Gly'*-Cys'*( Acm)-Gly'*-Cys'S(Acm)NH,). The se-
quence Gly'3-C).rs"‘-Glyls—Cyslﬁ was added for use as the specific
chelating site by theAuNPs Fig. (1). The Lys*-bombesin (Pyr-Gln-
Lys-Leu-Gly-Asn-Gln-Trp-Ala-Via-Gly-His-Leu-Met-NH2)  was
conjugated to a maleimidopropyl moiety thromgh Lys®, and the
maleimidopropyl group was used as the branch position to form a
thioether with the Cys'” side chain of the Tat(49-57)-spacer-GCGC

© 2012 Bentham Science Publishers



EMSTITUTO NACIONAL DE
CIENCIAS MEDICAS
Y NUTRICION
SALVADOR ZUBIRAN

11 de febrero de 2016

Dra. Norma Bobadilla Sandoval
Coordinadora de la Comision en Animales

Presente

Distinguida Dra. Bobadilla

Por este conducto me permito solicitar el cierre del protocoio: “EVALUACION IN VITRO
E /N VIVO DE PEPTIDOS RADIOMACADOS PARA EL DIAGNOSTICO ESPECIFICO DE
LESIONES TUMORALES POR IMAGENES GAMMAGRAFICAS EN MEDICINA
NUCLEAR, No. de registro CINVA 243, debido a que el protocolo ha concluido.

Sin otro particular por el momento reciba un cordial saludo.

Atentamente

Dra. en C. Mar

Investigador en Ciencias Médicas “C”
Departamento de Medicina Nuclear

Vasco de Quiroga No, 15
Colonia Seccién XVI
Deiegacion Tlalpan
México, D.F. 14000
Tel. {52}54870900
WWW. incmnsz. mx
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INSTITUTO NACIONAL DE

CIENCIAS MEDICAS México, D.F. a 10 de Febrero de 2016
Y NUTRICION

SALVADOR ZUBIRAN

Dra. Martha Pedraza L.opez GEEE NS NacTore—
.. o o NaL p
Depto. Medicina Nuclear KEE)  “sALvars ¥ HUTR)
e DoOR U

Presenie

Estimada Dra. Pedraza:
- ~iGACg
Por este conducto me permito solicitar el cierre del Protocolo: “EVALUKCI(%!M
VITRO E IN VIVO DE PEPTIDOS RADIOMARCADOS PARA EL DIAGNOSTICO
DE LESIONES TUMORALES POR IMAGENES GAMMAGRAFICAS EN
MEDICINA NUCLEAR..”, con regisiro CINVA 243., debido a que el periodo de
realizacion y la prorroga correspondiente autorizado por la CINVA ha concluido.
Eavor 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 dias, el protocolo se dara por

cerrado.

Sin otro particular por el momento, guedo de usted.

ST N e
NS \H MACIGNAL DF CiEriciig
MEDICAS Y MUTRICIO

\\/‘;A\\ ;}(J!]{ yau B3R, R

Atentamente,

Dra. ma A. Bobadilla Sandoval
Coordinadora de la Comision de Investigacion en Animales

. . : ' ﬁu‘afiigiij W Testiititusi e Letl’jo{-- 4
Avenids Vasco de c.c.p. DOr. Gerardo Gamba Ayala, Director de Investigacién MERCAS V MUTRICION

O Lf‘i roga Mol 0S8 MVZ Marieta Contreras Escamilla, Jefa del DIEB R
Colonia Belisario i COY ey R, o
Dominguez Saccion v a theen T 3“\J
Detegacion Tlalp:
S PR NAB/nom i
Codigo Postal 12030 NVESTIGACION E -

L. - N EXPRE
México, Distrito Federal "'ﬁ:{f?("j‘ ?%&ﬂgﬁ:ﬁ“

. o

Tel, (52)54870900
WWwW.Iincmnsz. mx



INSTITUTO NACIONAL BE CIENGIAS MERIGAS Y NUTRIGION
ININ S 7 SALYADOR ZURIRAN

Abril 23, 2012

Dra. Martha Pedraza Lopez
Departamento de Medicina Nuclear
Presente .

Por este medio me permito informar a usted que se aprueba su solicitud de ampliacién
de fecha de término a diciembre de 2015, del proyecto “Evaluacion in vitro de péptidos
radiomarcados para el diagnostico especifico de lesiones tumorales por imagenes
gammagraficas en Medicina Nuclear”.

Atentamente

MVZ, MSc. Cert.L.A.M. Rafael Hernandez Gonzalez
Cooﬁnador de la Comision de investigacién en Animales
Jefe c(el Departamento de Investigacidn Experimental y Bioterio

ol =
157 2
e
QWJ)V o™
‘ [nvestigaciéh | e Vasco de Quiroga 15,
Tradicion Servicio e Delegacidn Tlalpan
Asistencia Bocencia e C,P 14000 México, D. F.

. Tel. 54-87-09-00

20007700
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30 de marzo del 2012

Dr. Rafae! Hernandez Gonzalez
Coordinador de la CINVA
Presente

Estimado Dr. Hernandez:

Por este conducto le solicito de la manera mas atenta la prorroga hasta diciembre
del afio 2015 para la continuacién del proyecto: Evaluacién in vitro de péptidos
radiomarcados para el diagnostico especifico de lesiones tumorales por imagenes
gammagraficas en Medicina Nuclear, No. CINVA 243. La continuidad en este
trabajo ha permitido la aplicacion exitosa de péptidos radiomarcados para la
localizacion de lesiones tumorales en pacientes. Asi mismo se han publicado
articulos a este respecto en revistas interhacionales de alto impacto.

Sin otro particuiar por €l momento.

Atentamente.

Departamento de Medlcma Nuclear

investigacion e Vasco de Quiroga 15,

Tradicion Servicio e Delegacion Tlalpan

. . , e C.P. 14000 México, D. F.
Asisiencia Docencia

® Tel. 54-87-09-00

20007700
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ﬁ INSTITUTO N&@B@NA . DE CIENCIAS MEDICAS Y NUTRIGION

D RI] N g Z SALVADOR ZUBIRAN
22 de octubre de 2007
Dra. en C. Martha Pedraza Lopez N
Departamento de Medicina Nuclear P W
Presente. M

En referencia con el proyecto de investigacion: “Evaluacién in vitro e in vivo de
Péptidos Radiomarcados para el Diagndstico Especifice de Lesiones Tumorales
por Imagenes Gammagraficas en Medicina Nuclear”

Registro CINVA: 243

El Comité de Investigacion en Animales ha revisado su respuesta de fecha 04 de octubre
y €l (CINVA) decidio APROBAR el proyecto con las siguientes observaciones:

1. La metodologia estd mejor presentada y queda m4s claro pero deben justificar el :; -
uso de las lineas celulares de pancreas y prdstata (en los Antecedentes no - {5
incluyen ninguna referencia relacionada con estas lineas que justifique su uso, & 2
no proveen de antecedentes donde se demuestre que esas lineas celulares {\ﬂ,‘ =
presentan receptores a oxcitocina e integrinas (células AR42J de pancreas y PC3 },ﬁ

de prostata), - : .

2. Dentro de sus objetivos, el marcado como 3 no puede realizarse con el protocolo
que proponen y debe eliminarse. -

Sin otro particular, le deseo éxito en su proyecto.

.MV <M. Sc¢. Rafael Herndndez Gonzilez
Coord}»ﬁ)r del Comité de Investigacién en Animales

cep. Dr. Rubén Lisker Y. Director de Investigacion //" /’J
Dr. Patricio Santillin Doherty. Comité de Investigacion en ; &}%
Animales. @/( s and o /)%7
Dr. Gerardo Gamba Ayala. Comité de Investigacién en Animales. ; j 2007
MVZ., M. en C. Ma. de'la Luz Streber J. Comité de Investlgaczon en “? ¢
1nvest1gacnon Animales.
Tradicidn Servicio X
_ Q@‘O . +Vasco de Quiroga 15,
Asistencia Docencia ' 6\. » Delegacion Tlalpan
0\,’6 « C.P. 14000 México, D. F.

20007700 N Gy . Tel. 54-87-09-00



Direccién de [nvestigacién

FORMA UNICA PARA REGISTRO DE PROYECTOS

Mo mvada las zmms sombreadas

FECHA DE RECEFCION : ___27-JUNI0-2007 CLAvE: -_m H m .

TTULO: EVALUACION IN YITRC E IN VIVO DE PEPTIDOS RADIOMARCADOS PARA EL DIAGNOSTICO
" ESPECTFICU UE LESIUNES TUMURALES POR IMAGENES GAMMAGRAFICAS EN MED. NUCLEAR

INVESTIGADOR RESPONSABLE: DRA. EN C. MARTHA PEDRAZA LOPEZ "L
DEPARTAMENTO O SERVICIC:  MEDICINA NUCLEAR S
TIFO DE INVESTIGACION: | L]
1. !nvest.igacién Clinica {incluye seres humanos o sus productos bioldgicos) -
X 2. Inves tigacién Experfmenia! . (incluye animales de investigacion o sus produclos biologicos)
3. inves ﬁgacién Documental {revisién de expedientes, revision bibliografica, informe de casos, elc.)
4. Desarrollo Tecnolégico (instrumental, equipo, metodos disgndsticos, drogas nuevas, elc)
5. investigacion Epidemiciogica {estudios en poblaciones, en comunidad o en hospital}
}6. Oiras {organizacion de eventos, asistencia a reuniones, donativos, etc)
PATROCINADORES: Cantidad:
. CONACYT $100,0CC.00 -$400,00¢.00
TOTAL

. Fondo de Apoyo
PERIODO DE UTILIZACION DE LOS RECURSOS:  de mes: YUL10450: 2087 4 pes: JULIO,5,. 2008
FORMA EN LA QUE SE RECIBIRAN LOS FONDGS:
Primer afio: $100,000.60

Segundo afic:

Tercer afio:

Cuarto ano:

Quinto afio:

primer frimestre segundo frimestre tercer rimestre cuarto rimestre
COSTOS TOTALES DE LA INVESTIGACION A INSTITUCIONES PARTICIPANTES w
(ver instrucciones al reversa) ‘ .
1. Personai: : ) TNCMNSZ, TNIN.

{sueldos y sobresueldos al personal)

2. Equipos:  $40,000.0C
{de laboratorio, computo, transporie, etc.) . ’ J
3. Materiates: $30,000.00 ‘ e
{reactivos, consumibies, desechables, elc.} (/ \
4. Animales: w ' J//J
{adquisicion, cuidado, procedimientos, elc.) L/{/ { 4
[ Ty 5 P
5. Estudios: "tjf?/—tj’f,?ﬁ;—q
{de laboraterio, gabinete, espemaies efc.) / ,nveshgadm ‘ Jefo dal DepanEmemo‘ fI
Ri ble
6. Vigticos:  $10,000.00 esponsable

{reuniones cientificas v trabajo de campo)

/<C/-/7”” ’“’é/}-_

7. Publicacionés: —
omiie E
{costos directos de publicacion, sobretiros) ,nvewgacm o AS
8. Suscripcidn: $20 ,000.00
{fibros, revistas, software, periodico, elc.}
i .
9. Varios: ' v . Director de( Diredio Ggr;:_‘}.:‘
{teléfono, fax, fotocupias, mensaisiia, elc.) Investigacion 7

IA Cm— i 9X n_;“... | . ' ,’7\\. j\"’[@ﬁZC?O‘]
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INSTITUTO NAGIONAL DE GIENCIAS MERICAS YV NUTRIGION

SALVAROR ZUBIRAN
INGMNSZ

04 de octubre de 2007
Ref. CINVA 243

MVZ. M. Sc. Rafael Hernindez Gonzilez
Coordinador del Comité de Investigacién en Animales.
INCMNSZ

Estimado Dr. Hernandez:
Recibimos su comunicacién del 17 de septiembre con observaciones al proyecto
“Bvaluacién in vitro e in vivo de péptidos radiomarcados para el diagndstico

especifico de lesiones tumorales por imagenes gammagraficas en medicina nuclear”

En respuesta a sus observaciones se anexa un documento con el protocolo modificado
incluyendo todas las correcciones sugeridas amablemente por usted.

Agradezco todas sus observaciones esperando haber respondido a todas ellas y quedo
a su disposicion para cualquier aclaracién.

Atentamente, -/_,:,f

;.// .‘" ’//
Dra. en C. Maftha Pedraza Lopez
Investigador en Ciencias Médicas

Departamento de Medicina Nuclear,
Ext. 2402
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. Vasco de Quiroga 15,
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70007700 . Tl
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EVALUACION IN VITRO E IN VIVO DE PEPTIDOS RADIOMARCADOS PARA EL. DIAGNOSTICO
ESPECIFICO DE LESIONES TUMORALES POR IMAGENES GAMMAGRAFICAS EN MEDICINA
NUCLEAR

Investigador Responsable Dra. Martha Pedraza Lopez
Departamento de Medicina Nuclear

ANTECEDENTES

En Medicina Nuclear el, ®™Tc es el radionficlido més utilizado para estudios de diagnéstico debido
a sus caracteristicas fisicas y quimicas, emite radiaciones gamma de 140 keV (90%),
(monoenergético), facilmente detectada que proporciona imagenes gammagraficas de alta calidad, su
tiempo de vida media fisica es de seis horas, desintegrandose por transicién isomérica sin
radiaciones beta, por lo que se pueden administrar dosis relativamente altas para efectuar estudios
clinicos en menos tiempo y con menor tiempo de exposicién. Ademas, el PMTe  tiene una gran
disponibilidad debido a su bajo costo, ya que se obtiene facilmente de un generador de Mo/ Te.

Se utiliza en forma de pertecneciato y, en estado reducido se une a un gran nimero de ligantes o
moléculas acarreadoras, formando complejos (radiofdrmacos) en un tiempo de reaccion
relativamente corto (5 a 30 min) con altas eficiencias de marcado (>90%) [Verduyckt y cols 2003,
FEUM, 2004]. Una alta selectividad por el sitio del tumor y un periodo de permanencia largo del
radiofarmaco en el sitio de interés son las bases para un diagndstico clinico exitoso.

Las hormonas peptidicas (4cidos a-aminocarboxilicos) han sido disefiadas por la naturaleza para
estimular, regular, inhibir numerosas funciones de la vida y actian por medio de sus receptores
principalmente, como transmisores de informacién y coordinadores de actividades de varios tejidos
en ¢l organismo. Comparados con los anticuerpos, los péptidos pequefios ofrecen varias ventajas:
son faciles de sintetizar y modificar, tienen menos probabilidad de ser inmunogénicos y répida
depuraci6n sanguinea. En muchos casos la afinidad de los péptidos pequefios por sus receptores s
significativamente mayor que la de los anticuerpos o sus fragmentos {Lui y cols., 1997; Reubi, 2003,
De Jong vy cols., 2003].

Los receptores se unen especificamente a los correspondientes péptidos marcados con
radionucleidos. Los receptores de péptidos estan sobre expresados en las células de numetosos
canceres. Estos receptores han sido usados como blancos moleculares para peptidos radiomarcados y
asi localizar el tumor, uno de esos complejos es el octreétido (°™Te-HYNIC-TOC) que ha
demostrado ser una buena opcién para la deteccidn de tumores que presentan receptores de
somatostatina, ya que es captado rapidamente y retenido por el tumor, Las aplicaciones exitosas del
octredtido radiomarcado en centelleografia para la localizacién de linfomas, granulomatosis,
meningiomas y tumores de origen neuroendécrino y céncer pulmonar, sobre todo en Europa son
indicativas de la importancia que tiene investigar ofro tipo de péptidos radiomarcados, tanto nativos
como sus derivados (andlogos), para diagnostico por imagen en medicina nuclear | Breeman y cols.,
2001; Krenning y cols., 2004, Kaltsas y cols., 2004; Kwekkeboom y cols., 2005a, 2005b].




Otros péptidos de mucho interés en medicina debido a que sus receptores estimulan el crecimiento
en las células neoplasicas son la oxitocina en el cancer de mama y cérvico uterino, y las integrinas en
la estimulacion de la angiogénesis.

a) Oxitociona Quimicamente la oxitocina (OT) es un nanopéptido ciclico, con la secuencia cisteina-
tirosina-isoleucina-glutamina-asparagina-cisteina-prolina-leucina-glicina. Es una hormona
neuropeptidica sintetizada en los niicleos paraventricular y supradptico del hipotalamo. La accion
hormonal periférica de la OT esta mediada por receptores. Los receptores (OTRs) se unen
especificamente y con gran afinidad a la OT y a algunos de sus analogos. Los OTRs se expresan
principalmente en las células mioepiteliales de la glandula mamaria, en el miometrio y ¢l
endometrio del ttero, al término del embarazo y en el parto y post parto. Ademas por estudios in
vivo e in vitro se demostré que también se encuentran en carcinomas de mama y de endometrio,
en neuroblastomas, glioblastomas, osteoblastos y osteosarcomas [Cassoni y col. 2000, 2004].

b) Integrinas Las integrinas son glucoproteinas heterodiméricas de adhesion transmembranal,
constituidas por cadenas alfa y bela que cruzan de parte a parte la membrana celular. Hay 14
clases de subunidades o y 8 clases de subunidades §, que producen al menos 20 heterodimeros de
integrinas. Hay muchas integrinas que estan expresadas ampliamente, y la mayoria de las c¢lulas
tienen méas de una integrina en su superficie celular, por ejemplo, las células de melanoma
expresan o,Bs, (B, aaPs ¥ asPy; en las células de carcinoma pulmonar se expresan avfis y en
muchas otras células tumorales se encuentran a,Ps [Knight y cols 2003; Mitra y cols. 2006]. Se
han encontrado una gran variedad de integrinas sobre la superficie de células tumorales, las

integrinas a,f; se encuentran elevadas en la angiogénesis de tumores y sus metastasis
[Friediander y cols. 1995];

La unidn especifica de los receptores a,f; de las integrinas a los péptidos que contienen el residuo
de amino acidos Arg-Gly-Asp (RGD) ha sido 1til para obtener la imagen de tumores especificos,
mediante el radiomarcado del péptido RGD [Janssen y cols. 2002].

OBIJETIVOS E HIPOTESIS

EL OBJETIVO PRINCIPAL.:

Evaluar la especificidad in vivo de las formulaciones de péptidos marcados con #mTe para el
diagnéstico especifico de lesiones tumorales que sobre cxpresan receptores de oxitocina y de
integrinas por imagenes gammagraficas en medicina nuclear. Los estudios in vitro han sido

previamente realizados y la hipétesis anterior sobre la captacion in vitro ya se corrobord con estudios
anteriores.

LOS OBJETIVOS GENERALES SON:
1. Determinar la biodistribucién de los radiofdrmacos en un modelo animal (ratones sanos y en
ratones con tumores inducidos).

2. Obtener imagenes gammagraficas de la biodistribucién de cada uno de los radiofirmacos en
animales con tumores inducidos.




3. Blaborar un protocolo clinico que permita la obtencidn de iméagenes diagndsticas en pacientes
con los radiofarmacos obtenidos y que pudieran ser utilizados para el diagnéstico de cancer de
pancreas, prostata y mama.

HIPOTESIS:
Si los péptidos marcados son receptor-especificos seran captados in vivo en lesiones tumorales y
podrian ser un buen agente para el diagndstico por iméigenes gammagraficas en medicina
nuclear.

MATERIAL Y METODOS
Todo lo referente marcado de la oxitocina (*™Tc-oxitocina) y del ciclo-Lys-D-Phe-RGD (*"Te-
RGD), estudios de estabilidad de los radiofarmaco y captacién in vitro en las lineas de células
tumorales son objetivos ya realizados. En este protocolo solo se realizaran los estudios in vivo
en ratones sano y ratones con tumor inducido

Material biclogico
Ratones atfmicos, de 6 semanas de edad mantenidos en jaulas de plastico con aserrin, a
temperatura constante (23 -25 °C) y perfodos regulados de luz y oscuridad (12 h cada uno).
Alimentacion ad libitum.

Tamaiio de la muestra

90 ratones atimicos, divididos en 6 grupos de 15 ratones cada uno para los estudios
radiofarmacocinéticos.

Los datos de biodistribucidn (como se detallard mas adelante) se obtendran sacrificando a los
ratones a las 0.5, 1, 2, 3, 24 h, postinyeccion, (tiempos necesarios para conocer la cinética de
eliminacién) y seran 3 animales por cada tiempo, dando un total de 15 ratones por grupo.

- ’ [¥] . 1 =1t *
Con el radiofarmaco **™Tc-oxitocina se utilizaran 2 grupos de 15 ratones cada uno y se evaluara

la biodistribucidn del radiofarmaco en ratones atimicos sanos y en ratones atimicos con tumor
inducido que presentan receptores de oxitocina (cancer de mama).

Con el radiofarmaco “™T'c-RGD se utilizaran 4 grupos de 15 ratones, se evaluaré la
biodistribucién del radiofarmaco en ratones atimicos sanos y en ratones atimicos con tumores
inducidos de pancreas (15 ratones), prostata (15 ratones) y mama (15 ratones), que presentan
receptores de integrinas

Solo se utilizaran 3 ratones por tiempo porque es el nimero necesario para tener un mvel de
confianza del 95 % es decir que la probabilidad de que el intervalo de confianza calculado
contenga al verdadero valor del pardmetro.

Ademas si el niimero de rafones es excesivo, el estudio se encarece desde el punto de vista
econémico y humano y es poco ético ¢l someter a mas animales al experimento cuando se puede
tener un panorama general del efecto con el menor niimero de animales de experimentacion.

Inducir tumores en ratones atimicos (Inoculacion de agentes biolégicos)
Se utilizaran diferentes lineas celulares de cancer:
Células AR42] de tejido canceroso de pancreas, (origen murino)




Células PC3 de tejido canceroso de prostata, (origen humano)
Células MCF-7 de tejido canceroso de mama, (origen humano)

Los ratones atimicos se utilizaran de acuerdo a las especificaciones del reglamento sobre el
manejo ético de los animales de laboratorio del bioterio del INCMNSZ (Norma Oficial
Mexicana, NOM-062-Z0O0-1999).

Para inducir los tumores en los ratones atimicos se inoculari de manera subcutanea 100 pL de
una solucidn de células cancerosas en flancos (en un solo sitio), con los cuidados de manejo y
sujecion del animal para minimizar riesgos durante el procedimiento de inyeccion tanto para el
animal como para la persona que realiza el procedimiento, Una vez que el tumor tenga un
tamafio de 0.5 a 1 cm de diametro como maximo, se proceder a realizar el estudio de
biodistribucidn

Estudios de Biodistyibucion

Se evaluara la biodistribucion de los radiofarmacos en ratones atimicos sanos y en ratones
atimicos con tumores inducidos gue presenten receptores de oxitocina y de integrinas para
determinar la actividad acumulada en cada uno de los tejidos a diferentes tiempos.

Antes de la inyeccion del radiofarmaco los ratones atimicos se pesan y la inyeccion en la cola
del animal produce trauma minimo.

Los datos de biodistribucion se obtendran despues de inyectar en la vena de la cola del ratén 20
uL a 40 pl del radiofarmaco en estudio con una concentracién radiactiva de aproximadamente
de 40 microcuries (37 MBqg/mL). Sacrificar a los ratones atimicos en la camara de acrilico con
una dosis letal de biéxido de carbono a las 0.5, 1, 2, 3, 24 h, postinyeccion con objeto de extraer
y pesar los Organos, sangre, corazén, pulmon, musculo, rifiones, estomago, vesicula biliar,
intestino, higado, fémur y el tumor en el caso de los ratones con inoculados previamente con
céhulas cancerosas. Se¢ obtendra las cpm de cada érgano, utilizando para el conteo un detector
precalibrado de Nal{Tl). La captacién en cada érgano se calculard y expresard como el % de
actividad inyectada por g de 6rgano (%Al/g érgano). Todas las cuentas se corregirdn por fondo,
geometria (volumenes iguales) y decaimiento fisico.

Las curvas de actividad contra tiempo obtenidas en cada organo, se ajustardn a un modelo
biexponencial o triexponencial segin el caso, con la finalidad de obtener las constantes de
captacion y eliminacidn efectivas.

La actividad determinada en las muestras de sangre a los diferentes intervalos de tiempo, se
ajustaran a un modelo biexponencial de dos compartimentos; el compartimento central Ce y el
compartimento perifério Cp , esto es, que el radiofarmaco llega directamente a la circulacidon
sistémica v se distribuye entre ¢l torrente sanguineo y los organos mas irrigados, como son el
corazon, higado y rifiones, que constituyen el Ce; desde este compartimento la actividad pasa
més lenta, a 6rganos o tejidos que reciben un menor flujo de sangre y éste nuevo espacio se
denomina Cp.

Los resultados se analizaran con el programa biexp, para calcular las constantes de distribucion
rapida y constante de eliminaciéon lenta, el volumen aparente de distribucion en el
compartimento central (Vdce), el volumen aparente de distribucién en ¢l estado de equilibrio



(Vdss), la depuracién total, el tiempo promedio de residencia y la constante de eliminacién
(kss) se calcularan.

Obtencion de imdgenes gammagrdficas

Se obtendra una imagen gammagrafica del ratén inyectado con el radiofirmaco utilizando el
gammagrafo E-cam del departamento de medicina nuclear, 2 h postinyeccion del radiofdrmaco.

Disposicion de caddveres
Todo lo referente al uso de material radiactivo se trabajara dentro de un 4rea que tiene licencia de
uso de material radiactivo (laboratorio de medicina nuclear), el personal involucrado en este
proyecto es POE y solo se usaran 40 microcuries que es una actividad muy baja, comparada con
los 10 milicuries (10000 microcuries) que se usan en los estudios de rutina en pacientes.
Ademas el Tc-99m tiene un tiempo de vida media fisica de seis horas, desintegrandose sin
radiaciones beta, por lo que no existe ningin riesgo para el usuario y esté clasificado dentro de
los radiontclidos de toxicidad baja de acuerdo a la NOM-003-NUCL-1994 “Clasificacion de
instalaciones o laboratorios que utilizan fuentes abiertas”

En cuanto al manejo de desechos, se realizard de acuerdo al manual oficial de procedimiento del
departamento de medicina nuclear. Los érganos del ratén y el cadaver se colocaran en una bolsa
de plastico de color amarillo que tiene la leyenda “residuos biolégico-infecciosos” y se
almacenara dentro del cuarto frio del departamento de Medicina Nuclear. Después de 3 dias de
decaimiento, la bolsa amarilla de plastico que contienen los restos de cada tejido ya sin
radiactividad, se desechard en el contenedor correspondiente de este tipo de desechos
bioldgicos.

Andlisis estadistico propuesto
Se usara la prucba de t pareada para evaluar el efecto del porcentaje de captacion comparando la
biodistribucién del radiofarmaco *™Te-RGD en ratones con tumor inducido de mama y la
biodistribucién de la **™ Tc-oxitocina también en ratones con tumor inducido de mama y
determinar si hay diferencia significativa entre los dos radiofarmacos. Se considerara diferencia
significativa una p<0.05.

Para el analisis estadistico de Ia biodistribucion de la *™Tc-RGD con las diferentes lineas
celulares (3) se utilizara un ANOVA con un nivel de significancia de 0.05.

Otros aspectos
La metodologia no incluye: maniobras conductuales, modificaciones ambientales, resiriccion
fisica y ejercicio, inmunizacion, administracién de medicamentos, substancias peligrosas ni
cirugia
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INSTITUTO NACIONAL DE CIENGCIAS MEDICAS Y NUTRICION
SALVADOR ZUBIRAN

Meéxico, D.F., a 17 de septiembre 2007

Dra. en C. Martha Pedraza Lépez
Investigadora
Depto. Medicina Nuclear

Estimada Dra. Pedraza,

En referencia con el proyecto de investigacidn: CINVA 243
“Evaluacién in vitro de péptidos radiomarcados para el diagndstico de lesiones tumorales por
imagenes gammagraficas en medicina nuclear”

El Comité recibié su comunicacién que da respuesta a las observaciones emitidas por el mismo
en su primera revision, sin embargo, la informacién que presenta en su carta no ha sido
suficiente para aclarar las dudas del CINVA, pro lo que a continuacion se expone:

1. No se presentd el protocolo con las modificaciones a que se hacen referencia en su
carta.

2. En lo referente a la justificacion para mantener el titulo del trabajo. No es un argumento
convincente.

3. Lanueva hip6tesis que se presenta no cumple con la definicién metodoldgica acerca de
la relacién de una variable dependiente y una variable independiente.

4, Se establecen el protocolo al menos 8 objetivos generales. Sin embargo en la seccion de
Material y Método tinicamente se presenta la metodologia para cumplir con la primera
parte del objetivo 5.

5. Se sugiere presentar el protocolo de manera continua, particularmente en su seccion de
Material y Métodos incluyendo detalladamente la metodologia para cada uno de los
experimentos que se realizaran.

6. En lo referente al la determinacién para el tamafio de muestra, no se presenta ningin
calculo estadistico que apoye la seleccién del tamafio.

7. Se menciona que se tienen control de bioseguridad de los materiales y desechos
biolégicos, pero no se cuenta con el protocolo en donde se incluyen estos
procedimientos.

8. Explicar como determinaran con base en los datos estadisticos la utilidad de los
productos biolégicos marcados.

. . o i Ly
Sin otro particular, AL ,.f.f ; Oy -f.j'gs/’?;f !
Atentamente v s -w~
,; / / ¢ i/

Investigacidn

Tradicion Servicio M.V, Z M.Se. Rafael Hernandez Gonzalez .
Coordinador del Comité de Investigacién en Animales » Vasco de Quiroga 15,

+ Delegacion Tialpan
« C. P. 14000 México, D.F.
20007700 _ + Tel. 54-87-09-00
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INSTITUTO NACIONAL DE GIENCIAS MEDIGAS V NUTRICGICN
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Tradicidn

Asistencio

viernes, 13 de julio de 2007

Ref. CINVA 243
MVZ. M. Sc. Rafael Hernandez Gonzalez

Coordinador del Comité de Tnvestigacion en Animales.
INCMNSZ

Distinguido Dr. Hernandez:

Recibimos su comunicacion del 9 de julio con observaciones al proyecto “Evaluacion in vitro

¢ in vivo de péptidos radiomarcados para el diagndstico especifico de lesiones tumorales por
imigenes gammagraficas en medicina nuclear”

Las respuestas a sus observaciones son:
1. Eltitulo no se puede cambiar porque asi se registré en CONACYT.

Se realizardn cstudios preclinicos en animales y la finalidad es demostrar que los
péptidos que serdn marcados y evaluados serfan utiles en un futuro para ¢l diagnéstico
especifico de lesiones tumorales por imagenes gammagraficas en medicina nuclear.
Los estudios preclinicos de obtencién de imagenes se mencionaron en el protocolo
enviado, en los objetivos generales, No. 7 “Obtener imagenes gammagraficas de la
biodistribucién de cada uno de los radiofarmacos en animales con tumores inducidos”

2. Lahipotesis se replanted y queda como sigue:
Si los péptidos marcados son especificos seran Gtiles para ser captados in vitro e in
vivo en lesiones tumorales y podrian ser un buen agente para el diagndstico por
imagenes gammagraficas en medicina nuclear”

3. La moculacién de células tumorales se menciond en el protocolo enviado, en los
objetivos generales, No. 5 “Determinar la biodistribucién de los 3 radiofarmacos en un
modelo animal (animales sanos y en animales con tumores inducidos)’ y No. 6
“Comparar la especificidad in vive de los 3 radiofarmacos en tumores inducidos en un
modelo antmal”, y se describid en el punto 6.10 del protocolo enviado.

4. Con respecto al tamafio de la muestra:
El nimero de animales se modifica a 60 ratone atimicos, 30 hembras y 30 machos. No
se puede utilizar un nimero menor de animales ya que para poder realizar un estudio

estadistico es necesario al menos 3 datos por cada uno de los tiempos. . Vosco de (Quiroga 15,
Servicia

. Delegacion  Tlolpan
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Los datos de biodistribucién como se menciona en el del protocolo se obtendran
sacrificando a los ratones a las 0.5, 1, 2, 3, 24 h, postinyeccién, (se elimina el tiempo
de 0.25 h) y serdn 3 animales por cada tiempo, dando un total de 15 y si se pretende
comparar las lineas celulares y dos radiofirmacos son necesarios 60 animales.

No es necesaria la aprobacién por el Comité Institucional de Bioseguridad porque todo
lo referente al uso de material radiactivo se trabajara dentro de un 4rea que tiene
licencia de uso de material radiactivo (laboratorio de medicina nuclear), el personal
involucrado en este proyecto es POE v solo se usaran 40 microcuries que es una
actividad muy baja, comparada con los 10 milicuries (10000 microcuries) que se usan
en los estudios de rutina en pacientes. Ademés el Tc-99m tiene un tiempo de vida
media fisica de seis horas, desintegrandose sin radiaciones beta, por lo que no existe
ningin riesgo para el usuario y estd clasificado dentro de los radionticlidos de
toxicidad baja de acuerdo a la NOM-003-NUCL-1994 “Clasificacién de instalaciones
o laboratorios que utilizan fuentes abiertas”

En cuanto al manejo de desechos, los 6rganos del ratdn y el cadaver se colocaran en
una bolsa de plastico de color amarillo que tiene la leyenda “residuos biolégico-
infecciosos” y se almacenara dentro del cuarto frfo del departamento de Medicina
Nuclear. Después de 3 dias de decaimiento, la bolsa amarilla de plastico que contienen
los restos de cada tejido ya sin radiactividad, se desecharé en el contenedor
correspondiente de este tipo de desechos bioldgicos.

El analisis estadistico se modificé y queda como sigue:

Se usara la prueba de t pareada para evaluar el efecto del porcentaje de captacion de los
radiofdrmacos y determinar si hay diferencia significativa entre las diferentes lineas
celulares y los diferentes péptidos. Se considerar4 efecto significativo una p<0.05

Agradezco todas sus observaciones esperando haber respondido a todas ellas y quedo a su
disposicion para cualquier aclaracién.

fnvestigacion
Tradicion  Servicio
Asistencic  Docencia
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Atentamente,

Dra. e’ C-Martha Pedraza Lopez
Investigador en Ciencias Médicas
Departamento de Medicina Nuclear.
Ext. 2402

Vasco de Quirogo 15,
Delegocion  Tlatpan
. (P 14000 México, D.F.
. Tel.  54-87-09-00
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viernes, 13 de julio de 2007

Ref CINVA 243
MVZ. M. Sc. Rafael Heméandez Gonzalez

Coordinador del Comité de Investigacidén en Animales.
INCMNSZ

Distinguido Dr. Hernandez:

Recibimos su comunicacion del 9 de julio con observaciones al proyecto “Evaluacion in vitro

e in vivo de péptidos radiomarcados para el diagndstico especifico de lesiones tumorales por
imagenes gammagraficas en medicina nuclear”

Las respuestas a sus observaciones son:
{. FEl titulo no se puede cambiar porque asi se registré en CONACYT.

Se realizaran estudios preclinicos en animales y Ia finalidad es demostrar que los
péptidos que seran marcados y evaluados serfan utiles en un futuro para el diagnéstico
especifico de lesiones tumorales por imagenes gammagraficas en medicina nuclear.
Los estudios preclinicos de obtencion de imagenes se mercionaron en el protocolo
enviado, en los objetivos generales, No. 7 “Obtener imagenes gammagraticas de la
biodistribucién de cada uno de los radiofarmacos en animales con tumores inducidos”

2. La hipotesis se replanted y queda como sigue: .
Si los péptidos marcados son especificos seran itiles para ser captados in vitro € in
vivo en lesiones tumorales y podrian ser un buen agente para el diagnostico por

imagenes gammagréaficas en medicina nuclear”

1 La inoculacién de células tumorales se menciond en el protocolo enviado, en los
objetivos generales, No. 5 “Determinar la biodistribucion de los 3 radiofarmacos en un
modelo animal (animales sanos y en animales con tumores inducidos)”’ y No. 6
“Comparar la especificidad in vivo de los 3 radiofarmacos en tumores inducidos en un
modelo animal”, y se describi6 en el punto 6.10 del protocolo enviado.

4, Con respecto al tamafio de la muestra:
El niimero de animales se modifica a 60 ratone atimicos, 30 hembras y 30 machos. No

Investigacién e puede utilizar un niimero menor de animales ya que para poder realizar un estudio
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Los datos de biodistribucidén como se menciona en ¢l del protocolo se obtendran
sacrificando a los ratones a las 0.5, 1, 2, 3, 24 h, postinyeccidn, (se elimina el tiempo
de 0.25 h) y seran 3 animales por cada tiempo, dando un total de 15 y si se pretende
comparar las lineas celulares y dos radiofarmacos son necesarios 60 animales.

5. No es necesaria la aprobacién por el Comité Institucional de Bioseguridad porque todo
lo referente al uso de material radiactivo se trabajara dentro de un area que tiene
licencia de uso de material radiactivo (laboratorio de medicina nuclear), el personal
involucrado en este proyecto es POE y solo se usaran 40 microcuries que es una
actividad muy baja, comparada con los 10 milicuries (10000 microcuries) que se usan
en los estudios de rutina en pacientes. Ademas el Tc-99m tiene un tiempo de vida
media fisica de seis horas, desintegrandose sin radiaciones beta, por lo gue no existe
ningln riesgo para el usuario y esté clasificado dentro de los radionuclidos de
toxicidad baja de acuerdo a la NOM-003-NUCL-1994 “Clasificacién de instalaciones
o laboratorios que utilizan fuentes abiertas™

En cuanto al manejo de desechos, los 6rganos del ratdén y el cadaver se colocaran en
una bolsa de plastico de color amarillo que tiene la leyenda “residuos biolégico-
infecciosos” y se almacenara dentro del cuarto firio del departamento de Medicina
Nuclear. Después de 3 dias de decaimiento, la bolsa amarilla de plastico que contienen
los restos de cada tejido va sin radiactividad, se desechara en el contenedor
correspondiente de este tipo de desechos biologicos.

6. El analisis estadistico se modificé y queda como sigue:
Se usara la prueba de t pareada para evaluar el efecto del porcentaje de captacion de los
radiofarmacos y determinar si hay diferencia significativa entre las diferentes lineas
celulares y los diferentes péptidos. Se considerara efecto significativo una p<t0.05

Agradezco todas sus observaciones esperando haber respondido a todas ellas y quedo a su
disposicion para cualquier aclaracion.

Atentamente:/-

Dra. en CA¥aftha Pedraza Lépez
Investigador en Ciencias Médicas

Departamento de Medicina Nuclear,
Ext. 2402
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09de julio de 2007

Dra. en C. Martha Pedraza Lopez
Departamento de Medicina Nuclear
Presente.

En referencia con el proyecto de investigacion: CINVA 243,

“Evaluacion in Vitro e in Vivo de Péptidos Radiomarcados para el Diagnéstico de
Lesiones Tumorales por Imagenes Gammagraficas en Medicina Nuclear”,

El Comité de Investigacion en Animales, ha revisado el proyecto y requiere se de
respuesta a las siguientes ohservaciones:

1. El titule no refleja lo que realmente van a realizar y deberia modificarse. En
ningin momento hablan de imagenes sino de medicidn de actividad radioactiva
por cpm y calculos de su distribucion en los distintos drganos (pagina 3).

2. La Hipdtesis debe replantearse ya que la propuesta no se relaciona con lo que
mencionan posteriormente en! Material y Métodos. Nunca mencionan como es
que van a determinar la produccion del “...complejo estable 99mTc-HYNIV-
ciclo-Lys-D-Phe_RGD con una pureza radioguimica mayor al 95%...°ni
tampoco como van a demostrar que este es “captado in vivo en sitios
especificos de angiogénesis”.

3. En Material y Métodos (pagina 3), nunca mencionan la inoculacién de células
tumorales en los animales (ni siquiera en la jusfificacion, los objetivos ni fa
hipotesis); postenormente en la pagina 6 de repente mencionan la inoculacion
de tres lineas celulares sin jamas haber mencionado esto anteriormente y sin
especificar una serie de cuestiones relevantes para el andlisis del proyecto.
Debemos conocer la justificacion del inéculo de células tumorales (cuando ni
siguiera conocen la distribucidon normal de los radiopéptidos), el momento en
que van a realizar el indculo, el tiempo que mantendran a los animales
inoculados antes de hacer el estudic de radiofarmacologia, criterios de
eliminacién de los animales (si presentan deterioro importante en su salud o
manifestaciones potenciales de sufrimiento innecesario), etc.

4. En caso de replantear el proyecto deben realizar un calculo de tamarfio de
muestra que justifique los 120 animales solicitados (ratones nu/un, 60 machos,
60 hembras).

5. El esfudio requiere aprobacién por el Comité institucional de Bioseguridad (¢ 7).

No estoy seguro de que el manejo propuesto de los desechos de ratones i \
radioactivos y sus tejidos sea el adecuado. : . Oy W
6. El punto 4.5 Analisis Estadistico Propuesto (pagina 3) es inaceptable. Q‘\'

/ UO? |
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SOLICITUDDEEVALUACIONDEPROQYECTOS

Mo invada las zonas sombreadas

No. CINVA:
CLAVE: l

Fecha de Recepcion: Fecha de revision

TITULO DEL PROYECTO; _EVALUACION IN VITRO E IN VIVO DE PEPTIDOS RADIOMARCADOS PARA
EL DIAGNOSTICO DE LESIONES TUMORALES POR TMAGENES GAMMAGRAFICAS EN MEDICINA NUCLEAR

INVESTIGADOR PRINCIPAL (IP). DRA. EN C. MARTHA PEDRAZA LOPEZ

DEPARTAMENTO DE ADSCRIPCION: MEDICINA NUCLEAR EXT. _2402-2400
TELEFONOS PARA EMERGENCIAS: _54-87-09-00
CORREOQ ELECTRONICO: OBSERVACIONES:

‘ . mpedrazalquetzal.innsz.mx _ , ,
Personal que trabajaré directamente con los animales (investigadores asociados, alumnos,

tesistas, etc)

Nombre Puesio en el INCMNSZ EXT. Tel. en caso de emergencia
1 DRA. MARTHA PEDRAZA LOPEZ INV.CIENC.MEDICAS 2402 54870900
2. DRA. CONSUFLO ARTEAGA DE MURPHY _INV.CIENC . MEDICAS_ 2402 54870900

3. Men C. OCTAVIO VILLANUEVA SANCHEZ J.LAB. CLIN. 2253 54870900
4. Q. FRED ALONSO LOPEZ DURAN TESISTA 2402 56222288

Los animales utilizados en el proyecto de investigacion seran adquiridos, mantenidos,
manejados y utilizados de acuerdo al reglamento, a los manuales y guias de procedimientos del
Departamento de Investigacion Experimental y Bioterio, mismos que contienen la Norma Oficial
Mexicana NOM-062-Z00-1999, Especificaciones técnicas para la produccion, cuidado 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 experimentacion.

Solo el suscrito, los investigadores y personal registrado y autorizado por el CINVA
trabajaran con los animales, siendo el investigador principal el responsabie de que cada unc de
ellos cuente con los conocimientos, habilidades y experiencia en el manejo de los animales para
realizar ias maniobras experimentales descritas en el proyecto.

Los animales seran sometidos exclusivamente a los procedimientos especificados en este

protocolo, siendo indispensable solicitar por escrito cualquier modificacion, incluyendo
las fechas de inicio y terminacion de! estudio. -

DRA. EN C. MARFHA-PEDRAZA LOPEZ
Nombre y firma del investigador Principal
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El presentie formularic pretende facifitar ia evaluacion de suproyecio e idenlifcar las
necesidades de animales de laboratorio, equipo y manejo para su proyecto de investigacion, Pare
el llenado de los cuadros consulie la informacion gue describe cada seccion de ios mismos:

Fecha de inicic — Fecha de terminacion ,
de! estudio; JULIO 2007 \ del estudio: JULIO 2008 \

Indique con el inciso correspondiente las caracteristicas de los animales, condiciones de
alojamiento y maniobras experimentales que reguiere el proyecio:

1. . 2, 3, | 4.No. | Totai |5. €. 7. 8. Niveilg Nivel de(10." 11, :

Especie | Razs, | Condicion H M Disiribucién Alojamiento | Densidad bicsepur. | afeclacién | Destino | Euvtanasiz |

cepa mictobiol. r | : i :

! ‘ i ! : :

! : i ! , ; |

! : i . i : i . :
. 1 1

RATON INU/NWS A 60160 30/MES A 10/CAJA 1 B D co2 .

i

1l l i

i ! . E

; : ! i

| ! | }

+ i } |

1. Nombre genéricc o especie: Escriba el nombre comun o cieniifico de los animales que
empleara en su estudic.

Z. Raza, cepa o tipo genético: Escriba ia nomenclatura que mejor describe ias caracleristicas
genéticas del animal gue necesita (gj: ratén: BALB/C, C57BL6, Cd1, nu/nu, Rala: wisiar, fischer
344, sprague-dawley, NIH, Conejo: nueva zelanda albino, Hamster: dorado}

3. Tipo o condicién microbioldgica: A} Convencional: animal con flora microbiologice
desconocida, sin signos aparentes de enfermedad, B) SPF: (specific pathogen free) libre de
patdgenos especificos (indicar el lipo de patogenos indeseables ei. virus, bacterias, hongos,
parésitos), C} Ofro: especifique

4, Nimero total: indique el nimero de animales que utilizaré en el estudio, H: hembras, M:
machos, incluyendo grupos piloto. En caso de ulilizar animales de un solo sexo favor de invalidar
la columna correspondiente.

5. Distribucién: indique ta cantidad y la frecuencia en gque requiere se le entreguen los-animaies
ej: todos en una entrega, 10 cada semana, al mes, bimestre, trimestre, semestre, eic.

6. Alojarmiento: Indigue con la letra el tipo que coresponda:
A) caja de policarbonato de piso sélido

B} jaula con piso de malia o rejilla

C) jaulz metabdlica

0} microaislador

E) caja de policarbonate de piso solide con filtro
F) perrera

G) corral

H) corraleta metabdlice

l} pecera
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7. Densidad poblacional: Indique como zlojara a log animeies & un animal por caje, parejas, 3.
5, ete. Consulter la Norma Oficial Mexicana NOWM-062-Z00-1988, Especificaciones iéenicas para
la produccitn, cuidade y uso de los animales de laboratorio. Publicada por la SAGARPA en el
Diario Oficial el miércoles 22 de agosto det 2001. ,
8. Nivel de bioseguridad: Deberé indicar el nivel de riesgo biolégico que existe para el personal
gue maneja a los animales o sus desechos, {anio para investigadores, alumnos y técnicos de
bicterio.

Nivel I} Trabajo con agentes quimicos, fisicos o biologicos que ne producen enfermedad y no son
un riesgo para la salud de personas sanas y el medio ambiente.

Nivel I} Trabajo con agentes quimicos, fisicos o biologicos que tienen un peligro potencial bajo o
moderadc para la salud del personal y el medio ambienie (Ej; Saimonelosis, Toxoplasmosis,
Hepatilis B)

Nivel tH) Trabajo con agentes quimicos, fisicos o biclogicos que tienen un peligro polencial aito
para la salud humana y animal o pueden producir ia muerte cuando se inhalan (&} Tuberculosis,
Coxiella burnetti)

Nivel 1V) Trabajo con agenies quimicos, fisicos o bioidgicos exdlicos iransmnmbles por aerosoles y
monales para seres humanos y animales (Ef virus eébola, virus hanta)

8, Nivel de afectacion de los animales: Indique el nivel ge invasividad y el gradc de dolor gue
sentird el animal durante los procedimientos experimentaies o manipulacion:

Categoria A} Experimenios con inveriebrades, hueves, prolozoarios, organismos unicelulares.
Uso de metazoarios, culiive de iejidos u organos obtenidos después de ta muerie del animal.
Categoria B) Experimentos que causen molesiia o estrés minimo (inyeccién no dolorosa.
restriccion de movimiento, marcado o aretado de orejas)

Categoria C) Experimentos que causan esirés mencr o dolor de coria duracion, realizados con
anzlgesia 0 anestesia {colocacion de canula, biopsia, cirugia menor) _

Categoria D) Experimenios gue causan estrés o dolor de moderadc g severc controfado con
aneslesia (procedimientos quirtirgicos mayores)

10, Pestino final: indicar el destino finat de {os animaies al término de ios experimenios:
A} vivo sin cirugia
B) vivo post-cirugia
C) cirugia terminal (no despierta de fa anestesia)

) eutanasia .
11. Eutanasia: Indique el métode empleado para dar muerte al animal. Consulter ia Norma Oficia
Mexicana NOM-062-Z00-1998, Especificaciones {écnicas para la produccion, cuidado y uso de
ios animzles de laboraiorio. Publicada por le SAGARPA en el Diario Oficial el miércoles 22 de
agosto del 2001, capilulo 2, eutanasia.
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En ef siguienie cuadre marque con ia clave que se indica el nivel de habilidad y experiencia
de usied y su personal para realizar ias maniobras experimentales mencionadas en fa columna de
\a izquierda. '

Clave: _
£} Entrenado, habil y con experiencia.

8} Sera enfrenado y supervisado por el {.P.
C) Requiere instruccion, entrenamiento y supervision por el personal del D.LE.B.

En caso de gue las manicbras experimentales sean realizadas por el personal del bioterio
se marcara con ung x el espacio correspondiente en la columna D.LE.B.

- 1
{ invesiigador ¢ personal que trabajard direclamenie con los  animales i
{investigadores asociados. alumnos. iesislas). elc }

gmmoam *g P 1 2 ! 3 f 4 D.L.E.B.

; | ‘ i
Hinmovilizacion X X ‘; X ; X L X
H H .

. Anestesia !

i

‘Medicacién
Enteral '

| Medicacién
{parenierai

‘Toma de .
lsangre X

] : .
Ofras | : l
‘muestras ~ X ’ '

T ; ; ; T &
tLirugia ; : '

| Eutanasia X LK ; X - X : X !

' Otras ** | ! i ;

* Especificar de que, cantidad vy frecuencia de muestreo:
SE DESCRIBE EN MATERIAL Y METODO

** Especificar : - _ —

7 /”jf T i
DRA. EN CoMARTHA PEDRAZA LOPEZ

Nombre y firma de! Investigader Principal

RHG/misj, egosio del 2001



EVALUACION IN VITRO E IN VIVO DE PEPTIDOS RADIOMARCADOS PARA EL DIAGNOSTICO
ESPECIFICO DE LESIONES TUMORALES POR IMAGENES GAMMAGRAFICAS EN MEDICINA
NUCLEAR

Investigador Responsable Dra. Martha Pedraza Lopez
Departamento de Medicina Nuclear

ANTECEDENTES

En Medicina Nuclear el, “™T'c es el radiontclido més utilizado para estudios de diagnostico debido
a sus caracteristicas fisicas y quimicas, cmite radiaciones gamma de 140 keV (90%),
(monoenergético), facilmente detectada que proporciona iméagenes gammagraficas de alta calidad, su
tiempo de vida media fisica es de seis horas, desintegrandose por transicion isomérica sin
radiaciones beta, por lo que se pueden administrar dosis relativamente altas para efectuar estudios
clinicos en menos tiempo y con menor tiempo de exposicién. Ademas, ol P™Te  tiene una gran
disponibilidad debido a su bajo costo, ya que se obtiene facilmente de un gencrador de Mo/ Te.

Se utiliza en forma de pertecneciato y, en estado reducido se une a un gran nimero de ligantes o
moléculas acarreadoras, formando complejos (radiofirmacos) en un tiempo de reaccidon
relativamente corto (5 a 30 min) con altas eficiencias de marcado (>90%) {Verduyckt y cols 2003,
FEUM, 2004]. Una alta selectividad por el sitio del tumor y un periodo de permanencia largo del
radiofarmaco en el sitio de interés son las bases para un diagnéstico clinico exitoso.

Las hormonas peptidicas (4cidos a-aminocarboxilicos) han sido disefiadas por la naturaleza para
estimular, regular, inhibir numerosas funciones de la vida y actiian por medio de sus receptores
principalmente, como transmisores de informacién y coordinadores de actividades de varios tejidos
en ¢l organismo. Comparados con los anticuerpos, los péptidos pequefios ofrecen varias ventajas:
son faciles de sintetizar y modificar, tienen menos probabilidad de ser inmunogénicos y rapida
depuracién sanguinea. En muchos casos la afinidad de los péptidos pequefios por sus receptores cs

significativamente mayor que la de los anticuerpos o sus fragmentos [Lui y cols., 1997; Reubi, 2003,
De Jong y cols., 2003].

1os receptores se unen especificamente a los correspondientes péptidos marcados con
radionucleidos. Los receptores de péptidos estin sobre expresados en las células de numerosos
canceres. Estos receptores han sido usados como blancos moleculares para peptidos radiomarcados y
asi localizar el tumor, uno de esos complejos es el octredtido (*™Tc-HYNIC-TOC) que ha
demostrado ser una buena opcién para la deteccién de tumores que presentan receptores de
somatostatina, ya que es captado rapidamente y retenido por el tumor. Las aplicaciones exitosas del
octredtido radiomarcado en centelleografia para la localizacion de linfomas, granulomatosis, |
meningiomas y tumores de origen neuroendéerino y cancer pulmonar, sobre todo en Europa son
indicativas de la importancia que tiene investigar otro tipo de péptidos radiomarcados, tanto nativos
como sus derivados (andlogos), para diagnéstico por imagen en medicina nuclear [Breeman y cols.,
2001; Krenning y cols., 2004, Kaltsas y cols., 2004; Kwekkeboom y cols., 2005a, 2005b].



Otros péptidos de mucho interés en medicina debido a que sus receptores estimulan el crecimiento
en las células neoplasicas son la oxitocina en el cAncer de mama y cérvico uterino, y las integrinas en
1a estimulacién de la angiogénesis.

a) Oxitociona Quimicamente la oxitocina (OT) es un nanopéptido ciclico, con la secuencia cisteina-
tirosina-isoleucina-glutamina-asparagina-cisteina-prolina-leucina-glicina. Es una hormona
neuropeptidica sintetizada en los niicleos paraventricular y supradptico del hipotalamo. La accién
hormonal periférica de la OT est4 mediada por receptores. Los receptores (OTRs) se unen
especificamente y con gran afinidad a la OT y a algunos de sus analogos. Los OTRs se expresan
principalmente en las células mioepiteliales de la glindula mamaria, en el miometrio y el
endometrio del titero, al término del embarazo y en el parto y post parto. Ademas por estudios in
vivo e in vitro se demostré que también se encuentran en carcinomas de mamay de endometrio,
en neuroblastomas, glioblastomas, osteoblastos y osteosarcomas [Cassoni y col. 2000, 2004].

b) Integrinas Las integrinas son glucoproteinas heterodiméricas de adhesion transmembranal,
constituidas por cadenas alfa y beta que cruzan de parte a parte la membrana celular. Hay 14
clases de subunidades o vy 8 clases de subunidades B, que producen al menos 20 heterodimeros de
integrinas. Hay muchas integrinas que estan expresadas ampliamente, y la mayoria de las células
tienen mas de una integrina en su superficie celular, por ejemplo, las células de melanoma
expresan ofis, aiPr, asfr y asPy; en las células de carcinoma pulmonar se expresan oyfs y en
muchas otras células tumorales se encuenfran a,ps [Knight y cols 2003; Mitra y cols. 2006]. Se
han encontrado upa gran variedad de integrinas sobre la superficie de células tumorales, las
integrinas «,8; sc encuentran eclevadas en la angiogénesis de tumores y sus metéastasis
[Friediander y cols. 1995]; '

La unién especifica de los receptores ,f; de las integrinas a los péptidos que contienen el residuo
de amino 4cidos Arg-Gly-Asp (RGD) ha sido til para obiener la imagen de tumores especificos,
mediante el radiomarcado del péptido RGD [Janssen y cols. 2002].

OBJETIVOS E HIPOTESIS

EL OBJETIVO PRINCIPAL:

Evaluar la especificidad in vivo de las formulaciones de péptidos marcados con PP para el
diagnéstico especifico de lesiones tumorales que sobre expresan receptores de oxitocina y de
integrinas por imagenes gammagraficas en medicina nuclear. Los estudios in vitro han sido
previamente réalizados y la hipétesis anterior sobre la captaci6n in vitro ya se corrobord con estudios
Anferiores.

ALOS OBJETIVOS GENERALES SON:
/1. Determinar la biodistribucién de los radiofarmacos en un modelo animal (ratones sanos y en
ratones con tumores inducidos).
2. Obtener imigenes gammagraficas de la biodistribucién de cada uno de los radiofarmacos en
animales con tumores inducidos.



3. Elaborar un protocelo clinico que permita la obtencidn de imagenes diagndsticas en pacientes
con los radiofirmacos obtenidos y que pudieran ser utilizados para el diagndstico de cancer de
pancreas, prostata y mama.

HIPOTESIS:
Si los péptidos marcados son receptor-especificos seran captados in vivo en lesiones tumorales y

podrian - ser un buen agente para el diagnéstico por imagenes gammagraficas en medicina
nuclear.

MATERIAL Y METODOS
Todo lo referente marcado de la oxitocina ("™ Tc-oxitocina) y del ciclo-Lys-D-Phe-RGD **""Te-
RGD), estudios de estabilidad de los radiofarmaco y captacion in vitro en las lineas de células
tumorales son objetivos ya realizados. En este protocolo solo se realizaran los estudios in vivo
en ratones sano y ratones con tumor inducido

Material biologico
Ratones atimicos, de 6 semanas de edad mantenidos en jaulas de plastico con aserrin, a

temperatura constante (23 -25 °C) y periodos regulados de luz y oscuridad (12 h cada uno).
Alimentacion ad libitum.

Tamaiio de la muestra

90 ratones atimicos, divididos en 6 grupos de 15 ratones cada uno para los estudios
radiofarmacocinéticos.

Los datos de biodistribucién (como se detallard mas adelante) se obtendran sacrificando a los
ratones a las 0.5, 1, 2, 3, 24 h, postinyeccion, (tiempos necesarios para conocer la cinética de
eliminacion) y serin 3 animales por cada tiempo, dando un total de 15 ratones por grupo.

Con el radiofarmaco *™Tc-oxitocina se utilizaran 2 grupos de 15 ratones cada uno y se evaluara

la biodistribucién del radiofirmaco en ratones atimicos sanos y en ratones atithicos con tumor
inducido gue presentan receptores de oxitocina (céncer de mama).

Con el radiofarmaco *™Tc-RGD se utilizaran 4 grupos de 15 ratones, se evaluara la
biodistribucién del radiofarmaco en ratones atimicos sanos y en ratones atimicos con tumores
inducidos de pancreas (15 ratones), prostata (15 ratones) y mama (15 ratones), que presentan
receptores de integrinas

Solo se utilizaran 3 ratones por tiempo porque es el niimero necesario para tener un nivel de
conflanza del 95 % es decir que la probabilidad de que ¢l intervalo de confianza calculado
contenga al verdadero valor del pardmetro.

Ademdés si el nimero de ratones es excesivo, el estudio se encarece desde el punto de vista
econdmico y humano y es poco ético el someter a mas animales al experimento cuando se puede
tener un panorama general del efecto con el menor numero de animales de experimentacion.

Inducir tumores en ratones atimicos (Inoculacion de agentes biologicos)
Se utilizaran diferentes lineas celulares de cancer:
Células AR42] de tejido canceroso de pancreas, (origen murino)



Células PC3 de tejido canceroso de prostata, (origen humano)
Células MCF-7 de tejido canceroso de mama, (origen humano)

Los ratones atimicos se utilizaran de acuerdo a las especificaciones del reglamento sobre el
manejo ético de los animales de laboratorio del bioterio del INCMNSZ (Norma Oficial
Mexicana, NOM-062-Z00-1999). '

Para inducir los tumores en los ratones atimicos se inoculard de manera subcutanea 100 puL de
una solucién de células cancerosas en flancos (en un solo sitio), con los cuidados de manejo y
sujecion del animal para minimizar riesgos durante el procedimiento de inyeccidn tanto para el
animal como para la persona que realiza el procedimiento. Una vez que el tumor tenga un
tamafio de 0.5 a 1 ¢m de diametro como méximo, se procedera a realizar el estudio de
biodistribucion

Estudios de Biodistribucion

Se evaluara la biodistribucion de los radioformacos en ratones atimicos sanos y en ratones
atimicos con tumores inducidos que presenten receptores de oxitocina y de integrinas para
determinar la actividad acumulada en cada uno de los tejidos a diferentes tiempos.

Antes de la inyeccién del radiofarmaco los ratones atimicos se pesan y la inyeccion en la cola
del animal produce trauma minimo.

Los datos de biodistribucién se obtendran despues de inyectar en la vena de la cola del raton 20
uL a 40 pL del radiofarmaco en estudio con una concentracion radiactiva de aproximadamente
de 40 microcuries (37 MBg/mL). Sacrificar a los ratones atimicos en la cdmara de acrilico con
una dosis letal de biéxido de carbono a las 0.5, 1, 2, 3, 24 h, postinyeccién con objeto de extraer
y pesar los Organos, sangre, corazon, pulmén, musculo, rifiones, estdémago, vesicula biliar,
intestino, higado, fémur y el tumor en ¢l caso de los ratones con inoculados previamente con
células cancerosas. Se obtendra las cpm de cada érgano, utilizando para el conteo un detector
precalibrado de Nal(T1). La captacion en cada drgano se calculard y expresard como el % de
actividad inyectada por g de 6rgano (%Al/g érgano). Todas las cuentas se corregiran por fondo,
geometria (volimenes iguales) y decaimiento fisico.

Las curvas de actividad contra tiempo obtenidas en cada dérgano, se ajustardn a un modelo
biexponencial o triexponencial segin el caso, con la finalidad de obtener las constantes de
captacion y eliminacion efectivas.

La actividad determinada en las muestras de sangre a los diferentes intervalos de tiempo, se
ajustaran a un modelo biexponencial de dos compartimentos; el compartimento central Cc y el
compartimento perifério Cp , esto es, que el radiofarmaco llega directamente a la circulacion
sistémica y se distribuye entre el torrente sanguineo y los 6rganos méas irrigados, como son el
corazén, higado y rifiones, que constituyen ¢l Ce; desde este compartimento la actividad pasa
mas lenta, a 6rganos o tejidos que reciben un menor flujo de sangre y éste nuevo espacio se
denomina Cp.

Los resultados se analizardn con el programa biexp, para calcular las constantes de distribucién
rapida y constante de eliminacién lenta, el volumen aparente de distribucién en el
compartimento central (Vdcc), el volumen aparente de distribucién en el estado de equilibrio



(Vdss), la depuracién total, el tiempo promedio de residencia y la constante de eliminacion
(kss) se calcularan.

Obtencion de imdgenes gammagrdficas

Se obtendra una imagen gammagrafica del ratén inyectado con el radiofarmaco utilizando el
gammégrafo E-cam del departamento de medicina nuclear, 2 h postinyeccion del radiofarmaco.

Disposicion de caddveres
Todo lo referente al uso de material radiactivo se trabajara dentro de un 4rea que tiene licencia de
uso de material radiactivo (Iaboratorio de medicina nuclear), el personal involucrado en este
proyecto es POE y solo se usaran 40 microcuries que es una actividad muy baja, comparada con
los 10 milicuries (10000 microcuries) que se usan en los estudios de rutina en pacientes.
Ademas el Tc-99m tiene un tiempo de vida media fisica de seis horas, desintegrandose sin
radiaciones beta, por lo que no existe ningin riesgo para el usuario y estd clasificado dentro de
jos radionticlidos de toxicidad baja de acuerdo a la NOM-003-NUCL-1994 “Clasificacion de
instalaciones o laboratorios que utilizan fuentes abiertas”

En cuanto al manejo de desechos, se realizara de acuerdo al manual oficial de procedimiento del
departamento de medicina nuclear. Los érganos del ratén y el cadaver se colocaran en una bolsa
de plastico de color amarillo que tiene la leyenda “residuos bioldgico-infecciosos™ y se
almacenars dentro del cuarto frfo del departamento de Medicina Nuclear. Después de 3 dias de
decaimiento, la bolsa amarilla de plastico que contienen los restos de cada tejido ya sin
radiactividad, se desecharé en el contenedor correspondiente de este tipo de desechos
bioldgicos.

Andlisis estadistico prapuesto
Se usar4 la prueba de t pareada para evaluar el cfecto del porcentaje de captacion comparando la
biodistribucién del radiofarmaco **™T¢-RGD en ratones con tumor inducido de mama y la
biodistribucién de 1a *™ Tc-oxitocina también en ratones con tumor inducido de mama y
determinar si hay diferencia significativa entre los dos radiofarmacos. Se consideraré diferencia
significativa una p<0.05.

Para el anélisis estadistico de la biodistribucion de Ia Pm1. RGD con las diferentes lineas
cetulares (3) se utilizara un ANOVA con un nivel de significancia de 0.05.

Otros aspectos
La metodologia no incluye: maniobras conductuales, modificaciones ambientales, restriccion

fisica y gjercicio, inmunizacion, administracién de medicamentos, substancias peligrosas ni
cirugia
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4.2 ANTECEDENTES

En Medicina Nuclear el, **™Tc¢ es el radionticlido més utilizado para estudios de diagnostico debido
a sus caracteristicas fisicas y quimicas, emite radiaciones gamma de 140 keV (90%),
(monoenergético), facilmente detectada que proporciona imagenes gammagraficas de alta calidad, su
tiempo de vida media fisica es de seis horas, desintegrandose por transicién isomérica sin
radiaciones beta, por lo que se pueden administrar dosis relativamente altas para efectuar estudios
clinicos en menos tiempo y con menor tiempo de exposicion. Ademas, el PMTe  tiene una gran
disponibilidad debido a su bajo costo, ya que se obtiene facilmente de un generador de Mo/ Tc.

Se utiliza en forma de pertecneciato y, en estado reducido se une a un gran nimero de ligantes o
moléculas acarreadoras, formando complejos (radiofarmacos) en un tiempo de reaccion
relativamente corto (5 a 30 min) con altas eficiencias de marcado (>90%) [Verduyckt y cols 2003,
FEUM, 2004]. Una alta selectividad por el sitio de! tumor y un periodo de permanencia largo del
radiofarmaco en el sitio de interés son las bases para un diagndstico clinico exitoso.

Las hormonas peptidicas (4cidos ai-aminocarboxilicos) han sido disefiadas por la naturaleza para
estimular, regular, inhibir numerosas funciones de Ia vida y actian por medio de sus receptores
principalmente, como transmisores de informacion y coordinadores de actividades de varios tejidos
en el organismo. Comparados con los anticuerpos, los péptidos pequefios ofrecen varias ventajas:
son faciles de sintetizar y modificar, ticnen menos probabilidad de ser inmunogénicos y rapida
depuracién sanguinea. En muchos casos la afinidad de los péptidos pequefios por sus receptores s
significativamente mayor que la de los anticuerpos o sus fragmentos [Lui y cols., 1997 Reubi, 2003,
De Jong y cols., 2003].

Los receptores se unen especificamente a los correspondientes péptidos marcados con
radionucleidos. Los receptores de péptidos estén sobre expresados en las células de numerosos
canceres. Estos receptores han sido usados como blancos moleculares para peptidos radiomarcados y
asi localizar el tumor. El agente biquelante Acido hidrazinonicotinico (HYNIC) y el coligante acido
etilendiaminodiacético (EDDA) se han utilizado para formar complejos de #™Te con péptidos
analogos de la somatostatina, uno de esos complejos s €l octredtido (**"Tc-HYNIC-TOC) que ha
demostrado ser una buena opcién para la deteccion de tumores que presentan receptores de
somatostatina, ya que es captado rapidamente y retenido por el tumor. Las aplicaciones exitosas del
octredtido radiomarcado en centelleografia para la localizacién de linfomas, granulomatosis,
meningiomas y tumores de origen neuroendécerino y cancer pulmonar, sobre todo en Europa son
indicativas de la importancia que tiene investigar otro tipo de péptidos radiomarcados, tanto nativos
como sus derivados (anilogos), para diagnéstico por imagen en medicina nuclear [Breeman y cols.,
2001; Krenning y cols., 2004, Kaltsas y cols., 2004; Kwekkeboom y cols., 2005a, 2005b].

Otros péptidos de mucho inierés en medicina debido a que sus receptores estimulan el crecimiento
en las células neoplasicas son la oxitocina en el cancer de mama y cérvico uterino, y las integrinas en
la estimulacion de la angiogénesis,

a) Oxitociona Quimicamente la oxitocina (OT) es un nanopéptido ciclico, con la secuencia cisteina-
tirosina-isoleucina-glutamina-asparagina-cistefna-prolina-leucina-glicina. Es una hormona
neuropeptidica sintetizada en los niicleos paraventricular y supradptico del hipotalamo. La accion
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hormonal periférica de la OT esta mediada por receptores. Los receptores (OTRs) se unen
especificamente y con gran afinidad a la OT y a algunos de sus andlogos. Los OTRs se expresan
principalmente en las células mioepiteliales de la glandula mamaria, en el miometrio y el
endometrio del Gtero, al término del embarazo y en el parto y post parto. Ademas por estudios in
vivo e in vitro se demostré que también se encuentran en carcinomas de mama y de endometrio,
en neuroblastomas, glioblastomas, osteoblastos y osteosarcomas [Cassoni y col. 2000, 2004].

b) Integrinas Las integrinas son glucoproteinas heterodiméricas de adhesién transmembranal,

constituidas por cadenas alfa y beta que cruzan de parte a parte la membrana celular. Hay 14
clases de subunidades o y 8 clases de subunidades §, que producen al menos 20 heterodimeros de
integrinas. Hay muchas integrinas que estan expresadas ampliamente, y la mayoria de las células
tienen mas de una integrina en su superficie celular, por ejemplo, las células de melanoma
expresan o.f3, P, asfi y osPy; en las células de carcinoma pulmonar se expresan o.fs y en
muchas otras células tumorales se encuentran o.fs [Knight y cols 2003; Mitra y cols. 2006]. Se
han encontrado una gran variedad de integrinas sobre la superficie de células tumorales, las
integrinas o,8; se encuentran elevadas en la angiogénesis de tumores y sus metastasis
[Friedlander y cols. 19951,

La unién especifica de los receptores a,f; de las integrinas a los péptidos que contienen el residuo
de amino acidos Arg-Gly-Asp (RGD) ha sido 1til para obtener la imagen de tumores especificos,
mediante el radiomarcado del péptido RGD [Janssen y cols. 2002].

4.3 OBJETIVOS E HIPOTESIS

EL OBJETIVO PRINCIPAL:
Evaluar la especificidad in vitro e in vivo de las formulaciones de péptidos marcados con PMT¢ para
el diagndstico de canceres que sobre expresan receptores de oxitocina y de integrinas,

LOS OBIETIVOS GENERALES SON:

1.

Marcar con * "¢ las formulaciones de los conjugados de oxitocina: EDDA/HYNIC-[Cys']-
oxitocina-NH, y EDDA/HYNIC-[Lys®*}-oxitocina-NH,, y del conjugado: EDDA/HYNIC-ciclo-
Lys-D-Phe-RGD.

Evaluar la integridad de los radiofdrmacos y la estabilidad a la dilucién en solucidn isotdnica y
plasma humano vy la unién a proteinas séricas de cada uno de los 3 radiofarmacos.

Evaluar la inmunoreactividad in vitro de cada uno de los radiofdrmacos midiendo la afinidad por
los receptores de oxitocina y de integrinas presentes en lineas de células tumorales.

Realizar estudios de biocinética de internalizacidon y externalizacion en lineas de células
tumorales.

Determinar la biodistribucion de los 3 radiofdrmacos en un modelo animal (animales sanos y en
animales con tumores inducidos).

Comparar la especificidad in vivo de los 3 radiofirmacos en tumores inducidos en un modelo
animal.

Obtener imigenes gammagraficas de la biodistribucién de cada uno de los radiofarmacos en
animales con tumores inducidos.

Calculos dosimétricos.



9. Elaborar un protocolo clinico que permita la obtencién de imagenes diagnosticas en pacientes
con todos o con alguno de los radiofarmacos obtenidos y que pudieran ser utilizados para el
diagnéstico de céncer.

HIPOTESIS:

Si los coligantes EDDA y Tricina completan la esfera de coordinacion en los complejos de i
entonces su uso en la formulacién para el marcaje del conjugado HYNIC-ciclo-Lys-D-Phe-RGD,
producird el complegjo estable P9MT6.HYNIC-ciclo-Lys-D-Phe-RGD con una pureza radioquimica
mayor al 95% y tendra las propiedades bioldgicas adecuadas para ser captado in vivo en sitios
especificos de angiogénesis.

4,4 MATERIAL Y METODOS

Los ratones atimicos se utilizardn de acuerdo 'a las especificaciones del reglamento sobre el manejo
ético de los animales de laboratorio del bioterio del INCMNSZ y se realizard bajo las normas de
seguridad radioldgica el siguiente procedimiento: Los datos de biodistribucion se obtendran despues
de inyectar en la vena de la cola del ratén 20 pL a 40 pL del péptido marcado *™Tc-
EDDA/HYNIC-[Cys'J-oxitocina-NH,, y **™Tc¢-EDDA/HYNIC-ciclo-Lys-D-Phe-RGD con una
concentracion radiactiva de aproximadamente de 40 microcuries (37 MBq/mL). Sacrificar a los
ratones atimicos a las 0.25, 0.5, 1, 2, 3, v 24 h postinyeccién. La finalidad es extraer y pesar los
organos, sangre, corazon, pulmén, musculo, rifiones, estémago, vesicula biliar, intestino, higado y
fémur. Se obtendra las cpm de cada dérgano, utilizando para el conteo un detector precalibrado de
Nal(T1). La captacién en cada organo se calculard y expresard como el % de actividad inyectada por
g de organo {%Al/g organo). Todas las cuentas se corregiran por fondo, geometria (volimenes
iguales) y decaimiento fisico. Las curvas de actividad contra tiempo obtenidas en cada organo, se
ajustaran a un modelo biexponencial o triexponencial segin el caso, con la finalidad de obtener las
constantes de captacién y eliminacion efectivas,

La actividad determinada en las muestras de sangre a los diferentes intervalos de tiempo, se ajustaran
a un modelo biexponencial de dos compartimentos; el compartimento central Cc y el compartimento
perifério Cp , esto es, que el radiofdrmaco llega directamente a la circulacion sistémica y se
distribuye entre el torrente sanguineo y los érganos mas irrigados, como son el corazon, higado y
rifiones, que constituyen el Ce; desde este compartimento la actividad pasa mas lenta, a 6rganos o
tejidos que reciben un menor flujo de sangre y éste nuevo espacio se denomina Cp.

Los resultados se analizarin con el programa biexp, para calcular las constantes de distribucién
rapida y constante de eliminacién lenta, el volumen aparente de distribucion en el compartimento
central (Vdcc), el volumen aparente de distribucion en el estado de equilibrio (Vdss), la depuracion
total, el tiempo promedio de residencia y la constante de eliminacion (kss) se calcularan.

4.5 ANALISIS ESTADISTICO PROPUESTO
Coeficiente de variacion.
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6.

1 TAMANO DE LA MUESTRA

90 ratones atimicos, divididos en 3 grupos de 30 ratones para los estudios radiofarmacocinéticos,
terapéuticos y dosimétricos.

6.2 MEDICIONES FISIOLOGICAS
Antes de la inyeccion del radiofarmaco los ratones atimicos se pesan.

6.3 ALIMENTACION
SIN ESPECIFICACIONES, ad libitum



6.4 AGUA
POTABLE, ad libitum

6.5 MANIOBRAS CONDUCTUALES
NINGUNA

6.6 MODIFICACIONES AMBIENTALES
NINGUNA

6.7 RESTRICCION FISICA Y EJERCICIO
NINGUNO

6.8 INMUNIZACION
NO PROCEDE

6.9 ADMINISTRACION DE MEDICAMENTOS
NINGUNO

6.10 INOCULACION DE AGENTES BIOLOGICOS

Se utilizaran diferentes lineas celulares de cancer:

Células AR42] de tejido canceroso de pancreas, (origen humano)
Células MCF-7 de tejido canceroso de mama, (origen humano)
Células PC3 de tejido canceroso de prostata, (origen murino)

Se inoculara de manera subcutanea 100 uL de una solucién de células cancerosas en flancos (en un
solo sitio), con los cuidados de manejo y sujecion del animal para minimizar riesgos durante el
procedimiento de inyeccion tanto para el animal como para la persona que realiza el procedimiento.
Una vez que el tumor tenga un tamafio de 0.5 a 1 cm de didmetro como maximo, se procedera a
realizar el estudio de biodistribucion,

6.11 SUBSTANCIAS PELIGROSAS
NINGUNA

6.12 RADIACIONES
Se inyectaran en la vena de la cola del ratén 40 microcuries del péptido marcado con
Tc-99m. El radiofdrmaco inyectado no representa ningdn peligro para el ratdn ni para el operador.

6.13 TRAUMA
La inyeccion en la cola del animal produce trauma minimo.

6.14 CIRUGIA
NO PROCEDE

6.15 OBTENCION DE MUESTRAS
Se obtiene una cantidad de sangre de aproximadamente 0.5 mL por puncién cardiaca
inmediatamente después de la muerte del raton.



6.16 OBTENCION DE TEJIDOS
Tomar una muestra de tejidos de diferentes organos (corazén, pulmén, higado, bazo, vesicula biliar,
estdmago, intestino, heces, rifién, musculo, hueso y tejido canceroso).

60.17 EUTANASIA
Se usara una dosis letal de bidxido de carbono en la camara de acrilico.

6.18 DISPOSICION DE CADAVERES

Después de extirpar los érganos del raton, el cadaver se coloca en una bolsa de plastico de color
amarillo y se almacena dentro del cuarto frio del departamento. Después de 3 dias de decaimiento
los tubos de ensaye de plastico que contienen los restos de cada tejido se desechan en el contenedor
correspondiente.



