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Abstract

Early detection of pancreatic cancer has been a long-standing challenge. Inflammatory mass is the main
source of false-positive findings in '8F-labeled fluorodeoxyglucose ('8F-FDG) positron emission
tomography / computed tomography (PET/CT). Heat shock protein 90 (Hsp90) is an established
biomarker overexpressed in pancreatic cancer. We modified a Dimer-Sansalvamide A cyclodecapeptide
by conjugating it with the bifunctional chelator NOTA (1,4,7-triazacyclononane-1,4,7-trisacetic acid),
yielding 18F-NOTA-Dimer-Sansalvamide A cyclodecapeptide ('8F-NOTA-Dimer-San A). The binding
specificity of the probe was confirmed by in vitro cell uptake assays in Hsp90-positive PL45 pancreatic
cancer cells. Hsp90 expression was imaged via MicroPET in pancreatic cancer xenografts and
inflammation in mice. All of the mice received an intravenous injection of 18F-NOTA-Dimer-San A, and
images were acquired at 1 and 2 hour time points. The novel probe demonstrated prominent tumor
uptake in the pancreatic cancer xenografts (4.00 * 0.88 %ID/g, 5.80 + 0.94 %ID/g), and the inflammatory
thigh showed minimal uptake (0.85 % 0.01 %ID/g, 1.50 + 0.20 %ID/g) at 1 and 2 hours after injection,
respectively. The activity accumulation between the two groups was significantly different (P < 0.05), and
the biodistribution data was consistent with the images. Moreover, immunohistochemistry (IHC)
confirmed that the expression of Hsp90 was positive in PL45 pancreatic cancer but negative in the
muscles next to the tumor and inflammatory muscles. We concluded that '8F-NOTA-Dimer-San A PET
might allow non-invasive imaging for Hsp90 expression in tumors and has the potential to discriminate
pancreatic cancer from inflammatory mass.

Key words: Positron emission tomography (PET), heat shock protein 90 (Hsp90), pancreatic cancer,
Dimer-Sansalvamide A cyclodecapeptide, 'F labeling

Introduction

Pancreatic cancer is an intractable malignancy
and is the seventh leading cause of global cancer
deaths worldwide. However, its toll is higher in more
developed countries [1]. Despite advancements in the
detection and management of pancreatic cancer, the
5-year survival rate still stands at 9% only. Overall
survival has not improved over the past two decades.
Surgery is only possible in around 20% of new cases,
and 80% of patients have local progression or

metastasis at the time of diagnosis [2-4].

Early detection of pancreatic cancer is difficult,
and discriminating inflammatory changes of the
pancreas from neoplastic change has been a
long-standing challenge [5]. The imaging techniques
currently used, including ultrasound, magnetic
resonance imaging (MRI), and computed tomography
(CT), have various limitations, including the difficulty
in discriminating between benign and malignant
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tumors. Positron emission tomography (PET) is a
newly emerged modality, which can offer functional
information of the disease and non-invasively detect
the expression of indicative molecular targets in living
subjects. 18F-fluorodeoxyglucose (18F-FDG), the analog
of glucose, is currently the most widely used
radiopharmaceutical in clinical oncology. Although
the application of 8F-FDG PET in tumor detection,
staging, and therapy evaluation is rapidly expanding,
1BE-FDG is a non-specific tracer. The limitations of
1BE-FDG PET in the diagnosis of pancreatic cancer
mainly include possible false-negative results in
hyperglycemia and possible false-positive results in
inflammatory masses [5-9].

In the laboratory, great efforts have been made to
detect pancreatic cancer accurately by molecular
discrimination using specific highly expressed
biomarkers [5]. Due to the radiolabeling techniques,
numerous radiopharmaceuticals, including peptide-
based agents, have been developed, and early
diagnosis of pancreatic cancer has been evaluated [7,
10-14].

Heat shock protein 90 (Hsp90) is a well-estab-
lished oncogenic target. It is elevated in the majority
of cancers, but is 6- to 7-fold higher in human
pancreatic cancer than normal tissues [15]. Hsp90
inhibitors selectively bind to Hsp90 and provoke
apoptosis of cancer cells. It was confirmed that Hsp90
derived from cancer cells has a 100-fold higher
binding affinity for 17-allylaminogeldanamycin
(17-AAG), a Hsp90 inhibitor, than does Hsp90 from
normal cells [16]. Therefore, Hsp90 has become an
attractive target in the field of cancer therapeutics and
diagnostics [17, 18].

Sansalvamide A (San A), a natural product
isolated from a marine fungus (Fusarium ssp.), exhibits
significant antitumor ability at micromolar potency
[19-22]. Syntheses and evaluation of San A and its
peptide analog have revealed that the analog has
greater potency against human carcinoma than the
natural depsipeptide [21, 23]. It has been confirmed
that San A and its derivatives are Hsp90 inhibitors
that directly bind to Hsp90 and modulate the binding
of Hsp90 with its client proteins, inducing cell
apoptosis [23-25]. At present, there are hundreds of
San A derivatives, which have significant differences
in the growth inhibition of cancer cells [21, 26, 27]. By
comparing the cytotoxicity of each compound,
Dimer-Sansalvamide A cyclodecapeptide (Dimer-San
A) exhibited excellent potency (ICso, 1-20 nM) in the
inhibition of pancreatic cancer PL45 cells. For the first
time ever, we selected a metallic PET isotope
copper-64 (%*Cu) to construct a PET probe *Cu-Di-San
A1 based on the potency of the peptide. #Cu-labeled
dimeric Sansalvamide A decapeptide has been

successfully prepared for PET imaging of Hsp90
expression in PL45 pancreatic cancer mouse
xenografts [28]. However, in MicroPET imaging and
biodistribution studies, we observed a relatively high
accumulation and retention in mouse liver, which
may be due to partial demetallation of ®Cu-1, 4,
7-triazacyclononane-N, N’, N”-triacetic acid (NOTA)
complexes in the mouse liver. Additionally,
radiopharmaceutical ®Cu is expensive and not easily
available. Fluorine-18 (18F) (+, 511 KeV, 97%; t1/2=110
min) offers ideal benefits over *Cu. Based on the
above factors, in this study, we labeled the Dimer-San
A cyclodecapeptide with 18F, the most widely used
radionuclide, and explored its value in the differential
diagnosis of pancreatic cancer.

Materials and methods

General

All chemicals (reagent grade) were obtained
from commercial suppliers and used without further
purifcation. Dimer-San A was modified by
conjugating with the bifunctional chelator, NOTA,
which was purchased from Chinese Peptide
Company (Hangzhou, China) with a purity of > 95%.
Biotine-Dimer-San A peptide was also obtained from
Chinese Peptide Company. Anti-hsp90a antibody
was purchased from Abcam (Cambridge, UK), and
17-AAG was purchased from Thermo Fisher Scientifc,
USA.

Cell culture

PL45 pancreatic ductal adenocarcinoma cell line
was obtained from the American Type Culture
Collection (ATCC, Manassas, VA, USA) and
maintained in Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with 10% fetal bovine serum
(Thermo Fisher Scientifc, NY, USA). The cells were
grown in 95% relative humidified atmosphere
containing 5% CO; at 37 °C.

Cell immunofluorescence

PLA45 cells (3-5 x 105) were seeded in a confocal
plate with 500 pL of culture medium and incubated
for 24 hours at 37°C with 5% CO,. The cell culture
medium was then removed, and the cells were rinsed
3 times using phosphate buffered saline (PBS). The
cells were fixed using 400 uL of 4% paraformaldehyde
(pH 7.4) for 20 minutes at room temperature (RT,
~20°C). Then 500 pL of 3% Bovine Serum Albumin
(BSA) (Sigma-Aldrich Corp., St. Louis, MO, USA) was
added and incubated for 30 minutes at RT for
blocking. The cells were washed and then 250 pL of
diluted anti-hsp90a antibody (1:250) or biotine-
Dimer-San A peptide was added and incubated for 24
hours at 4°C. The cells were washed, and the desired
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concentration  of the  fluorescent-dye-labeled
secondary antibody (Abcam, Cambridge, UK) or Cy5
labeled avidin (Vector Laboratories, Burlingame, CA,
USA) was added and protected from light at RT for 60
minutes. The supernatant was discarded, and the cells
were washed, then a drop of antifade mounting
medium  with DAPI  (Vector  Laboratories,
Burlingame, CA, USA) was added and incubated for
45 minutes. The target antigen was visualized by
confocal fluorescence microscopy Zeiss LSM 880
Airyscan (Carl Zeiss AG, Oberkochen, Germany).

Bioactivity assay of NOTA-Dimer-San A

A 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyl-
tetrazolium Bromide (MTT) (Thermo Fisher Scientifc,
NY, USA) assay was used to test the bioactivity of
NOTA-Dimer-San A cyclodecapeptide. PL45 cells
(5000 cells) were seeded in a 96-well plate and
incubated overnight. The culture medium was
discarded, and 100 pL of different concentrations of
NOTA-Dimer-San A (40000, 800, 160, 32, 6.4, 1.28 and
0.256 nM) or 17AAG (40000, 800, 160, 32, 6.4, 1.28 and
0.256 nM) were added to the wells. Each
concentration was performed in triplicate, and the
drug was incubated with the cells for 72 hours. Then
10 pL of MTT (5 mg/mL) was added into each well,
incubated for 4 hours until a purple precipitate was
visible, and then 100 pL of a detergent reagent was
added and incubated until the crystal was dissolved.
Finally, the optical density (proportional to the
number of live cells) was assessed with a Synergy H1
Hybrid Reader (BioTek® Instruments Inc., Winooski,
Vermont, USA) at 570 nm. The cell viability (%) was
calculated with GraphPad Prism 5.0 software
(GraphPad Software Inc., San Diego, CA, USA).

HPLC methods

The analytic and semi-preparative reversed
phase high-performance liquid chromatography
(HPLC) was performed on a Dionex Ultimate 3000
system (Thermo Fisher Scientifc, NY, USA).
Semi-preparative reversed phase HPLC was
performed using a Phenomenex Luna C18(2) reversed
phase column (5 ¢#m, 250 X10 mm). The flow rate
was 4 mL/min, with the mobile phase starting from
95% solvent A (0.1% trifluoroacetic acid (TFA) in
water) and 5% solvent B (0.1% TFA in acetonitrile) to
100% solvent B at 20 min and remaining 100% solvent
B for additional 4.5 min. The UV absorbance was
monitored at 214 and 254 nm. The analytical HPLC
was carried out using a Dionex Acclaim C18 reversed
phase analytical column (5 pm, 250 x 4.6 mm). The
flow rate was 1 mL/min with the mobile phase
starting from 100% solvent A (0.1% TFA in water) to
100% solvent B (0.1% TFA in acetonitrile) at 15 min

and remaining 100% solvent B for additional 5 min.
The radioactivity was detected by a Ludlum 2200
single channel radiation detector (Ludlum
Measurements Inc., Sweetwater, TX, USA).

18F-labeling of NOTA-Dimer-San A

The modified NOTA-Dimer-San A
cyclodecapeptide was labeled with 18F in a two-step
method, and the labeling reaction is summarized in
Fig. 1. Firstly, 12-15 pL of 0.01 M AICl3 and 5-10 pL of
glacial acetic acid were added to a glass vial. Then 50-
100 pL (555-740 MBq) Na'8F was added and heated at
100°C for 10 minutes. Subsequently, 100-150 pg of
NOTA-Dimer-San A peptide dissolved in 350-500 pL
of acetonitrile and 40 pL of deionized water was
added to the above vial. Finally, the reaction mixture
was incubated at 100°C for 10 minutes and purifed by
semi-preparative HPLC. The radioactive peak
containing the 8F-NOTA-Dimer-San A peptide was
collected and concentrated by rotary evaporation. The
product was redissolved in 500 pL of PBS with 1%
DMSO and passed through a 0.22-pm Millipore filter
into a sterile vial for use in the following experiments.

Octanol-water partition coefficient (log
P octanollwater)

To determine the lipophilicity of the 18F-labeled
NOTA-Dimer-San A, approximately 185 kBq
18E-NOTA-Di-San A was diluted in 500 pL of PBS, and
an equal volume of octanol was added to obtain a
binary phase system. After stirring in a vortex mixer
for 1 minute, the two layers were separated by
centrifugation (12500 rpm, 5 min). Three 100 pL
samples were taken from each layer, and the
radioactivity was measured by a y-counter
(PerkinElmer Wizard 2480 Automatic Gamma
Counter) (PerkinElmer Singapore Pte Ltd, Singapore).
The value was calculated as the mean * standard
deviation (SD).

In vitro stability assay

The in vitro stability of 8F-NOTA-Dimer-San A
was analyzed in PBS and mouse serum after
purification by radio-HPLC at physiological
temperature (37 °C) at 1 and 2 hour time points.
Briefly, 3.7 MBq of BF-NOTA-Dimer-San A was
pipetted into 0.5 mL of PBS or mouse serum and
incubated at 37 °C with gentle shaking. For the PBS
study, an aliquot of the solution was directly taken at
1 and 2 hours after incubation, and the radiochemical
purity was determined by reverse-phase analytical
HPLC. For the mouse serum study, TFA was added to
the mixture at 1 and 2 hours after incubation, and the
soluble fraction was filtrated with a 0.22 pm filter. An
aliquot of the solution was used to determine the
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radiochemical purity by reverse-phase analytical
HPLC under an identical condition.

In vitro cell uptake assay and blocking studies

PL45 cells were seeded into a 24-well plate at a
density of 0.5 x 10> cells per well and incubated
overnight. Cells were rinsed twice with PBS, followed
by the addition of 100 pL of 8F-NOTA-Dimer-San A
(185 kBq) solution, and incubated for 15, 30, 60, 90,
and 120 minutes at 37 °C. For the blocking study, PL45
cells were incubated as described above with 100 pL
17AAG (50 pM). After incubation, the supernatant
was removed, and the cells were washed three times
with PBS and lysed with 500 pL of 1 M NaOH. Finally,
the cell lysate was collected in measurement tubes for
counting with an automatic vy-counter. All
experiments were performed twice with triple wells.

Tumor xenografts and inflammation model
establishment

All animal studies were performed according to
the protocol approved by University of Southern
California Institutional Animal Care and Use
Committee (Los Angeles, CA, USA). Athymic nude
mice (4-6 weeks, female) with a body weight of
22.6-32.9 g were ordered from Harlan (Livermore, CA,
USA).

Tumor xenografts (n = 3) were generated by
subcutaneous injection of 10 x 106 PL45 cells
resuspended in 50% PBS and 50% Matrigel Matrix
(Corning, NY, USA) into the right shoulder of the
mouse. The injected volume was 100-150 pL. The
PL45 cells were allowed to grow until the tumor
reached 100-300 mm? in volume. Tumor growth was
measured using caliper measurements in orthogonal
dimensions.

The inflammation models were established as
previously described by Van Waarde et al. [8]. Briefly,
100 pL of turpentine was intramuscularly injected into
the thigh of the left hind leg of another three mice,
inducing the acute inflammatory reaction. After 24
hours, these inflammation models underwent
MicroPET scans.

Animal PET/CT image acquisition and analysis

All of the tumor- and inflammation-bearing mice
were imaged in the prone position in the MicroPET
scanner (Siemens, Munich, Germany). The mice were
anesthetized with 2% isoflurane and injected with
5.55-7.4 MBq of the new radiotracer via the tail vein.
Static scans were obtained for 5 minutes at 1 and 2
hours post-injection (pi). The images were
reconstructed by a two-dimensional ordered-subsets
expectation maximum (OSEM2D) algorithm. After
each micro-PET scan, the regions of interest (ROISs)

were drawn over the tumor, liver, kidneys, and
inflamed muscle on decay-corrected whole-body
coronal images using Inveon Research Workplace
(IRW, Siemens, Munich, Germany) to obtain the
imaging ROI-derived percentage injected dose per
gram of tissue (%ID/g).

Biodistribution

At 2 hours pi, mice were euthanized and
dissected. Tumor, inflammation, major organs, and
tissues were collected and weighed. The radioactivity
of the tissues was measured using a y-counter. The
%ID/g of the tissues was calculated and the results
were presented as the mean + SD.

Histologic examination and immunohisto-
chemistry (IHC) of PL45 tumors and inflamed
muscle

Excised PL45 tumors and the inflammatory thigh
muscle were fixed in formalin and embedded in
paraffin. Sections 3-um thick were stained with
hematoxylin and eosin (HE) and were processed for
immunohistochemistry (IHC). Sections of
paraffin-embedded tumor tissues or inflammatory
muscles were baked in an oven at 65 °C for 2 h,
dewaxed in dimethylbenzene twice, and dehydrated
in deionized water and a gradient of alcohol. Antigens
on the sections were retrieved with antigen repair
solution, and the endogenous peroxidase activity was
eliminated by 3% freshly prepared H,O, After
blocking in 3% BSA at 37 °C for 30 min, the sections
were incubated with adequate diluted Anti-hsp90a
antibody (1:150) in a wet box at 4 °C for 12 h, followed
by the addition of the secondary antibody. After
incubation at 37 °C for 30 min and three washes with
PBS, sections were stained with a substrate-
chromogen solution for 10 min and counterstained
with hematoxylin for 3 min before microscopic
observation.

Statistical analysis

All of the data were presented as mean + SD.
IBM SPSS Statistic 22 software (IBM, Armonk, NY,
USA) was used to calculate statistics. The data were
analyzed using Student’s ¢ test, and P values less than
0.05 were considered to be statistically significant.

Results

Synthesis of NOTA-Dimer-San A, cell
immunofluorescence, and bioactivity assay

The macrocyclic chelator NOTA was conjugated
to Dimer-San A to yield the NOTA-Dimer-San A
cyclodecapeptide. Its purity was over 95%, and mass
spectroscopy also confirmed the identity of the
product [28].

https://www.jcancer.org



Journal of Cancer 2022, Vol. 13

1852

PL45 pancreatic cancer cells were stained with
an anti-Hsp90a antibody or Cy5-labeled biotin avidin
system (BAS) and found abundant expression of the
targeted protein and their co-localization (Fig. 2).
PL45 pancreatic cancer cells were incubated with
different concentrations of NOTA-Dimer-San A or

0
COOH 0 N

Hooc—~/ /Lkgu:)l\u ,jfu

{ AN i /=\ Al
CN/>\)L©/£NH vy T,QW

17AAG for 72 hours. An MTT assay determined the
cell viability, which showed a considerable potency as
compared with 17AAG. The ICso of the
NOTA-Dimer-San A and 17AAG was 234 and 127
nM, respectively (Fig. 3).

Na|3,i

1. AICly
2 Glacial acetic acid

Figure 1. The chemical structure of NOTA-Dimer-San A and synthesis scheme for 18F-NOTA-Dimer-San A.

DAPI

Hsp©S0a antibody

Merged

Near infrared fluorescence

Figure 2. Confocal immunofluorescence of PL45 pancreatic cancer cells. The green cells were stained with anti-Hsp90a antibody (B), the red cells were stained with
Dimer-San A peptide conjugated with near infrared fluorescence (D), and the blue nuclei were stained with DAPI (A). The final was the merged imaging (C). This image confirmed
that Hsp90 was highly expressed in the PL45 cells and that the Dimer-San A peptide bound to the Hsp90 target. Magnification x60; scale bar = 20 pym.
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Figure 3. The cell viability (%) and half maximal inhibitory concentration (ICso) of different concentrations of NOTA-Dimer-San A decapeptide or 17AAG incubated with PL45
cells for 72 hours. The ICso of NOTA-Dimer-San A and 17AAG was 234 and 127 nM, respectively.
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Figure 4. The analytical radio-HPLC data shows that the radiolabeled '8F-NOTA-Dimer-San A is achieved with a radiolabeled peak at 15.96 min, which is well separated from

the peak of free '8F at 2.5 min.

Radiochemistry

18E-NOTA-Dimer-San A was labeled using the
two-step method within 30 minutes with a 29.59 £3.78
% radiochemical yield and a radiochemical purity of >
97%. The analytical radio-HPLC data showed that a
radiolabeled peak of the product (¥F-NOTA-
Dimer-San A) at 15.96 minutes was well separated
from the peak of free 18F at 2.51 minutes (Fig. 4). For in
vitro stability, 18 F-NOTA-Dimer-San A was incubated
with PBS or mouse serum at physiological
temperature, 37 °C, for 1 and 2 hours. Based on the
HPLC analysis, the stability was presented as the
percentage of intact radiolabeled probe. 8F-NOTA-
Dimer-San A exhibited good stability in PBS and
mouse serum at 37 °C with the integrity being > 95%
after 2 hours of incubation. The octanol-water
partition coefficient (10g P octanol/water) Was determined

to be 1.12 + 0.13, indicating that 8F-NOTA-Dimer-San
A is relatively hydrophobic.

In vitro Cell Uptake Assay

The cell uptake assay of F-NOTA-Dimer-San A
showed that the cell uptake in PL45 cells reached 8.03
+ 0.50% at 90 minutes, but decreased slightly at 120
min. In the presence of excess 17AAG, the cell uptake
of 1BF-NOTA-Dimer-San A in PL45 cells decreased to
445 £+ 0.73% at 90 minutes (P < 0.05) (Fig. 5),
suggesting that the binding of 8F-NOTA-Dimer-San
A to PL45 cells is Hsp90-specific.

Animal PET/CT image acquisition and
statistics

The MicroPET imaging study was performed on
athymic nude mice (n = 3) bearing Hsp90-positive
PL45 human pancreatic ductal adenocarcinoma
xenografts and inflammatory lesions (n = 3) at 1 and 2
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hours after 8F-NOTA-San A injection. Fig. 6 and Fig.
7 show representative decay-corrected coronal images
after administration of F-NOTA-Dimer-San A. The
tumor was clearly visualized as early as 1 hour after
injection. After normalization, tumor uptake of
18F-NOTA-San A was 4.00 + 0.88 %ID/g and 5.80 +
0.94 %ID/g at 1 and 2 hours pi, respectively, whereas
the inflamed thigh showed minimal uptake (0.85
0.01 %ID/g, 1.50 £ 0.20 %ID/g) at 1 and 2 hours after
injection, respectively. The tracer uptake was also
calculated for the liver (13.55 +1.48 %ID/g and 12.27 +
2.45 %ID/g), kidneys (4.6 £ 0.85 %ID/g and 5.3 £ 0.21
%ID/g), and muscle (0.99 £ 0.08 %ID/g and 0.88 *
0.03 %ID/g) at 1 and 2 hours pi. Thus, ¥F-NOTA-
Dimer-San A showed prominent tumor uptake in
contrast to the affected thigh, and the activity
accumulation between the two groups had a
significantly statistic difference (P < 0.05).

Table 1. Decay-corrected biodistribution of 18F-NOTA-Dimer-
San A at 2 hours post-injection

-o- No-block binding%
- Block Binding%

]*

0 r

0 30 60 90 120
Time (min)

Binding % of Total Radioactivity

Figure 5. Binding% of '8F-NOTA-Dimer-San A to Hsp90-positive PL45 cells with and
without blocking reagent (P < 0.05).

Tissue 1BE-NOTA-Dimer-San A
Blood 1.82+0.57
Heart 3.23+0.84
Bone 1.85+0.60
Lung 6.61+£218
Liver (L) 19.2+1.43
Gallbladder 7.38 £2.99
Spleen 4.54 +1.09
Kidneys (K) 9.08 £1.87
Pancreas 233+0.21
Stomach 234+1.85
Intestine 712 +4.19
Muscle (M) 0.94+0.41
Tumor (T) 4.87 £1.502
Inflammation (I) 1.47 £0.42

Tumor-to-normal or inflammation tissue uptake ratio

/M 5.85+1.69
T/L 0.25+0.07
T/K 0.54+0.11
T/1 3.60 +1.80

P <0.05 as compared to the inflammation group.

Biodistribution

The biodistribution of BF-NOTA-Dimer-San A
was examined at 2 hours pi. The %ID/g of different
tissues is shown in Table 1. The biodistribution result
was consistent with the quantitative analysis of
MicroPET imaging. At 2 hours pi, the PL45 tumor
uptake of BF-NOTA-Dimer-San A was 4.87 £ 1.50
%ID/g, whereas the inflammation group was 1.47 +
0.42 %ID/g, which was significantly lower (P < 0.05).
The T/I (tumor/inflammation) ratio was 3.60 + 1.80.

Histology and IHC

Histologic examination of the excised PL45
pancreatic cancer showed a malignant tumor with
pleomorphic and hyperchromatic nuclei (Fig. 8A).
IHC staining showed high Hsp90 expression, while its
expression in the paratumor muscle was negative
(Fig. 8C). Additionally, histologic examination of the
muscle specimens excised 24 hours after turpentine
injection showed an acute inflammatory reaction with
massive infiltration of neutrophils in muscle fibers
(Fig. 8B), and its Hsp90 expression was also negative
(Fig. 8D).

Figure 6. The representative tumor-bearing mouse model and coronal MicroPET images of '8F-NOTA-Dimer-San A in PL45 tumor nude mice (n = 3/group) at | and 2 hours
post-injection. The images demonstrate great tumor accumulation. Tumors are indicated by red arrows.
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Figure 7. The representative inflammation-bearing mouse model and MicroPET '18F-NOTA-Dimer-San A images at | and 2 hours post injection (n = 3/group). The inflammatory

lesions are indicated by red arrows.

IHC (Hsp90a)

Inflammation

Fig. 8 Histology and IHC. PL45 pancreatic cancer showed a malignant tumor with pleomorphic and hyperchromatic nuclei (A). IHC staining showed high expression of Hsp90
(red arrow), whereas its expression in the paratumor muscle was negative (black arrow) (C). Histologic examination of the induced inflammatory muscle specimens showed an
acute inflammatory reaction with massive infiltration of neutrophils (black arrow) (B), and its Hsp90 expression was also negative (D) (hematoxylin and eosin; Magnification x20,

scale bar = 50 um).

Discussion

Early detection of pancreatic cancer has been a
long-standing challenge [29-32]. Hsp90 is a
well-established oncogenic target [33], which is
expressed in human pancreatic cancer 6- to 7-fold
higher than normal tissues. Ogata et al. examined the
localization and overexpression of Hsp90 in

pancreatic carcinoma tissue as compared to control
tissue (including chronic pancreatitis and normal
pancreas tissue) and found that Hsp90 alpha mRNA
was elevated in pancreatic carcinoma tissue [15]. This
laid the theoretical foundation for our hypothesis.
Sansalvamide A and its derivatives are Hsp90
inhibitors, which directly bind to Hsp90 and
modulate the binding of Hsp90 with other proteins.
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The interaction of these inhibitors with Hsp90 is
specific [25]. Dimer-San A cyclodecapeptide is
cytotoxic at nanomolar potency levels in pancreatic
cancer PL45 cells. This derivative is the most potent
Sansalvamide A derivative and does not share
structural motifs with existing drugs on the market
[23, 34]. As compared to macromolecules, small
peptides have distinct advantages, including
favorable pharmacokinetic and tissue distribution
patterns, good permeability properties, low toxicity
and immunogenicity, and flexibility in chemical
modification and radiolabeling. These favorable
pharmacokinetic characteristics are demonstrated via
in vivo PET application [35, 36]. The purpose of this
study was to evaluate the feasibility of imaging
pancreatic cancer with 8F-NOTA-Dimer-San A PET

targeting Hsp90.
As for peptide-based molecular probes,
modification and potency are very important

characteristics to consider [37]. 17-AAG is an Hsp90
inhibitor presently in phase IIlI clinical trials that
shares the same binding site with San A and its
derivatives [38]. In this study, Dimer-San A
cyclodecapeptide was modified to constitute
NOTA-Dimer-San A. PL45 pancreatic cancer cells
were stained with an anti-Hsp90a antibody or Cy5
labeled biotin avidin system (BAS), and we observed
abundant expression of Hsp90 and their
co-localization (Fig. 2). An MTT assay evaluated its
bioactivity and allowed us to compare it with 17AAG,
which showed a considerable potency at nanomolar
levels (Fig. 3). F-NOTA-Dimer-San A was labeled
with a 29.59 £ 3.78% radiochemical yield and a
radiochemical purity of > 97% (Fig. 4), and exhibited
good stability in PBS, as well as in mouse serum with
the integrity being > 95% after 2 hours of incubation at
37 °C. The octanol-water partition coefficient (log
Poctanol/watery Was determined to be 1.12 + 0.13. The
Hsp90-positive PL45 cell uptake of 18F-NOTA-Dimer-
San A was not time-dependent, which may be related
to the saturation of the Hsp90 receptor. Its binding
could be effectively blocked with an Hsp90 inhibitor
(17AAQG) (Fig. 5).

To evaluate the potential of this probe in the
differential diagnosis of pancreatic cancer, we
established a Hsp90-positive PL45 mouse tumor
model and inflammation model. MicroPET imaging
of 1BF-NOTA-Dimer-San A in PL45 tumor-bearing
mice at 1 and 2 hours after tail vein injection showed
good tumor-to-background contrast, which was 4.00 +
088 %ID/g and 580 = 0.94 %ID/g, and the
inflammatory thigh showed minimal uptake (0.85 +
0.01 %ID/g and 1.50 + 0.20 %ID/g) at 1 and 2 hours
after injection, respectively (Fig. 6 and Fig. 7). The
activity accumulation between the two groups was

significantly ~ different (P < 0.05), and the
biodistribution data was consistent with the findings.
Moreover, histology and IHC confirmed this
discovery. As for tumor xenografts, the excised PL45
pancreatic cancer histology showed a malignant
tumor with pleomorphic and hyperchromatic nuclei
(Fig.8A). IHC staining showed high expression of
Hsp90, whereas its expression in the paratumor
muscle was negative (Fig.8C). Histologic examination
showed an acute inflammatory reaction with massive
infiltration of neutrophils in muscle fibers after
turpentine injection (Fig.8B) and IHC staining showed
negative Hsp90 expression in inflammation (Fig.8D).
These results demonstrate the potential this probe has
to discriminate pancreatic cancer from inflammation.

It is well known that 8F-FDG is a non-specific
tracer. Increased glucose metabolism of inflammatory
tissues is the main source of false-positive findings in
oncology [9]. Pancreatic cancer is infamous for its
aggressiveness and  poor  prognosis, and
improvements in imaging have the potential to
translate into improved patient outcomes by more
accurate and rapid diagnosis [5, 39, 40]. We
previously imaged Hsp90 expression in pancreatic
cancer using ®Cu-labeled dimeric Sansalvamide A
decapeptide, which was measured to be 2.97 + 0.58
%ID/g at 2 hours and 2.87 + 0.60 %ID/g at 4 hours
post-injection in PL45 tumor mouse xenografts. The
accumulation was successfully blocked by Hsp90
inhibitor 17AAG, which confirmed its binding
selectivity to Hsp90 [28]. 18F-NOTA-Dimer-San A is a
novel probe, which has the potential to discriminate
pancreatic cancer from inflammation. Our findings
showed that it selectively accumulated in pancreatic
cancer tissues, and the inflammatory tissue showed
minimal uptake. The IHC result confirmed the
imaging findings. Additionally, 18F-NOTA-Dimer-San
A was more stable, showed higher tumor
accumulation, and less liver uptake (log P value was
determined to be 1.12 *+ 0.13, which is better than
04Cu-Di-San A1) [28]. However, the uptake of
18E-NOTA-Dimer-San A in liver is too high, which is
possibly related with the hydrophobic properties of
the tracer. To further improve the pharmacokinetics of
1BE-NOTA-Dimer-San A, an appropriate linker, such
as PEG units, could be incorporated to prove its water
solubility in our next work.

Conclusion

Dimer-San A cyclodecapeptide, a potent Hsp90
inhibitor, was labeled with 8F and successfully
converted into a PET molecular probe. It can be
concluded that BF-NOTA-Dimer-San A is a novel
molecular probe targeting Hsp90, which allows
non-invasive imaging of tumor-associated Hsp90

https://www.jcancer.org
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expression. This probe has potential value to
distinguish pancreatic cancer from inflammatory
masses.

Acknowledgements

This work was supported by Lanzhou
University Second Hospital (No. QN-2017-02 to
Yumin Li), National Key R&D Program of China (No.
2018YFC0910601 to Yumin Li), the Natural Science
Foundation of Jiangsu Province (No. BK20151352 to
Jun Zhang), Young Medical Key Talents Project of
Jiangsu province (No. QNRC2016515 to Jun Zhang),
“Six Ones Project” High-level Top Medical Talent
Project of Jiangsu Province (No. LGY2017032 to Jun
Zhang) and Science and technology support program
of Taizhou in Jiangsu Provine (No. TS202006 to Jun
Zhang).

Competing Interests

The authors have declared that no competing
interest exists.

References

1. Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global
cancer statistics 2018: GLOBOCAN estimates of incidence and mortality
worldwide for 36 cancers in 185 countries. CA Cancer J Clin. 2018; 68:
394-424.

2. Yabar CS, Winter JM. Pancreatic Cancer: A Review. Gastroenterology
clinics of North America. 2016; 45: 429-45.

3. Martin RC, 2nd. Management of Locally Advanced Pancreatic Cancer.
Surg Clin North Am. 2016; 96: 1371-89.

4. Feldman MK, Gandhi NS. Imaging Evaluation of Pancreatic Cancer.
Surg Clin North Am. 2016; 96: 1235-56.

5. Dimastromatteo ], Brentnall T, Kelly KA. Imaging in pancreatic disease.
Nature reviews Gastroenterology & hepatology. 2017; 14: 97-109.

6. Lamarca A, Asselin M-C, Manoharan P, McNamara MG, Trigonis I,
Hubner R, et al. 18F-FLT PET imaging of cellular proliferation in
pancreatic cancer. Critical Reviews in Oncology/Hematology. 2016; 99:
158-69.

7. Quon A, Chang ST, Chin F, Kamaya A, Dick DW, Loo BW, Jr., et al.
Initial evaluation of 18F-fluorothymidine (FLT) PET/CT scanning for
primary pancreatic cancer. Eur ] Nucl Med Mol Imaging. 2008; 35:
527-31.

8. van Waarde A, Cobben DC, Suurmeijer AJ, Maas B, Vaalburg W, de
Vries EF, et al. Selectivity of 18F-FLT and 18F-FDG for differentiating
tumor from inflammation in a rodent model. J Nucl Med. 2004; 45:
695-700.

9. Rosenbaum §J, Lind T, Antoch G, Bockisch A. False-positive FDG PET
uptake--the role of PET/CT. Eur Radiol. 2006; 16: 1054-65.

10. Hausner SH, DiCara D, Marik ], Marshall JF, Sutcliffe JL. Use of a
peptide derived from foot-and-mouth disease virus for the noninvasive
imaging of human cancer: generation and evaluation of
4-[18F]fluorobenzoyl A20FMDV2 for in vivo imaging of integrin
alphavbeta6 expression with positron emission tomography. Cancer Res.
2007; 67: 7833-40.

11. Hausner SH, Abbey CK, Bold RJ, Gagnon MK, Marik J, Marshall JF, et al.
Targeted in vivo imaging of integrin alphavbeta6 with an improved
radiotracer and its relevance in a pancreatic tumor model. Cancer Res.
2009; 69: 5843-50.

12. Amirkhanov NV, Zhang K, Aruva MR, Thakur ML, Wickstrom E.
Imaging human pancreatic cancer xenografts by targeting mutant
KRAS2 mRNA with
[(111)In]DOTA(n)-poly(diamidopropanoyl)(m)-KRAS2
PNA-D(Cys-Ser-Lys-Cys) nanoparticles. Bioconjug Chem. 2010; 21:
731-40.

13. Hong H, Zhang Y, Nayak TR, Engle JW, Wong HC, Liu B, et al.
Immuno-PET of tissue factor in pancreatic cancer. ] Nucl Med. 2012; 53:
1748-54.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

34.

35.

36.

37.

38.

39.

England CG, Hernandez R, Eddine SB, Cai W. Molecular Imaging of
Pancreatic Cancer with Antibodies. Mol Pharm. 2016; 13: 8-24.

Ogata M, Naito Z, Tanaka S, Moriyama Y, Asano G. Overexpression and
localization of heat shock proteins mRNA in pancreatic carcinoma. J
Nippon Med Sch. 2000; 67: 177-85.

Kamal A, Thao L, Sensintaffar J, Zhang L, Boehm MF, Fritz LC, et al. A
high-affinity conformation of Hsp90 confers tumour selectivity on Hsp90
inhibitors. Nature. 2003; 425: 407-10.

Solit DB, Chiosis G. Development and application of Hsp90 inhibitors.
Drug Discov Today. 2008; 13: 38-43.

Yuno A, Lee MJ, Lee S, Tomita Y, Rekhtman D, Moore B, et al. Clinical
Evaluation and Biomarker Profiling of Hsp90 Inhibitors. Methods in
molecular biology (Clifton, NJ). 2018; 1709: 423-41.

Liu S, Gu W, Lo D, Ding XZ, Ujiki M, Adrian TE, et al
N-methylsansalvamide a peptide analogues. Potent new antitumor
agents. ] Med Chem. 2005; 48: 3630-8.

Ujiki MB, Milam B, Ding XZ, Roginsky AB, Salabat MR, Talamonti MS,
et al. A novel peptide sansalvamide analogue inhibits pancreatic cancer
cell growth through GO/G1 cell-cycle arrest. Biochem Biophys Res
Commun. 2006; 340: 1224-8.

Otrubova K, Lushington G, Vander Velde D, McGuire KL, McAlpine SR.
Comprehensive study of sansalvamide A derivatives and their structure-
activity relationships against drug-resistant colon cancer cell lines. ] Med
Chem. 2008; 51: 530-44.

Romans-Fuertes P, Sondergaard TE, Sandmann MI, Wollenberg RD,
Nielsen KF, Hansen FT, et al. Identification of the non-ribosomal peptide
synthetase responsible for biosynthesis of the potential anti-cancer drug
sansalvamide in Fusarium solani. Curr Genet. 2016; 62: 799-807.
Alexander LD, Sellers RP, Davis MR, Ardi VC, Johnson VA, Vasko RC, et
al. Evaluation of di-sansalvamide A derivatives: synthesis,
structure-activity relationship, and mechanism of action. ] Med Chem.
2009; 52: 7927-30.

Zhang G, Liu S, Liu Y, Wang F, Ren ], Gu ], et al. A novel cyclic
pentapeptide, H-10, inhibits B16 cancer cell growth and induces cell
apoptosis. Oncol Lett. 2014; 8: 248-52.

Sellers RP, Alexander LD, Johnson VA, Lin CC, Savage ], Corral R, et al.
Design and synthesis of Hsp90 inhibitors: exploring the SAR of
Sansalvamide A derivatives. Bioorg Med Chem. 2010; 18: 6822-56.

Pan PS, Vasko RC, Lapera SA, Johnson VA, Sellers RP, Lin CC, et al. A
comprehensive study of Sansalvamide A  derivatives: The
structure-activity relationships of 78 derivatives in two pancreatic cancer
cell lines. Bioorg Med Chem. 2009; 17: 5806-25.

Liu Y, Zhang G, Wang H, Liu S, Chen ], Zhao L, et al. Novel cyclic
pentapeptide H-15 induces differentiation and inhibits proliferation in
murine melanoma B16 cells. Oncol Lett. 2016; 11: 1251-5.

Wang X, Zhang J, Wu H, Li Y, Conti PS, Chen K. PET imaging of Hsp90
expression in pancreatic cancer using a new (64)Cu-labeled dimeric
Sansalvamide A decapeptide. Amino Acids. 2018; 50: 897-907.

Alauddin MM, De Palatis L. Current and Future Trends in Early
Detection of Pancreatic Cancer: Molecular Targets and PET Probes. Curr
Med Chem. 2015; 22: 3370-89.

Sharib J, Kirkwood K. Early and accurate diagnosis of pancreatic cancer?
Oncotarget. 2016; 7: 85676-7.

Chen BB, Tien YW, Chang MC, Cheng MF, Chang YT, Yang SH, et al.
Multiparametric PET/MR imaging biomarkers are associated with
overall survival in patients with pancreatic cancer. Eur ] Nucl Med Mol
Imaging. 2018; 45: 1205-17.

Singhi AD, Koay EJ, Chari ST, Maitra A. Early Detection of Pancreatic
Cancer: Opportunities and Challenges. Gastroenterology. 2019; 156:
2024-40.

. Ghadban T, Dibbern JL, Reeh M, Miro JT, Tsui TY, Wellner U, et al.

HSPI0 is a promising target in gemcitabine and 5-fluorouracil resistant
pancreatic cancer. Apoptosis. 2017; 22: 369-80.

Park SY, Oh Y], Lho Y, Jeong JH, Liu KH, Song J, et al. Design, synthesis,
and biological evaluation of a series of resorcinol-based N-benzyl
benzamide derivatives as potent Hsp90 inhibitors. Eur ] Med Chem.
2018; 143: 390-401.

Chen K, Conti PS. Target-specific delivery of peptide-based probes for
PET imaging. Adv Drug Deliv Rev. 2010; 62: 1005-22.

Chen K, Ma W, Li G, Wang ], Yang W, Yap LP, et al. Synthesis and
evaluation of 64Cu-labeled monomeric and dimeric NGR peptides for
MicroPET imaging of CD13 receptor expression. Mol Pharm. 2013; 10:
417-27.

Chen K, Chen X. Design and development of molecular imaging probes.
Curr Top Med Chem. 2010; 10: 1227-36.

Kamal A, Boehm MF, Burrows FJ. Therapeutic and diagnostic
implications of Hsp90 activation. Trends Mol Med. 2004; 10: 283-90.
Piraka C, Scheiman JM. New diagnostic imaging modalities for
pancreatic disease. Curr Opin Gastroenterol. 2011; 27: 475-80.

https://www.jcancer.org



Journal of Cancer 2022, Vol. 13 1858

40. Kato S, Honda K. Use of Biomarkers and Imaging for Early Detection of
Pancreatic Cancer. Cancers (Basel). 2020; 12: 1965.

https://www.jcancer.org



