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Abstract: As a regulator in renin-angiotensin-aldosterone system, angiotensin-converting enzyme 2 (ACE2) closely correlated with tumor
progression of pancreatic cancer, meantime, was easily affected by a variety of factors. [**"Tc]Tc-cyc-DX600 SPECT was established as
an ACE2-specific imaging protocol to figure out the ACE2 status in pancreatic tumor. BALB/C-NU mice were used to prepare the subcuta-
neous cell derived xenograft (CDX) models with HEK-293T or HEK-293T/hACE2 cells to validate ACE2 specificity of [*°™Tc]Tc-cyc-DX600
SPECT and establish SPECT imaging protocol. On the basis of [**™Tc]Tc-cyc-DX600 SPECT and [*®F]F-FDG PET/CT, ACE2-dependence on
tumor size and tumor metabolism were further verified on orthotopic pancreatic cancer model with KPC cells. Immunohistochemical
analysis was used to demonstrate the findings on ACE2 SPECT. [**"Tc]Tc-cyc-DX600 was of superior tumor uptake in HEK-293T/hACE2
CDX than wild type (6.74 + 0.31 %ID/mL vs 1.83 + 0.26 %ID/mL at 1.5 h post injection (p.i.); 3.14 + 0.31 %ID/mL vs 1.16 + 0.15 %ID/
mL at 4.5 h p.i.). For the CDX models with PANC-1 cells, a significant negative correlation between the slope of tumor volume and tumor
uptake was observed (r =-0.382 for the 1-4th day; r = -0.146 for the 1-5th day; r =-0.114 for the 1-6th day; r = -0.152 for the 1-7th day;
but P > 0.05 for all). For orthotopic pancreatic cancer model, the linear correlation between FDG PET and ACE2 SPECT of the pancreatic
lesions was negative (r = -0.878), the quantitative values of ACE2 SPCET was positively correlated with the volume of primary lesions
(r=0.752) and also positively correlated with the quantitative values of ACE2 immunohistochemical analysis (r = 0.991). Conclusively,
[**mTc]Te-cyc-DX600 SPECT is an ACE2-specific imaging protocol with clinical translational potential, adding multidimensional informa-
tion on the disease progression of pancreatic cancer.
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Introduction

Due to the complex anatomical location of the pancreas,
the lack of obvious early symptoms and the high invasive-
ness, pancreatic cancer is difficult to detect and make a
definite diagnosis at an early stage, and the diagnosis
made in a late stage is also often not all-inclusive [1, 2],
leading to a poor prognosis and a low survival rate [3, 4].
The appropriate diagnosis is crucial for the treatment of
pancreatic cancer patients, but the non-invasive or non-
specific means are of few information on molecular levels
[5-7]. For example, the widely used [*®F]F-FDG PET/CT,
although used in visualizing tumor tissues, inflammatory
lesions and benign tumors, the metabolic characteristics
are often indistinguishable in clinical diagnosis of pancre-
atic cancer [8]. Herein, the establishment of a molecular
imaging method is warranted to improve the current diag-
nosis efficiency on pancreatic cancer.

The local expression of regulatory components of renin-
angiotensin-aldosterone system (RAAS) has been demon-
strated in a variety of cancer cells and tissues, including
pancreatic, lung, breast, prostate and cervical cancer [9,
10]. The pancreas is an important component of the
RAAS, and ACE2 disorders directly associate with patho-

logical changes, which usually constitute a causal rela-
tionship [11, 12]. Accompanying by abnormal DNA meth-
ylation, ACE2 expression is significantly up-regulated not
only in the pancreatic cancer, but also in other malignant
tumors such as colon adenocarcinoma, papillary cell car-
cinoma of the kidney, rectal adenocarcinoma, gastric ade-
nocarcinoma and lung adenocarcinoma [13]. In consider-
ation of the interaction with treatment, ACE2 also served
as an indicator in tumor invasiveness, tumorigenesis and
progression [14-17]. Taking non-small cell lung cancer as
an example, it has been demonstrated that ACE2 overex-
pression may potentially suppress invasion and angiogen-
esis in non-small cell lung cancer after the development
of acquired platinum resistance [18]. Furthermore, it has
been reported that reduction of ACE2 expression by RNA
interference promotes the proliferation of cultured pan-
creatic cancer cells, suggesting that ACE2 inhibition may
have clinical potential as a novel molecular target for the
treatment of pancreatic ductal adenocarcinoma and
reduction of cell proliferation [19]. In addition, there is evi-
dence that ACE2 is a prognostic biomarker for gallbladder
cancer [14]. These studies suggest that measuring ACE2
activity may be a helpful tool to indicate the diagnosis and
prognosis of cancer patients.
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Recently, the COVID-19 pandemic has brought renewed
attention to the important role of ACE2 in the progression
of various diseases, which included the long-COVID, cardi-
vascular diseases and cancers [20, 21]. Aiming to figuring
out the diseased pathology and facilitating diagnosis, our
research group and some researchers have used ACE2-
targeted molecular imaging as a diagnostic mode for
ACE2-related diseases [22-24]. The known ACE2-specific
inhibitors, DX600 and MLN-4760, as well as some bioac-
tive protein, such as spike protein of virus, were devel-
oped as an ACE2-tracer of molecular imaging protocols,
but still of space for improvements on translational medi-
cine [15, 24-28]. DX600 is a peptidic inhibitor that selec-
tively binds to ACE2, demonstrating a strong affinity in the
nanomolar range, while exhibiting a unique inhibition
mechanism involving both competitive and non-competi-
tive modes. Unlike common linear polymers, cyclic pep-
tide polymers with cyclic structures show higher stability,
which can be attributed to their ring topology and their
lack of chain ends. In this study, the molecular probe con-
structed demonstrated a cyclic structure (cyc-DX600)
through precursor design, the sulfhydryl group of the
DX600 cysteine condensed into the cyclic structure, with
the formation of a disulfide bond enhancing the structural
stability of the precursor for the corresponding cyc-DX600
system. Radionuclides with a longer diagnostic window or
reduced plasma ACE2 uptake show clinical translational
potential in enhancing the quality of ACE2-targeted molec-
ularimaging [29]. Therefore, This study synthesized [*°*™Tc]
Tc-cyc-DX600 as an ACE2-specific SPECT imaging tracer.
The feasibility of [**"Tc]Tc-cyc-DX600 to assess ACE2
expression in tumors.

Materials and methods
Synthesis and characterization of [*°"Tc]Tc-cyc-DX600

cyc-DX600-HYNIC was custom-synthesized as the label-
ing precursor by QYAOBIO with chemical purity of ca. 90%.
For the synthesis of [*®"Tc]Tc-cyc-DX600, 20 ug cyc-
DX600-HYNIC, 1 mg Tricine and 0.5 mg ethylenediamine-
N,N’-diacetic acid (EDDA) were dissolved in 1 mL 0.01 M
PBS. Immediately after that, around 1 mL newly-eluted
sodium pertechnetate [Na®"TcO,] injection and 100 pg
SnCl,2H,0 in diluted HCI were added in the solution, and
then oscillated at 100°C for 10 min.

For characterization of chemical purity and radiochemical
purity (RCP) of [*°™Tc]Tc-cyc-DX600, HPLC analysis was
performed on an Agilent 1100 system equipped with a
variable-wavelength UV detector and radio-detector con-
nected in series. An analysis column (Wondasil C18
Superb 5 um, 4.6 x 250 mm) was used with a flow rate of
1 mL/min, and parameters were set as solvent A: water
with 0.1% TFA, solvent B: 100% acetonitrile, gradient
details: 0-13 min, 33%-67% B, UV at 220 nm.

Cells culture

HEK-293T cells, HEK-293T cells with high expression of
humanized ACE2 (hACE2) protein (HEK-293T/hACE2 cells)
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(OBiO Technology Ltd., Shanghai, China), PANC-1 cells and
KPC cells were incubated in DMEM with 10% FBS. 100
ug/mL streptomycin and 100 U/mL penicillin were sup-
plemented in the cluture medium, and cells were incubat-
ed with 5% CO, at 37°C.

Establishment and treatment of CDX models

All animal experiments were in accordance with the gui-
delines approved by the Ethics Committee of Pudong
Hospital of Fudan University (Approval No.: 2023-MS-DS-
08). BALB/C-NU mice (6 weeks old, male) and BALB/C
mice (6 weeks old, male, only for KPC models) used in
the study were purchased from SiPeiFuMice (Suzhou)
Biotechnology Co., LTD., and then housed under appropri-
ate environmental conditions (50% humidity, 22°C, lights
on from 6:00 to 18:00) with free access to water and
feed.

To establish the subcutaneous CDX models, HEK-293T
cells, HEK-293T/hACE2 cells and PANC-1 cells, logarith-
mic growth phase were selected, digested and resus-
pended in 0.01 M PBS, respectively, then mixed with
Matrigel (1:1 ratio) and stored temporarily at 4°C. 100 yL
mixture (1 x 107 cells) were injected subcutaneously into
the right sub-axilla of each mouse. Tumor volume was
measured everyday, and imaging or treatment was per-
formed when tumor size reached 300 pL.

Tumor growth curve analysis

For the CDX models with PANC-1 cells, tumor size and
body weight of each mouse were measured and recorded
every day. Volume was calculated by the following formu-
la: tumor volume = length x width? x 0.5. A tumor growth
curve was plotted as tumor volume versus time. To evalu-
ate tumor growth over time, tumor volume slope in the
tumor growth curve was calculated. The index of tumor
progression was defined as the slope of linear regression
between time length and tumor volume in a definite
period.

Establishment of orthotopic pancreatic cancer model

For the establishment of orthotopic pancreatic cancer
model, KPC cells derived from genetically engineered
KPC-mice with spontaneous pancreatic ductal adenocar-
cinoma in mice was selected. Cells were digested and
resuspended in 0.01 M PBS, and then mixed with Matrigel
(1:1 ratio) and stored temporarily at 4°C. KPC cells were
prepared at a density of 5 x 10”/mL. Mice were anes-
thetized by inhalation with 2% isoflurane, and then the
spleen and pancreas tail were exposed through an inci-
sion about 1 cm beside the left superior abdominis rectus
muscle. 20 pyL mixture was slowly injected into the tail of
the pancreas. The microsyringe was removed, and the
incision was closed with a 4-0 surgical line. After the mice
were fully resuscitated, the mice were randomly grouped
and fed in appropriate environmental conditions (50%
humidity, 22°C, lights on from 6:00 to 18:00) with free
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diet. About 6 weeks later, the tumor could grow to about
200 yL with potential multiple metastatic lesions.

[°°mTe]Te-cyc-DX600 SPECT of model mice

Mice were anesthetized by inhalation with 1.5-2% isoflu-
rane, 15 MBq [**™Tc]Tc-cyc-DX600 was injected into each
HEK-293T and HEK-293T/hACE2 CDX mouse model via
the tail vein. Mice were placed in the SPECT scanner
(y-CUBE, Molecubes, Belgium) for scanning at 1.5 h and
4.5 h after injection, separately. The SPECT images (algo-
rithm, Maximum Likelihood Expectation Maximization;
peak, 140 keV; isometric voxel size, 500 um) were ac-
quired for 28 min, and CT (X-CUBE, Molecubes, Belgium)
images were subsequently acquired (algorithm, iterative;
tube voltage: 50 kVp; tube current: 0.15 mA; isometric
voxel size, 200 ym; exposure time, 300 ms). Accounting
for image quality and time efficiency, 1.5 h was selected
for the following scans of pancreatic cancer models.

Blocking experiments were conducted to investigate the
receptor specificity of [**™Tc]Tc-cyc-DX600. The blocking
group was pre-injected with 50-fold molar excess of non-
radiolabeled precursor one hour in advance. Imaging
experiments were performed at 1.5 h after injection, with
the same procedure as above.

To further study the effects of [**"Tc]Tc-cyc-DX600 evalu-
ated ACE2 expression with pancreatic cancer tumor
aggressiveness and growth. The CDX models with PANC-1
cells were injected intravenously with 15 MBqg [*°™Tc]
Tc-cyc-DX600 per mouse, and the SPECT scanning were
performed with the same procedures as above.

Image reconstruction was performed in VivoQuant soft-
ware (Invicro) to form hybrid SPECT images in transverse,
coronal and sagittal planes. Regions of interest (ROI)
were drawn on the tumors, and the pancreatic tumor size
were measured in the orthotopic pancreatic cancer model
via draming volume of interest manually (VOI). The tumor-
to-muscle ratio (T/M) was calculated by dividing the tumor
uptake (%ID/mL) of the tumor by that of the background
(muscle). The tumor (pancreas)-to-heart ratio (T/H) was
calculated by dividing the tumor uptake (%ID/mL) of the
tumor (pancreas) by that for heart.

[*8F]F-FDG PET/CT of orthotopic pancreatic cancer
model

[*8F]F-FDG PET/CT images were scanned and collected by
FDG PET/CT scanner (Inveon, Siemens). After inhalation
of isoflurane anesthetic, 120 uCi [*®F]F-FDG was injected
intravenously to each mouse that were then placed in the
prone position in the central area of FDG PET/CT device
and then scanned at 45 min after injection. FDG PET/CT
images were acquired for 15 min (Energy windows: 350-
650 kev; Time windows: 3.432 nsec), and CT images were
acquired for one minute (tube voltage: 80 kVp; tube cur-
rent: 0.5 mA; average frame: 1.0; fliter thickness: 1 mm).
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Reconstruction of statically acquired data in the 3D-OSEM
MAP system to obtain clear images. FDG PET/CT worksta-
tion provided a quantification value of [*®F]F-FDG uptake
as maximum standardized uptake value (SUV__ ). The
uptake was quantified by drawing ROls, including pancre-
as tumor and major metastatic lesions.

After the imaging examination, the orthotopic pancreatic
cancer model were euthanized, and the pancreas and
major metastatic lesions were collected. The expression
of ACE2 in pancreatic tumor and metastatic lesions was
detected by immunohistochemistry staining.

Immunohistochemistry

Tumor tissue and major metastatic organs were analyz-
ed by immunohistochemistry using anti-ACE2 antibodies
following a standard protocol after SPECT imaging was
completed. Tumor tissue and major metastatic organs
were fixed in 4% paraformaldehyde, paraffin-embedded
tissues were sectioned (4 um) and deparaffinized. Tissue
sections were dewaxed and hydrated, and the sections
were injected into antigen repair solution (0.01 mM sodi-
um citrate buffer) at 60°C overnight. The blocking solu-
tion was discarded, and anti-ACE2 antibody diluted in
the appropriate proportion was added onto the sections
overnight at 4°C. The configured secondary antibody was
dropped onto the tissue sections, incubated at room
temperature for 1 h. The reaction was carried out with
DAB as a chromogen. Then the sections were counter-
stained with hematoxylin. The immunohistochemical
images were observed by inverted fluorescence micro-
scope (Olympus BX43, Olympus Corporation, Japan), and
the data were processed by Image-Pro Plus soft-
ware (Version 6.0.0.260, Media Cybernetics Corporation,
USA).

Statistical analysis

[*°™Tc]Te-cyc-DX600 uptakes were quantified as %ID/mL
or SUV__, and [**F]F-FDG uptakes were quantified as
SUV__ . Values were shown as mean + SD. A 2-tailed t-test
was used for comparisons between the two groups. For
the CDX model with PANC-1 cells, linear regression was
performed between the index of tumor progression and
tumor uptake of [*®™Tc]Tc-cyc-DX600. For the orthotopic
pancreatic cancer model, linear regression was per-
formed between SUV__ of FDG PET/CT images and
SUV__ of [**"Tc]Tc-cyc-DX600 in the pancreatic lesions;
linear regression was performed between the tumor
uptake of [**™Tc¢]Tc-cyc-DX600 and the lesional volume of
pancreas; linear regressions were performed between
average optical density (AOD, AOD = IOD/Area) and tumor
uptake of [*°"Tc]Tc-cyc-DX600 in the primary lesions and
main metastases. The data were analyzed by SPSS 26.0
statistical software, and P-values of less than 0.05 were
defined as statistically significant. OriginPro 2019b soft-
ware was used to plot graphs.
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Figure 1. (A) The schematic procedure of [**™Tc]Tc-cyc-DX600; HPLC chromatograms of cyc-DX600-HYNIC (UV-trace, 220 nm, B and
y-trace, C).

Results HEK-293T/hACE2 CDX, and 4.27 + 0.60 for HEK-293T
CDX, P < 0.001). Furthermore, the ratio of T/M of HEK-
Characterization of [**"Tc]Tc-cyc-DX600 293T/hACE2 CDX (5.85 + 1.07) were significantly higher
than those of HEK-293T CDX (1.64 + 0.22, P < 0.001) at
Figure 1A provided the schematic synthesis of [*°™Tc] 4.5 h p.i. Thereafter, 1.5 h post injection was used as the
Tc-cyc-DX600. The whole procedure, including synthesis, scan point for ACE2-related imaging of tumor models,
purification and quality control, can be completed in less even though 4.5 hours post injection still could be a valid
than 25 min. In Figure 1B, HPLC spectrum of precursor time for differential diagnosis of ACE2.
cyc-DX600-HYNIC showed a purity of 93.0 + 0.5% and a
retention time of 2.254 min. In blocking experiments, it was noted that at 1.5 h after
injection, the radioactivity concentration in the tumor of
The precursor can be labeled by *™Tc with the coactive blocked mice was significantly reduced to 5.15 + 0.06
ligands Tricine and EDDA to obtain the labeled molecule %ID/mL, but still a higher uptake than the one of ACE2-
[°°™Tc]Tc-cyc-DX600 with a labeling rate of 57.2 + 1.5%, negative xenografts (Figure 2B).
serving as the targeted tracer of ACE2. Figure 1C was the
radioactivity detection of the labeling reaction solution Although the morphology of the cells and intercellular
with the retention time of the labeled molecule at 2.723 matrix were essentially the same as proved by hematoxy-
min, and the peak at 4.005 min was the radioactive signal lin and eosin (H&E) staining, the positive ACE2 expres-
of free 29"Tc. sion (AOD: 0.34 + 0.09) of HEK-293T/hACE2 CDX and the
negative ACE2 expression (AOD: 0.19 + 0.02) of HEK-
A step of purification with C18-based extraction was 293T CDX were clearly showed on IHC (Figure 2C, 2D),
needed before use, so as to acquire the product with a which further confirmed the capacity of [*°"Tc]Tc-cyc-
radiochemical purity of higher than 95%. DX600 SPECT in evaluating tumor ACE2 condition. In
short, these data indicated that [**™Tc]Tc-cyc-DX600 can
ACE2-spcificity of [**"Tc]Tc-cyc-DX600 specifically target and bind to tissues with high ACE2
expression.
The tumor uptake of [*°"Tc]Tc-cyc-DX600 at two studied
time points (1.5 h, 4.5 h) were shown in Figure 2. Tumor Image analysis of the CDX models with PANC-1 cells
uptake of [*°™Tc]Tc-cyc-DX600 was significantly higher in
ACE2-positive HEK-293T/hACE2 CDX (6.74 + 0.31 %ID/ Tumor growth curve graphs demonstrated a progressive
mL at 1.5 h p.i.) than in ACE2-negative HEK-293T CDX increase in the tumor volume over time (Figure 3A).
(1.83 + 0.26 %ID/mL at 1.5 h p.i.). Tumor uptake of Importantly, analysis of the ACE2 SPECT imaging data
[*°"Tc]Te-cyc-DX600 was still higher in ACE2-positive from the CDX models with PANC-1 cells revealed a nega-
HEK-293T/hACE2 CDX (3.14 + 0.31 %ID/mL at 4.5 h p.i.) tive relationship between tumor uptake of ACE2 SPECT
than in ACE2-negative HEK-293T CDX (1.16 + 0.15 %ID/ and index of tumor progression (r = -0.382 for the 1-4th
mL at 4.5 h p.i.) (Figure 2A). The results demonstrated day; r =-0.146 for the 1-5th day; r = -0.114 for the 1-6th
the specific localization of the probe to ACE2-positive tis- day; r = -0.152 for the 1-7th day; P > 0.05 for all) (Figure
sues. For the images acquired at 1.5 h p.i., there was a 3B). From the results of the correlation analysis, ACE2
significant difference on the ratio of T/M (15.72 + 0.72 for SPECT/CT was of a more predictive value in the early
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Figure 2. [**"Tc]Tc-cyc-DX600 SPECT and verification of ACE2 targeting. A. The SPECT images of HEK-293T/hACE2 and HEK-293T CDX,
the corrvesponding H&E and IHC staining of HEK-293T/hACE2 and HEK-293T CDX; B. The SPECT images of [*°™Tc]Tc-cyc-DX600 of
HEK-293T/hACE2 CDX blocked with DX600; and the corresponding HE and IHC staining of HEK-293T/hACE2 CDX blocked with DX600
(magnification x200, scale bar: 50 um); C. The summary of tumor uptake (%ID/mL) of ACE2-positive, ACE2-negative and pre-blockage
ACE2-positive xenografts; D. The summary of AOD of ACE2-positive, ACE2-negative and pre-blockage ACE2-positive xenografts (*P <

0.05, **P < 0.01, ***P < 0.001).

phase in monitoring tumor growth and aggressiveness.
Therefore, as the tumor volume grows over time, tumors
with low expression of ACE2 showed high aggressive-
ness, which further confirmed the sensitivity of [*°™Tc]
Tc-cyc-DX600 as an ACE2-specific imaging agent in this

CDX model.
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Correlation between pancreatic uptake and tumor pro-
gression characteristics in orthotopic pancreatic cancer
model

Both at the imaging level and the data analysis level, the
high tumor uptake (0.05 + 0.02, n = 4) was observed in
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the pancreas of orthotopic pancreatic cancer model com- Suv,_, of FDG PET/CT images and SUV__ of ACE2 SPECT
pared to the in vivo distribution of normal mice in the con- images of the pancreas was negative (r = -0.878, P >
trol group (Figure 4A). The linear correlation between 0.05) (Figure 4B). In contrast, as a functional imaging that
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of the tumor; B. Correlation analysis between SUV__ of FDG PET/CT images and tumor uptake of ACE2 SPECT images of the pancreas (r
=-0.878, P > 0.05); C. Correlation analysis between %ID/mL and volume of the pancreatic lesion (r = 0.752, P > 0.05).

can reflect ACE2 expression, the linear correlation
between SUV__ of ACE2 SPECT and volume defined as
voxels with high tracer uptake of the pancreas was posi-
tive (r = 0.752, P > 0.05) (Figure 4C). The linear correla-
tion between SUV__ of FDG PET/CT images and tracer
uptake of ACE2 SPECT images demonstrated the accura-
cy of ACE2 SPECT imaging, which further demonstrated
the usability of ACE2 SPECT in dynamic monitoring of
ACE2 expression in pancreatic cancer.

ACE2 SPECT imaging of tumors and immunohistochemis-
try assays in an orthotopic pancreatic cancer model

To evaluate the feasibility of [**™Tc]Tc-cyc-DX600 as a
probe for tumor detection in vivo, SPECT imaging was con-
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ducted in an orthotopic pancreatic cancer model. Figure
5 manifested the monitoring images of [**"Tc]Tc-cyc-
DX600 SPECT and [*8F]F-FDG PET/CT for ACE2-expression,
respectively. SPECT images showed high uptake of [*°™Tc]
Tc-cyc-DX600 in the stomach (4.00 %ID/mL), pancreas
(4.86 %ID/mL), the FDG PET/CT images displayed more
intense uptake of [**F]F-FDG in the stomach (SUV__:
1.80), pancreas (SUV__: 14.40). SPECT images showed
significant accumulation in the pancreatic lesion (T/H =
2.30, Figure 5A), while PET/CT images showed moderate
uptake in the primary lesion (T/H = 0.90, Figure 5B). The
same ACE2 expression of the primary lesions and major
metastatic lesions in orthotopic pancreatic cancer model
were confirmed by IHC on ACE2 (Figure 5C, 5D). Here, a
positive correlation between the quantitative values of
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Figure 5. Comparison of SPECT imaging and FDG PET/CT imaging, H&E and immunohistochemical staining of sections from orthotopic tumor of pancreatic cancer. (A) [**™Tc]Tc-cyc-
DX600 SPECT images (Coronal section); (B) [8F]F-FDG PET/CT images (Coronal section, Sagittal section, Transverse section); H&E and immunohistochemical staining of pancreas and
major metastatic organs sections were analyzed (HE, C; IHC, D, magnification x200, scale bar: 50 um); (E) Correlation between tumor uptake (%ID/mL) and ACE2 immunohistochemical
expression in pancreas (r = 0.991, P > 0.05); (F) Gross inspection of orthotopic pancreatic cancer model with primary lesion and main metastasis marked.
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ACE2 SPCET and ACE2 immunohistochemical expression
in pancreatic lesion (r = 0.991, P > 0.05, Figure 5E).
Primary pancreatic tumors, gastric metastases and peri-
toneal metastases were clearly visualized on the gross
anatomical drawings of the mice (Figure 5F). This correla-
tion further validated the specificity of [**™Tc]Tc-cyc-
DX600 for ACE2 expression in pancreatic cancer. There-
fore, SPECT imaging was precise in the initial evaluation of
ACE2 expression and thus indirectly assessed the severi-
ty of metastatic lesions.

Discussion

Currently, [*®F]F-FDG PET/CT has been used as an impor-
tant complement to conventional imaging for the diagno-
sis of pancreatic cancer [30]. However, a retrospective
analysis of 232 patients with suspected pancreatic ductal
adenocarcinoma found that FDG PET detected only 50%
of early pancreatic cancers [31]. The lack of early symp-
toms of pancreatic cancer has limited the practical use of
FDG PET/CT in early diagnosis. In addition, [*®F]F-FDG
PET/CT has limitations, including difficulty in differentiat-
ing tumor from mass pancreatitis and accurately assess-
ing lymph node metastasis [32, 33]. We prepared Tc-
99m-labeled cyc-DX600-HYNIC and evaluated [*°"Tc]
Tc-cyc-DX600 as a pancreatic cancer imaging agent in
experimental animals. [°°"Tc]Tc-cyc-DX600 SPECT was a
potential clinical translation of ACE2-specific imaging pro-
tocol, which added multidimensional information about
the disease progression of pancreatic cancer.

ACE2 is a member of RAAS family. Many components of
RAAS are locally expressed in various cancer cells and tis-
sues, including pancreatic cancer [34-38]. In addition to
playing an important regulatory role in RAAS-related dis-
eases, ACE2 is highly expressed in endothelial cells of the
heart, kidneys, and testis and primarily degrades ANG Il
into angiotensin 1-7 (ANG 1-7), which is considered a
vasodilator and involved in apoptosis and growth arrest,
as opposed to ACE activity that produces ANG Il and
degrades ANG 1-9 [39-41]. ACE is an effective counter-
modulator against ACE2, which acts as a potential anti-
tumor molecule in a variety of malignant diseases, includ-
ing prostate cancer, HCC, and lung cancer [42-45]. Timely
and accurate grasp of ACE2 expression is of great signifi-
cance for understanding tumor progression.

Currently, most ACE2-targeted tracers are designed
based on the DX600 that was modified and then labeled
with ®4Cu, ®8Ga, 8F [26, 46-50]. For the abundant radionu-
clides aggregated in the blood pool and kidneys, PET
imaging agent based on %8Ga is of a too short half-life, that
goes against lowering the blood background [47, 48]. In
this imaging protocol, with a half-life of 6.02 h, °*™Tc is of
a good prospect in the application of tumor imaging main-
ly through the advantages of urinary metabolism and cor-
responding high blood background clearance efficiency in
the delayed phase of ACE2 SPECT. [**"Tc]Tc-cyc-DX600
SPECT protocol was validated in the diagnosis of pancre-
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atic tumor, and the applicable value and validity in several
subtypes were manifested. When other confounding fac-
tors, such as the source of tumor and feeding conditions,
were strictly confined, the size of tumor volume indicated
the rate of growth. For individuals with a higher growth
rate, local RAAS tended to exert an anticancer effect by
upregulating ACE2 expression. Thus, as the disease pro-
gressed in mice, we observed a positive correlation
between tumor uptake by ACE2 SPECT and the volume of
primary pancreatic lesions in this study. Overall, RAAS is
a complex system in regulating tumor growth, ACE2 PET
provides a method to visualize the whole procedure. In a
comprehensive view, the full map in the perspective of
primary lesions, metastases, and adjacent normal tis-
sues presented the diversity of tumor-associated ACE2
expression. In contrast, despite their recognized accur-
acy and status as the prevailing diagnostic method,
molecular laboratory tests exhibit certain limitations in
accurately identifying tumorous ACE2-related pathologi-
cal alterations, particularly when undertaking a compre-
hensive evaluation of the entire organism. [°°™Tc]Tc-cyc-
DX600 as an ACE2-specific imaging tracer could com-
plement 8F-FDG to provide a more comprehensive image.
In this study, the functional imaging recorded the pancre-
atic cancer model at a molecular level, and the quantita-
tive expression of ACE2 in most tumor has an important
reference value for diagnosis [18, 19, 51-54]. ACE2 also
served as a target of radionuclide drug conjugates, and
cancer treatment was potentially benefited from the
appropriate half-life and Auger electron energy suitable
for target tumor radiotherapy [55, 56].

Although promising directions seem to put improvements
in the diagnosis and treatment of pancreatic cancer with-
in reach, further experimental studies, including more
extensive animal models with patient-derived xenografts
are needed to validate these improvements.

Conclusion

Tc-99m-labeled cyc-DX600-HYNIC was prepared and
evaluated as a pancreatic cancer imaging agent in ex-
perimental animals. These data suggested that ACE2-
specific molecular imaging can comprehensively evaluate
the expression of ACE2 in pancreatic cancer, potential
benefiting the appropriate diagnosis and optimal choice
of treatment modality when compared to conventional
imaging techniques.
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