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Abstract: Molecular imaging enables visualization and characterization of biological processes that influence tumor behavior and re-
sponse to therapy. The TMTP1 (NVVRQ) peptide has shown remarkable affinity to highly metastatic tumors and and its potential receptor
is aminopeptidase P2. In this study, we have designed and synthesized a ®®Ga-labeled cyclic TMTP1 radiotracer (°8Ga-DOTA-TMTP1),
for PET imaging of cervical cancer. The goal of this study was to investigate the properties of this radiotracer and its tumor diagnostic
potential. The radiochemical yield of ®8Ga-DOTA-TMTP1 was high and the radiochemical purity was greater than 95%. The octanol-water
partition coefficient for ®Ga-DOTA-TMTP1 was -2.76 + 0.08 and ®Ga-DOTA-TMTP1 has showed excellent stability in in vitro studies. The
cellular uptake and efflux of ®Ga-DOTA-TMTP1 in paired highly metastatic and lowly metastatic cervical cancer cell line HeLa and C-33A
as well as normal cervical epithelial cell line End1 were measured in a y counter. $Ga-DOTA-TMTP1 exhibited higher uptake in HelLa cells
than in C-33A cells. The binding to HeLa and C-33A cells could be blocked by excess TMTP1. On microPET images, HeLa tumors were
clearly visualized within 60 min and the uptake of the radiotracer in HeLa tumors was higher than that of C-33A tumors. After blocking
with TMTP1, Hela tumors uptake was significantly reduced and the specificity ®®Ga-DOTA-TMTP1 was thus validated. Overall, we have
successfully synthesized %8Ga-DOTA-TMTP1 with high yield and high specific activity and have demonstrated its potential role for highly

metastatic tumor-targeted diagnosis.
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Introduction

Cervical cancer is a common malignant tumor of the
female reproductive tract, which seriously endangers
women’s lives and health [1, 2]. The prognosis of cervical
malignancy is affected by stage of the diseases, histologi-
cal grading of tumor, the occurrence of HPV infection, etc.
[3]. Although staging of cervical cancer plays a vital role in
patient management, the current FIGO staging system is
predominantly based on clinical examinations which pro-
vides limited ability to accurately comprehend the dis-
ease status, including failure in providing nodal involve-
ment and the extent of metastasis [4]. Imaging studies
are recommended for cervical cancer work up [3, 5].
However, traditional imaging techniques have largely
relied on anatomical changes and size criteria for lesion
detection and exhibit poor sensitivity towards minor
lesions. Therefore, developing novel molecular imaging
agents with high sensitivity and tumor-targeting ability
may somehow assist in accurate staging and provide
more appropriate interventions [6].

Previously our group had identified a novel five-amino
acid peptide, TMTP1 (Asn-Val-Val-Arg-Gln, NVVRQ), by
FliTrx bacterial peptide display system [7]. TMTP1 is a
tumor-homing peptide which specifically targets highly

metastatic tumors and metastasis and its potential
receptor is aminopeptidase P (XPNPEP2). XPNPEP2 is
overexpressed in cervical cancer, and was associated
with the International Federation of Gynecology and
Obstetrics stage and lymph node metastasis [8]. In our
previous studies, TMTP1-based agents have shown
potential for tumor-targeting diagnosis and therapy. Our
group has developed various TMTP1-based fusion pro-
teins which can target highly metastatic tumors and pro-
duce oncotoxic effects [9-14]. For example, we have fused
TMTP1 to the NF-kB essential modulator-binding domain
and the trans-activator of transcription peptide, the
resulting peptide TMTP1-TAT-NBD enhanced anticancer
effects by downregulating AKT/GSK-33/NF-kB pathway
[9]. TMTP1-DKK, which is a combination of an antimicro-
bial peptide, D(KLAKLAK)?, with TMTP1, causes apoptosis
in human prostate and gastric cancer cells [10]. With
respect to tumor-targeted imaging, we have reported a
99mTc-labeled TMTP1 radiotracer for SPECT imaging and
demonstrated its ability to target highly metastatic ovari-
an tumors [12]. Yesen et al. synthesized an *&F-labeled
TMTP1 tracer aimed at highly aggressive hepatocellular
carcinoma imaging [14].

However, SPECT-based tracers have limited resolution
and sensitivity for tumor imaging and 8F-labeling depends
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on the availability of a cyclotron and is time-consuming
and laborious [15, 16]. 8Ga (t,,, 68 min, B* emission, 89%
and EC 11%) is an ideal radionuclide for imaging because
of its short half-life, low radiation dosimetry, rapid blood
clearance, quick fusion and targeted localization [17]. The
hydrophilicity and short half-life of ®8Ga makes it suitable
for labeling small molecular weight binding proteins or
peptides with fast distribution and renal clearance [18,
19]. To the best of our knowledge, application of TMTP1-
based tracers labeled with %Ga for cervical cancer
screening have not yet been reported.

Our study entails the design and synthesis of a
novel %8Ga-labeled PET tracer for tumor imaging and
diagnosis. This present work conjugates cyclic TMTP1
[cyclo(CGNVVRQGC)] with 1,4,7,10-tetraaza-cyclododec-
ane-1,4,7,10-tetraacetic acid (DOTA) as chelator and tri-
glycine (G, = Gly-Gly-Gly) acts as a spacer linking the che-
late to the peptides. The resulting agent [°8Ga]Ga-DOTA-
Gly,-TMTP1 (°®Ga-DOTA-TMTP1) was thoroughly investi-
gated in preliminary studies of cervical cancer xenografts.
For new FIGO staging of cervical cancer, MRI with high
spatial resolution is expected for tumour size measure-
ments and the high accuracy of positron emmision tomog-
raphy/CT for LN evaluation [20]. The sensitivity of PET-CT
in diagnosing cervical cancer lymph node metastasis is
only 50% for abdominal lymph nodes and 83% for pelvic
lymph nodes, and more accurate imaging diagnosis has
been required [21].

Materials and methods
General

All starting reagents which were purchased from commer-
cial sources were of analytical grade and were used with-
out further purification. The radiochemical precursor
DOTA-TMTP1 (DOTA-GGG-cyclo(CGNVVRQGC)) was syn-
thesized by Abgent Biotechnology (Suzhou, China) using
solid-phase Fmoc chemistry. The chemical purity of the
precursor was analyzed by high performance liquid chro-
matography (HPLC) and the compound was evaluated
by liquid chromatography-mass spectrometry (LC-MS).
68Ga was eluted from a ®8Ge/®®Ga generator (Isotope
Technologies Garching GmbH, Germany) by 5 ml of 0.1 N
HCI. Reverse-phase extraction Sep-Pak C18 cartridges
were purchased from Waters Corporation (Milford, USA)
and were pretreated with ethanol (10 ml) and pure water
(10 ml) before use. Radioactivity was measured by a CRC-
25R Dose Calibrator (Capintec, Inc., USA). Radiochemical
purity and in vitro stability was performed by instant thin-
layer chromatography silica gel (ITLC-SG) analysis.

Radiosynthesis

68Ga-labeling was performed in accordance with the man-
ufacturer’s protocol. In brief, 93 ul of 1.25 M NaOAc buffer
was mixed with 1 ml of ®GaCl, eluent and the solution
was adjusted to pH 4.0. Then 20 ug of DOTA-TMTP1 pep-
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tide was dissolved in the buffer for 15 min at 100°C. The
product was then purified with Sep-Pak C18 cartridges
and eluted with 0.5 ml of 75% ethanol. The mixture was
diluted by saline and passed through a 0.22-um Millipore
filter into a sterile vial for in vitro and in vivo experiments.
The product purity was evaluated by ITLC-SG with the
mobile phase of CH,OH:NH,OAc (v/v, 1:1).

Octanol-water partition coefficient

500 pL of %8Ga-labeled DOTA-TMTP1 (370 Kbq, 10 uCi)
diluted in saline was added to 500 uL of n-octanolina 1.5
mL Eppendorf microcentrifuge tube. The mixture was vor-
texed for 2 min at room temperature and then centrifuged
at 3000 rpm for 5 min. 100 uL aliquots were sampled
from each layer and were measured by a y-counter. The
experiment was performed in triplicates and the log P
value (log,, (counts in n-octanol/counts in saline)) was
expressed as mean * SD.

Stability evaluation in vitro

68Ga-DOTA-TMTP1 (500 pL, about 18.5 MBq) was dis-
solved in 1 ml aliquots of saline or human serum from
healthy donors and incubated at 37°C. At 15, 30, 60 and
120 minutes, the radiochemical purity was measured by
ITLC-SG using the mobile phase of CH,0H:NH,OAc (v/v,
1:1).

Cell lines and cervical cancer xenograft models

The human cervical epithelial cell line Endl and the
human cervical cancer cell lines C-33A and Hela were
obtained from the American Type Culture Collection
(ATCC, Manassas, VA, USA). End1 cells were maintained
in keratinocyte serum-free medium supplemented with
0.05 mg/mL bovine pituitary extract, 0.1 ng/mL human
recombinant epithelial growth factor, and 44.1 mg/L cal-
cium chloride. C-33A, Hela were cultured in DMEM sup-
plemented with 10% fetal bovine serum (FBS). All the
cells were cultured in a humidified incubator with 5% CO,
at 37°C. All animal experiments were approved by the
Institutional Animal Care and Use Committee of Peking
Union Medical College hospital, and the study was con-
ducted in strict accordance with the Guidelines for the
Welfare of Animals in Experimental Neoplasia. For the
xenograft tumor studies, we purchased four-week-old
female BALB/c-null mice from Beijing HFK Bio-technology
Co., Ltd. Hela and C-33A tumor-bearing models were
established by subcutaneous injection of 1x107 cells in
BALB/c-null mice. At approximately 3-4 weeks after inocu-
lation, the tumor volume reached 100-300 mm?3 and the
mice underwent PET imaging and biodistribution studies.

Cell migration and invasion assays

Cell migration was assessed by the wound healing assay.
Human cervical cancer cells were seeded in six-well
plates until 80% confluence. A sterile 10 pL pipette tip
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was used to generate the wound. Images were captured
at 24 h and the area was assessed by Image J software.
For invasion assays, transwell inserts with 8-um pores
were precoated with 50 yL of matrigel matrix. The cells
were seeded into the upper chamber at a density of 1x10*
cells/well with 100 pL serum-free DMEM medium. DMEM
medium with 10% FBS acted as a chemoattractant in the
lower chamber. After 24 h of incubation, the cells which
had invaded through the millipores were stained with
0.5% crystal violet. The number of invading cells were
photographed and counted under a microscope. All
experiments were performed in triplicate wells and at
least three times.

Cell uptake and efflux studies

The cell uptake and efflux assays were inspired from pre-
vious literature methodologies and modified accordingly
[19, 20]. For uptake studies, the End1, C-33A and Hela
cells were seeded into the 24-well plates at a density of
1x10° cells per well and incubated with ®8Ga-DOTA-TMTP1
(@about 18.5 KBqg/well) at 37°C for 15, 30, 60, 120 min.
The cells were then washed three times with ice-cold PBS
to remove the unbounded radioactivity and digested with
0.25% trypsin. The cell suspensions in each well were col-
lected and the internalized radioactivity was measured in
a y-counter (Packard, Meriden, CT).

Blocking study was performed in Hela and C-33A cells to
assess the specificity of %8Ga-DOTA-TMTP1. The cells
were pretreated with 10 yg of cold TMTP1 for 15 min and
then incubated for 1 h and 2 h with the radiotracer. The
cell suspensions were processed and measured in the
same way as formerly described.

For efflux studies, End1, C-33A and Hela cells cultured in
24-well plates were first incubated with 8Ga-DOTA-TMTP1
(about 18.5 KBq/well) at 37°C for 1 h to allow maximal
internalization. Then, the cells were washed three times
with PBS to remove the unbounded radioactivity and in-
cubated with prewarmed culture medium for 15, 30, 60,
120 min at 37°C. Subsequently, the cells were washed
three times with PBS and digested by trypsinization with
0.25% trypsin. The resulting solution from each well was
collected and measured in a y counter. Data is expressed
as the percentage of added dose after decay correction.
The same experiment was performed twice with triplicate
wells.

MicroPET imaging

The imaging study was performed using the Hela and
C-33A tumor-bearing mice. Each mouse was adminis-
tered intravenously with ®8Ga-DOTA-TMTP1 (about 200
pCi) via tail vein under isoflurane anesthesia (n = 3 per
group). Imaging was performed with a small-animal PET
scanner (BioCaliburn LH Raycan Technology Co., Ltd.,
Suzhou, China). Static images were acquired at different
time points (5 min, 30 min, 60 min) postinjection. 60 min-
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dynamic scans were performed using BALB/C-null mice
(6%10 s, 9%60 s, 4x5 min, 3x10 min, total of 22 frames).
Images were reconstructed using a three-dimensional
ordered subsets expectation maximum algorithm without
attenuation correction. For the blocking study, Hela-tumor
bearing mice were co-injected with excess TMTP1 at 15
mg/kg body weight and 200 uCi %8Ga-DOTA-TMTP1 and
the PET scans were then performed at 30 min after injec-
tion (n = 3 per group). Regions of interests (ROIs) were
drawn over the tumor and major organs and tissues using
Amide data analysis software.

Biodistribution studies

Female athymic nude mice bearing Hela xenografts were
injected with 100 uCi of ®3Ga-DOTA-TMTP1 to evaluate the
distribution of the tracer in the tumor and major organs
and tissues. At 10, 30, and 60 min after injection of the
tracer, the animals were euthanized and dissected.
Tumor, blood, major organs and tissues were collected
and weighted. The radioactivity was measured using a y
counter. The counts were converted into the percentage
of injected dose per gram of tissue (%ID/g). Values are
expressed as mean + SD for groups of three mice.

Statistical analysis

All the quantitative results are presented as means + SD.
Statistical analyses were performed with Prism 6.0
GraphPad software. Student’s t-test was used to make
comparisons between two groups. A p-value < 0.05 was
considered significant.

Results
Synthesis and radiolabeling of DOTA-TMTP1

The precursor DOTA-TMTP1 was synthesized with a purity
of 95.495% based on HPLC analysis and the identity of
the product was confirmed by LC-MS (Supplementary
Figure 1A-C). The scheme for radiolabeling of DOTA-
TMTP1 is presented in Figure 1A. Fresh ®8Ga eluted from
the %8Ge/*®Ga generator was used directly for the reaction
under pH 4.0. The labeling process took about 30 min,
with a radiochemical yield of 87.87 + 5.90% and radio-
chemical purity of greater than 95% was reached after
purification by Sep-Pak C18 cartridges which was charac-
terized by ITLC analysis (Figure 1B). The molar activity of
purified ®8Ga-DOTA-TMTP1 was determined to be about
16.54 MBqg/nmol and the log P value of ®8Ga-DOTA-TMTP1
was -2.76 = 0.08.

In vitro stability

68Ga-DOTA-TMTP1 displayed good stability in saline and
human serum. After incubation in saline and human
serum, the samples were analyzed by ITLC at different
time points. The radiochemical purity of the product
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Figure 1. Radiosynthesis, purification and stability of ®®Ga-DOTA-TMTP1. A. Chemical structure and radiosynthesis of ®Ga-DOTA-TMTP1.
B. Representative ITLC assay of 8Ga-DOTA-TMTP1 after purification through Sep-Pak C18 cartridges. C. In vitro stability analysis of ®®Ga-
DOTA-TMTP1 in saline and fresh human serum at 15, 30, 60, 120 min. Results are plotted as the radiochemical purity.

remained more than 86% after 2 h incubation at 37°C
(Figure 1C). Overall, %8Ga-DOTA-TMTP1 demonstrated
favorable in vitro stability.

Cell uptake and efflux studies

Cell migration and invasion ability of Hela was significantly
higher than that of C-33A (Figure 2A-D). The cell uptake
and efflux of ®8Ga-DOTA-TMTP1 were evaluated in the
paired highly metastatic and lowly metastatic cervical
cancer cell line Hela and C-33A as well as in normal cervi-
cal epithelial cell line End1 (Figure 2E, 2F). Hela had rath-
er rapid and high uptake of ®8Ga-DOTA-TMTP1 and End1l
had relatively low uptake of the tracer. The uptake curve
of C-33A was between those of Hela and End1 cells. The
cellular retention of %8Ga-DOTA-TMTP1 also followed the
order Hela > C-33A > End1. Hela, C-33A and End1 reten-
tion of the tracer decreased with time. At 120 min, the
cell-bound tracers were 2.40 + 0.11% for Hela, 0.74 *
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0.10% for C-33A and 0.02 + 0.02% for End1, respectively.
An excess of cold TMTP1 acted as the blocking agent. For
both Hela and C-33A cells, the uptake of ®8Ga-DOTA-
TMTP1 was significantly reduced in the blocking groups
when compared with non-blocking groups (Figure 2G,
2H). For Hela cells, the uptake of 4Ga-DOTA-TMTP1 was
2.73 + 0.18% (non-block) and 1.01 + 0.19% (block, P <
0.001) at 1 h, and 3.14 + 0.25% (non-block) and 1.39 +
0.15% (block, P < 0.001) at 2 h (Figure 2G). For C-33A
cells, the uptake of 8Ga-DOTA-TMTP1 was 1.08 + 0.16%
(non-block) and 0.37 + 0.13% (block, P < 0.01) at 1 h, and
1.41 £ 0.14% (non-block) and 0.55 * 0.07% (block, P <
0.001) at 2 h (Figure 2H).

MiroPET imaging

A series of dynamic %8Ga-DOTA-TMTP1 PET images are
presented in Figure 3. The tracer shows fast clearance
from the urinary system. ©Ga-DOTA-TMTP1 rapidly

Am J Nucl Med Mol Imaging 2024;14(2):110-121



%8Ga-labeled TMTP1 radiotracer for PET imaging of cervical

A C33A Hela B 100 - * %

sssssnssans
-;-.----|--.-.---

;--.---.-su---.-o'-

sgssssmmasEnen

Closure rate (%

N B OO @
o O o o O
l 1 1 1 1

-
.
-
.
.
.
.
-
.
]
.
.
.
.
.

60094 [ 1
500 - I
400 -
300
200 -
100 -

Number of invaded
cells

m
-
N W A

—

Cell uptake (%)
N

Cell retention (%)

T T L] 1 0 | T T 1

0 30 60 90 120 0 30 60 90 120
Time (min) Time (min) Figure 2. Cell migration and invasion
assays as well as cellular affinity of
G B Hela B C33A %8Ga-DOTA-TMTP1. A and B. Repre-
ek sentative micrographs and quanti-
4+ k%% ek fication of wound healing assay for
sk C33A and Hela tumor cells at O h
and 24 h (Bar =100 um). C and D.
Transwell invasion assay for C33A
and Hela tumor cells (Bar =20 um).
Quantification of migration and inva-
sion assays were calculated by three
independent experiments. E. Cell
uptake assay of %8Ga-DOTA-TMTP1
in End1, C33A and Hela cells. F. Cell
efflux assay of ®Ga-DOTA-TMTP1 in
End1, C33A and Hela cells. Data are
expressed as mean = SD. G and H.
&L OO é\ NGA C\}‘OC\)E Cell uptake blocking experiments in
NN i RS > Hela and C-33A cells. **P < 0.01,

NS ,\”Q‘ q:(\ ***p < 0.001.

o

Cell uptake (%)
o
Cell uptake (%)
©O O = 2 N
°_ 9 2 & o

114 Am J Nucl Med Mol Imaging 2024;14(2):110-121



%8Ga-labeled TMTP1 radiotracer for PET imaging of cervical

10 min 15 min 20 min
B 19 —8— kidney
- nmuscle
30 —&— blood
()]
a
3

0 10 20 30 40 50 60
Time (min)

115

2.5 %ID/g

30 min 60 min 0 %ID/g

Figure 3. Dynamic PET imaging. A. Series of coronal PET
images of normal mice after intravenous injection of ap-
proximately 7.4 MBq (200 uCi) of ®8Ga-DOTA-TMTP1. B.
Time-activity curves of ROIs outlined over heart, blood
pool, muscle and kidneys regions on ¢Ga-DOTA-TMTP1
PET images.
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Figure 4. Representative static PET images of %8Ga-DOTA-TMTP1 in Hela tumor xenografts at different time points. A. Whole-body coronal
PET images of Hela tumor-bearing mice at 5, 30 and 60 min after injection of 7.4 MBq (200 uCi) of %8Ga-DOTA-TMTP1. Yellow arrows
indicate tumor regions. B. The quantitative uptake of tumor by plotting ROI in Hela tumor, muscle, blood and kidney. C. Tumor to muscle,
blood and kidney ratios of ¥Ga-DOTA-TMTP1 in tumor-bearing mice. Data are expressed as mean + SD.

reached a peak at 40 s post injection in the kidneys
(28.87 + 6.34 %ID/g) and then decreased to 5.20 *
1.10 %ID/g at 60 min. %8Ga-DOTA-TMTP1 showed rapid
blood clearance (8.30 + 0.81 %ID/g at 1 s after injection,
1.77 + 0.15 %ID/g at 10 min, and 0.25 + 0.04 %ID/g at
60 min after injection). The uptake in muscles gradually
increased in 60 s (1.03 + 0.35 %ID/g at 1 min) and
remained relatively stable within 10 min (0.83 + 0.38
%ID/g at 10 min), and then gradually decreased to 0.16 +
0.11 %ID/g at 60 min post injection.

Representative static microPET images at 5, 30, 60 min
after intravenous injection of %8Ga-DOTA-TMTP1 (about
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200 uCi) are shown in Figure 4A. Tumor and major organ
activity accumulation was quantified by measuring the
ROIs that enclosed the entire organ on the coronal imag-
es. The kinetics of the tracer in the tumor, muscle, blood,
and kidneys are shown in Figure 4B. The tumors were
clearly visible with high contrast in relation to the contra-
lateral background at 30 and 60 min time points. The
tumor uptake of 8Ga-DOTA-TMTP1 was determined to be
2.31 + 0.61 %ID/g, 1.75 + 0.52 %ID/g and 1.09 + 0.20
%ID/g at 5, 30, and 60 min (Figure 4B). Prominent uptake
of 68Ga-DOTA-TMTP1 was observed in the kidneys and
bladder suggesting that this tracer is mainly excreted
through the renal-urinary route. After clearance of the

Am J Nucl Med Mol Imaging 2024;14(2):110-121
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tracer from the blood and normal organs, the tumor/mus-
cle and tumor/blood ratios increased with time as shown
in Figure 4C.

According to the cell uptake and efflux assays, Hela
showed better affinity for $8Ga-DOTA-TMTP1 than C-33A.
Representative static scanning images of Hela and C-
33A-tumor bearing mice at 30 min post injection of
68Ga-DOTA-TMTP1 are shown in Figure 5A. The uptake of
68Ga-DOTA-TMTP1 in Hela tumor was higher than that in
C-33A tumor (Figure 5B). Using contralateral muscle as
background, tumor-to-muscle ratio in Hela tumor was also
higher than that in C-33A tumor (Figure 5C).

The in vivo specificity of ®8Ga-DOTA-TMTP1 was confirmed
by blocking studies. Considering that at the time point of
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Figure 5. Static PET imaging of ®8Ga-
DOTA-TMTP1 in Hela and C-33A
tumors at 30 min post injection.
Yellow arrows indicate tumors. (A)
Representative whole-body coronal
PET images of BALB/C-null mice
bearing Hela tumor (a), C-33A tumor
(b) and Hela tumor-bearing mice
blocked with excess cold TMTP1 (c).
(B) The quantitative uptake of tumor
by plotting ROl in Hela tumor, C33-A
tumor and the blocked Hela tumor.

‘EF (C) Tumor to muscle ratios of %8Ga-
' | DOTA-TMTP1 in tumor-bearing mice.
Data are expressed as mean + SD.
Hela C33A Block *P<0.05 **P<0.01.

30 minutes, the tumor was clearly visible with high con-
trast in relation to the contralateral background, the
blocking study was performed in Hela-tumor bearing mice
preinjected with excess cold TMTP1 at 30 min prior to
injection of 8Ga-DOTA-TMTP1. Representative images of
Hela-tumor bearing mice at 30 min after injection of
68Ga-DOTA-TMTP1 in the presence of TMTP1 (15 mg/kg)
are shown in Figure 5A. The tumor uptake of ®8Ga-DOTA-
TMTP1 was significantly inhibited by TMTP1 (Figure 5B).
Tumor-to-muscle ratio was lower in blocked tumor than in
unblocked mice (Figure 5C).

Biodistribution studies

The biodistribution study of 8Ga-DOTA-TMTP1 was per-
formed in nude mice bearing Hela tumors. Each mouse
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Figure 6. Biodistribution of 8Ga-DOTA-TMTP1 in Hela tumor-bearing mice. (A) Biodistribution and (B) its related tumor-to-normal-tissue
(T/NT) ratios of ®¥Ga-DOTA-TMTP1 in Hela tumor-bearing nude mice at 10, 30, 60 min after intravenous injection. Data are expressed

as mean + SD.

Table 1. Biodistribution and tumor-to-normal-tissue ratios of ¥Ga-DOTA-TMTP1 after intravenous injection in Hela cervi-

cal cancer bearing athymic mice

10 min 30 min 60 min

Organ %ID/g T/NT %ID/g T/NT %ID/g T/NT
Blood 3.59 +0.29 0.59 +0.14 0.89 + 0.12 1.64 +0.07 0.29 + 0.07 2.81 +£0.49
Brain 0.16 £ 0.07 12.63 + 3.17 0.05 + 0.03 34.71 £ 17.50 0.03+0.01 38.00 £ 13.94
Heart 1.62 £ 0.27 1.32+0.32 0.25+0.01 5.75 +0.65 0.17 + 0.02 5.63+1.10
Lung 2.32 £ 0.50 0.91+0.08 0.40 £ 0.06 3.69 + 0.68 0.28 £ 0.05 3.46 + 0.96
Liver 1.15+0.11 1.83+0.30 0.35+0.02 418 £ 0.55 0.27 £ 0.02 3.50 £ 0.97
Spleen 0.85 +0.05 245 +0.31 0.16 + 0.07 9.84 + 3.92 0.15+0.02 6.55 + 2.52
Kidney 24.65 +9.45 0.10 £ 0.05 15.38 £ 9.61 0.12 £ 0.06 10.30 £ 5.92 0.12 £ 0.08
Stomach 1.51+0.13 1.39+£0.12 0.18 £ 0.03 8.30 £ 1.96 0.17 + 0.07 6.07 £ 1.33
Small Intestine 118 +0.11 1.77 £ 0.22 0.20 + 0.04 739+1.21 0.17 + 0.02 5.78 +1.89
Large Intestine 0.95 + 0.80 3.43+215 0.13 £0.05 8.05 + 0.27 0.09 £ 0.01 6.82 + 2.50
Muscle 0.78 +£0.49 3.85+3.11 0.20 + 0.05 5.38 +2.82 0.10 £ 0.03 6.48 + 1.27
Bone 0.47 £ 0.03 4.47 +0.78 0.06 +0.03 27.29 £9.87 0.04 +0.02 24.71 + 10.37
Tumor 2.10+0.33 NA 1.45+0.14 NA 0.95 +0.28 NA

Data are mean + SD.

was injected with 100 uCi of ®8Ga-DOTA-TMTP1 and then Discussion

killed at 10, 30, 60 min after injection. Figure 6A and
Table 1 show that the tracer uptake decreased between
10 min to 1 h in the Hela tumors and most of the exam-
ined organs. The tumor uptake was 2.10 + 0.33 %ID/g at
10 min and 0.95 * 0.28 %ID/g at 60 min. In accordance
with the imaging results, radioactivity in kidneys was the
highest in our models, further supporting renal-urinary
metabolism as the main excretory route. The tracer exhib-
ited rapid blood clearance, with 3.59 + 0.29, 0.89 + 0.12,
and 0.29 + 0.07 %ID/g remaining in blood at 10, 30, and
60 min, respectively. The uptake and retention of
68Ga-DOTA-TMTP1 in all the organs except kidney were
relatively low at 60 min post-injection. The T/NT ratios of
68Ga-DOTA-TMTP1 are presented in Figure 6B and Table
1.
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The metastasis and recurrence of cervical cancer have
poor prognoses and early intervention leads to an
increased survival rate. Clinical application of 8F-FDG
PET/CT has played substantial roles in the diagnosis,
treatment response assessment and follow-up of cervical
cancer patients [22]. However, *8F-FDG PET/CT shows low
efficacy in screening of early-stage cervical cancer and in
differentiating cervical cancer from benign tumors or
inflammation [3]. For example, high FDG uptake can also
be observed in degenerate leiomyomas or early postop-
erative pelvic tissues [3, 23]. Moreover, 8F-FDG may pro-
vide false-negative results in tiny lesions. Therefore,
developing novel molecular imaging agents may some-
how assist in diagnosis.
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Peptides are ideal targeting ligands because of their small
size, high affinity, rapid tissue penetration and low immu-
nogenicity [24]. They can be used as vectors for molecular
imaging and tumor-targeting therapy. TMTP1 (Asn-Val-Val-
Arg-GIn, NVVRQ) is a novel five-amino acid peptide previ-
ously identified by our group. TMTP1 specifically binds to
highly metastatic cancer cells as well as metastasis foci
and even occult metastasis but not towards poorly meta-
static or non-metastatic cell lines [7]. Until now, several
TMTP1 based radiotracers have been developed for the
imaging of highly metastatic cancers by PET or SPECT [12,
25]. PET is one of the rare molecular imaging technologies
approved by Food and Drug Association (FDA) [26]. It pro-
vides higher spatial resolution and sensitivity than SPECT
and plays a key role in cancer staging, restaging and treat-
ment evaluation of cancers as well as various diseases
[16, 18, 27]. Instead of *8F or ®4Cu, we preferred ®¢Ga as
the positron emitter because of the accessibility of kit for-
mation and does not require use of a cyclotron [16, 28].

In this study, we have designed, synthesized and evaluat-
ed a TMTP1-based peptide that was radiolabeled with
68Ga via DOTA chelator to develop a novel tumor imaging
tracer. The cyclic TMTP1 peptide was designed by a disul-
fide bond with two cysteine residues and glycine residues
provide spacer function which allow physical formation of
a loop structure. This cyclic structure may increase the
stability of the tracer and improve uptake by tumors. DOTA
is a common commercial chelator that can be used for
fast and efficient ®8Ga labeling [29]. DOTA was coupled to
the peptides via a triglycine (Gly,) linker which provides a
spacer function so that TMTP1 motif can achieve simulta-
neous binding to tumor cells and radiotracer excretion
from normal tissues and organs [30].

Under optimized conditions, ®8Ga-DOTA-TMTP1 exhibited
a high yield and high radiochemical purity. The radiotracer
was stable in both saline and human serum. In vitro stud-
ies have shown that ®8Ga-DOTA-TMTP1 displayed higher
cellular uptake in Hela cells which have high metastatic
potential and relatively lower uptake in C-33A tumor cells
with low metastatic potential, indicating that 8Ga-DOTA-
TMTP1 could provide more sensitive PET imaging in highly
metastatic tumor models. 8Ga-DOTA-TMTP1 revealed the
lowest affinity to normal cervical cancer cell line End1.
XPNPEP2, also known as aminopeptidase P, may be a
potential receptor of TMTP1 (unpublished data) and has
been found to be overexpressed in cervical cancer [7, 8].
Our group had previously reported that Hela presented
higher expression of XPNPEP2 than C-33A while End1l
exhibited the lowest [8]. ®8Ga-DOTA-TMTP1 might pass
through tumor cell membrane via passive infiltration
or some possible targeted receptors, such as XPNPEP2.
The precise mechanisms need to be further studied.
Furthermore, microPET imaging of ®8Ga-DOTA-TMTP1 was
evaluated in mice carrying Hela and C-33A tumors. Higher
uptake of ®8Ga-DOTA-TMTP1 was observed in Hela tumor
xenografts which may be due to high density of XPNPEP2
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expression. The small molecular size of #3Ga-DOTA-TMTP1
and its hydrophilicity results in fast clearance from non-
target tissues and blood. Tumor-to-muscle ratio increased
with time and Hela tumor could be clearly visualized after
injection of the radiotracer. The tumor-to-muscle ratios in
microPET were higher than 2.0 at 5 min and increased
over time. The specificity of ¥8Ga-DOTA-TMTP1 in in vitro
and in vivo was confirmed by the blocking studies. The
tumor uptake of %8Ga-DOTA-TMTP1 can be significantly
blocked using an excess of cold TMTP1, indicating that
the major fraction of the radiotracer is specific and the
tracer mimics the features of TMTP1 to target receptors.

Biodistribution experiments could determine the accu-
mulation of 8Ga-DOTA-TMTP1 in tumor and major organs
more accurately and be further verified by microPET
imaging studies. Hela tumors showed rapid uptake of
68Ga-DOTA-TMTP1 while most organs presented low level
uptake. Most of tumor-to-tissue ratios increased with
time, making the tracer a promising agent for highly meta-
static tumor imaging. Moreover, the remarkable accumu-
lation of %8Ga-DOTA-TMTP1 in the kidneys which was
observed in both microPET and biodistribution studies
may due to its hydrophilic nature or its expressing mecha-
nism since XPNPEP2 is also highly expressed in the kid-
neys when compared to other tissues [31]. Although the
high uptake of radiotracers in the kidneys rarely interferes
with imaging readings or analysis [32], it is necessary to
improve the kinetic properties of the tracer and reduce
accumulation in the kidneys. In this study, the ratios of
the tumor-to-muscle reached 6.48 and tumor-to-liver
exceeded 3.5 which is higher than those of **™Tc-HYNIC-
TMTP1 and [*®F]AIF-NOTA-G-TMTP1. The tumor uptake of
68Ga-labeled TMTP1 was higher than that of °*™Tc labeled
TMTP1. Since the tumor uptake of ®8Ga-DOTA-TMTP1 is
not very high when compared to other tracers, further
efforts in enhancing the binding affinity of °8Ga-DOTA-
TMTP1 can be employed, such as multimerization, muti-
receptor-targeting heterodimerization and non-binding
site modification [33].

8F-FDG PET/CT is a functional metabolic imaging tech-
nique detecting of cellular metabolism, thus it is not truly
tumor specific. *8F-FDG PET/CT shows limited efficacy in
screening of early-stage cervical cancer and in differenti-
ating cervical cancer from benign tumors or inflammation.
TMTP1 specifically binds to highly metastatic cancer cells
as well as metastasis foci and even occult metastasis
but not towards poorly metastatic or non-metastatic cell
lines. In the course of this study, we have designed and
preliminarily evaluated ®8Ga-labeled TMTP1 as a novel
radiotracer for tumor imaging. MicroPET and biodistribu-
tion results suggest the likelihood of ®8Ga-DOTA-TMTP1
for targeting highly metastatic cervical cancer. Therefore,
68Ga-DOTA-TMTP1 is a promising radiotracer appling in
the detection of minimal focus with early stage, differen-
tial diagnosis between benign and malignant diseases,
and guiding treatment.
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Conclusions

This study originally employs %8Ga labeled TMTP1 peptide
for PET imaging in cervical cancer models. 8Ga-DOTA-
TMTP1 was produced rapidly with high yield and high
purity and it was found to be a promising PET tracer for
targeting highly metastatic cervical cancer exhibiting
excellent stability, high specificity and good pharmacoki-
netic properties.
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Supplementary Figure 1. Quality test of DOTA-TMTP1. A. HPLC chromatogram of DOTA-TMTP1. The retention time is 8.175 min and the
purity of this compound reaches 95.495%. B and C. The LC-MS (ESI scan) confirms the correct synthesis of DOTA-TMTP1.



