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Abstract

Background: The use of prostate-specific membrane antigen (PSMA)- and somatostatin
receptor (SSTR)-targeted radiotheranostics for hepatocellular carcinoma (HCC) requires
preclinical models that reproduce the features of spontaneous tumors. Woodchucks
chronically infected with woodchuck hepatitis virus (WHV) develop hepatic tumors that
closely resemble hepatitis B virus-induced human HCC. We further characterized PSMA-
targeted imaging and normal-tissue expression, including the salivary glands, and evaluated
SSTR2/5 expression and [**Ga]Ga-DOTATOC uptake. We also explored the feasibility and
short-term tolerability of a single ['”’Lu]Lu-PSMA-617 administration.

Results: Twelve tumor-bearing woodchucks underwent PET/CT imaging with [**Ga]Ga-
PSMA-11 or [*Ga]Ga-DOTATOC (six animals each), with tissue expression assessed by
quantitative reverse transcription polymerase chain reaction and immunohistochemistry.
PSMA transcripts were detected in tumors, liver and salivary glands, and PSMA staining was
present in tumor-associated microvessels and normal tissues. [**Ga]Ga-PSMA-11 uptake
varied within and between tumors, with a median tumor maximum standardized uptake value
of 3.3 and tumor-to-liver ratio of 1.9. Uptake was also observed in salivary glands and other
normal organs. Although SSTR2/5 transcripts and cytoplasmic staining were detected in
tumors, only one of six animals showed strong [*®Ga]Ga-DOTATOC tumor uptake relative
to liver. HCC was confirmed in all animals at necropsy. Tumors showed heterogeneous
contrast enhancement, fibrosis and necrosis, and hepatic lymph node metastases were present
in 6 of 10 animals in which lymph nodes were sampled. A single ['""Lu]Lu-PSMA-617
administration and serial follow-up were feasible in three animals; no changes in appetite or

activity were observed.
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Conclusions: SSTR-targeted imaging and normal-tissue characterization add to previous
PSMA imaging findings in woodchuck HCC. The observed variation in tumor
histopathology, target expression and radiopharmaceutical uptake supports further use of this

model to study molecular imaging and radiopharmaceutical delivery in spontaneous HCC.

Background

Hepatocellular carcinoma (HCC) accounts for 75 to 85% of primary liver
malignancies and is a leading contributor to cancer-related morbidity and mortality.!* HCC
is often asymptomatic in the early stages, with more than 80% of patients diagnosed with
advanced-stage disease unamenable to current local therapies; the 5-year relative survival for
patients with liver cancer is only 18%.* There is an urgent need for improved therapeutic
options for these patients.

Radiotheranostics is an emerging modality that combines molecular imaging with
targeted radionuclide therapy, offering the potential for improved clinical outcomes in patients
with HCC. Small molecules, peptides, or antibodies directed at cell-specific epitopes are
radiolabelled with gamma- or positron-emitting radionuclides for single-photon emission
computed tomography (SPECT) or positron emission tomography (PET) imaging to assess the
expression and accessibility of the target.’ The same or similar targeting agent is then
conjugated to an alpha- or beta-emitting radionuclide to achieve localized tumor cell killing.
To date, two radiotheranostic agents have received regulatory approval: one targeting prostate-
specific membrane antigen (PSMA) for metastatic prostate cancer ([!”’Lu]Lu-PSMA-617),
and another targeting somatostatin receptors (SSTRs) for the treatment of

gastroenteropancreatic neuroendocrine tumors ([!”’Lu]Lu-DOTATATE).>¢
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Given the clinical success of radiotheranostics for prostate and gastroenteropancreatic
neuroendocrine cancer, the expression of PSMA and SSTRs has been investigated in other
malignancies, including HCC. Immunohistochemical (IHC) analysis revealed positive PSMA
staining in 87% (245/282) of human HCC samples, with expression localized to the tumor-
associated neovasculature in 83% (235/282) of samples.”!® Consistent with the high
prevalence of PSMA expression detected by IHC, [®3Ga]Ga-PSMA-11 uptake was observed
on PET imaging in 95% (76/80) of patients with newly diagnosed and recurrent primary HCC
cases.® 8 More recent prospective studies using PSMA-targeted PET/magnetic resonance
imaging and PET/computed tomography (CT) have further demonstrated tracer uptake in
HCC."2! SSTRs also have potential for radiotheranostic applications. SSTR2, the receptor
subtype for which ['7’Lu]Lu-DOTATATE exhibits the highest affinity??, was detected in 53%
(136/259) of HCC samples by IHC.?***" Incidental findings of HCC uptake on SSTR-targeted
PET imaging have been described in some patients.”®* These findings support the ongoing
investigation of PSMA and SSTRs as promising targets for HCC radiotheranostics.

Clinically relevant preclinical models are essential for evaluating the therapeutic
potential of PSMA- and SSTR-targeted radiotheranostics. While two-dimensional cell culture
systems are widely used in early development, they lack cellular heterogeneity and the
extracellular matrix components that influence tumor cell behavior and response to therapy.*!
Three-dimensional spheroid models provide cellular heterogeneity but do not fully reproduce
the extracellular matrix, limiting their translational relevance.?! In vivo murine models
overcome some of these limitations, enabling assessment of tracer biodistribution, target and
off-target uptake, and therapeutic efficacy. The most widely used in vivo models for

theranostic research are immunocompromised mice bearing human tumor xenografts®>%;
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however, the absence of an intact immune system compromises the tumor microenvironment,
which is composed of support cells embedded in the extracellular matrix. The tumor
microenvironment can constitute over 50% of the tumor mass and plays a crucial role in
response to therapy.>® To address this limitation, syngeneic mouse models (immunocompetent
mice implanted with murine cancer cells) and humanized mice (modified to possess a human-
like immune system) are occasionally used but still fail to fully replicate key features of the
tumor microenvironment of a spontaneous, orthotopic tumor, which include hypoxia, acidic
pH, elevated interstitial pressure, dense extracellular matrix, and increased metabolic
activity.?! These factors, as well as variable perfusion and off-target tissue toxicity, are
barriers to tumor penetration by radiotheranostic agents and to uniform distribution of agents
within the tumor.*%*” Physiologically relevant models that accurately mirror these barriers
are essential for advancing radiotheranostics toward clinical translation. Specific to
investigations of PSMA neovasculature targeting in solid tumors and dose-limiting toxicity,
an additional limitation of mouse models is the reported absence of PSMA expression in
neovasculature in some xenograft models and low expression in salivary glands.*34?
Eastern North American woodchucks (Marmota monax) chronically infected with
woodchuck hepatitis virus (WHV) reliably develop virus-induced hepatic tumors that
closely resemble hepatitis B virus-induced human HCC in patients with chronic hepatitis
B.*! Neoplastic transformation occurs through direct hepadnaviral integration into
hepatocyte deoxyribonucleic acid (DNA) that alters expression of protooncogenes and
tumor suppressor genes, as well as indirect mechanisms arising from cycles of cell turnover
and regeneration in an inflamed tissue microenvironment.*? This animal model has primarily

been used to study the prevention and treatment of human HBV-induced HCC and to image



139 hepatic neoplasms, including PET.***** A previous study of four animals identified PSMA
140  expression in tumor-associated neovasculature in WHV-induced woodchuck HCC and

141  demonstrated [**Ga]Ga-PSMA-11 uptake on PET, suggesting additional utility of this model
142 for evaluating PSMA-targeted theranostics.* We further characterized PSMA-targeted

143 imaging and normal-tissue PSMA expression, including the salivary glands, in woodchucks
144 with WHV-induced HCC. We also evaluated SSTR2/5 expression and [**Ga]Ga-

145 DOTATOC uptake and explored the feasibility and short-term tolerability of a single

146 ["""Lu]Lu-PSMA-617 administration.

147

148 Results

149  Animals

150 Twelve animals (seven females and five males) with a median weight of 3.6 kg (range,
151 2.8 to 5.3 kg) were included in the study. The number of liver tumors >2 cm? on CT at the time
152 of PET imaging was one (n = 8), two (n = 3), or three (n = 1). One animal was enrolled before
153 reaching the GGT threshold because ultrasound findings were highly suggestive of HCC.

154 The median volume of the largest CT-defined tumor was 32.9 cm? (range, 5.0 to 126.4
155  cm?). Histopathology confirmed HCC in all animals (n = 6) that underwent needle biopsy.

156

157  RT-gPCR

158 RT-gqPCR confirmed detectable PSMA transcripts in woodchuck HCC (n = 8 tumors) and
159  SSTR2/5 transcripts (n = 7 tumors), with amplification also observed in liver (PSMA, SSTR2/5)
160  and salivary gland tissue (PSMA) (Figure 1). In animals with matched liver and tumor samples,

161  tumor PSMA expression was higher than liver in all tumor samples from two animals, whereas in
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a third animal one tumor showed higher and one showed lower PSMA expression than matched
liver. The highest tumor expression of SSTR2 and SSTRS was observed in the animal with the

highest [**Ga]Ga-DOTATOC PET uptake.

[P3Ga]Ga-PSMA-11 PET Imaging

Regions of high and low [**Ga]Ga-PSMA-11 uptake were observed within individual
tumors relative to liver (Figure 2); uptake varied between animals. Tumor SUVax ranged from
2.4 to 4.7 (median 3.3), and liver SUVean ranged from 1.4 to 2.6 (median 1.7), corresponding to
a median tumor-to-liver ratio of 1.9. Uptake was observed in the spleen (Figure 2), as well as in
the mandibular, temporal, and parotid salivary glands and testicles (Figure 3). Mandibular
salivary gland SUVmax ranged from 2.3 to 3.3 (median 2.6) and testicular SUVmax ranged from

12.2 to 14.3 (median 12.2; n = 3 testicles).

[?*Ga]Ga-DOTATOC PET Imaging

Of six woodchucks, only one showed strong tumor uptake relative to liver on [**Ga]Ga-
DOTATOC PET imaging, with high peripheral and minimal central tumor uptake (Figure 2).
Tumor SUVnax ranged from 3.0 to 14.2 (median 4.8), and liver SUVnean ranged from 2.0 to 5.6
(median 4.2), corresponding to a median tumor-to-liver ratio of 1.2 (2.6 in the animal with strong
tumor uptake). Uptake was present in the pancreas in all animals; the pancreas SUVmax ranged

from 4.4 to 18.4 (median 8.6).

[**Cu]Cu-PSMA-617 PET/CT Imaging and Exploratory ['”’Lu]Lu-PSMA-617 Administration
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Tumor SUVmax was higher at 24 hours post-injection of [**Cu]Cu-PSMA-617 than at 4
hours post-injection in all animals. On gamma camera images acquired after injection of
['"Lu]Lu-PSMA-617, the radiotracer demonstrated initial uptake in the liver and heart, followed
by accumulation in the kidney and bladder, consistent with systemic circulation and renal
clearance (Figure 4). Uptake was observed in the mandibular salivary glands. Uptake in tumors
was difficult to follow over time due to tumor superimposition on the liver and the motion of the
tumor relative to the liver.

Platelet count and hemoglobin remained within reference intervals, and white blood cell
count was within the reference interval except in one animal with elevated white blood cell count
(> 13.7 x 10°/L) pre- and post-therapy. Creatinine and phosphorus remained within reference
intervals except in one animal with elevated values before treatment; these values returned to
within reference intervals at the 14-day follow-up. Total bilirubin and alanine transaminase
remained within reference intervals in all animals. GGT (a known sensitive plasma biomarker of
woodchuck HCC) increased from baseline at weeks 2 and 6 in all three animals. Alkaline
phosphatase was within the reference range in all animals before treatment but was elevated in
one animal at week 2 and two animals at week 6. Activity, appetite and body weight were
monitored; no changes in appetite or activity were observed. Body weight was 2.9-19.9% below
baseline at six weeks. The contribution of treatment to weight loss could not be distinguished
from seasonal variation or tumor progression. Tumor volumes at baseline and 4142 days were

13.6 and 27.8, 21.1 and 20.0, and 3.0 and 9.6 cm? in the three animals, respectively.

Histology and IHC
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The median survival time from diagnosis of HCC (GGT > 50 U/L and a liver mass on
ultrasound > 2 cm in diameter) was 28.6 weeks (range, 4.1 to 37.4 weeks). HCC was confirmed
in all animals by histopathological examination of tumor samples collected at necropsy (Figure
5). The number of liver tumors at the time of euthanasia was one (n = 3), two (n = 2), three (n =
4), and four, five and seven tumors in one animal each. Tumors frequently contained
multinucleated cytomegalic cells. Metastatic spread to hepatic lymph nodes was diagnosed in 6
of 10 animals (lymph nodes were not sampled in two animals) and was confirmed by the
presence of cytomegalic cells within the lymph node parenchyma (Figure 5). Biliary carcinoma
was present within HCC in three animals.

The distribution of staining intensity across tissues for all antibodies is provided in
Additional File 1. Cytoplasmic and membranous PSMA staining was present in salivary gland
epithelial cells and testicles (Figure 6). Positive staining was also observed in liver, spleen,
kidney and prostate (Figure 7). IHC demonstrated cytoplasmic expression of both SSTR2 and
SSTRS across tumors. Strong SSTR2 and/or SSTRS staining was observed in at least one tumor
from five of six animals. In the remaining animal, tumor staining was weak for SSTR2 and
moderate for SSTRS. Inter-tumoral heterogeneity was observed, with some lesions showing
weak or absent expression. Positive staining was also observed for both SSTR2 and SSTRS in

liver and kidney.

Discussion
In this study, [*®Ga]Ga-PSMA-11 PET imaging in woodchuck HCC demonstrated
heterogeneous intra- and intertumoral uptake, with a median tumor SUVmax of 3.3 and tumor-to-

liver ratio of 1.9, with corresponding intratumoral variability in histopathology and PSMA

10
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expression. Previous work demonstrated PSMA expression in tumor-associated neovasculature
and [®Ga]Ga-PSMA-11 uptake in woodchuck HCC.*® The present study provides further
characterization of PSMA-targeted imaging and normal-tissue expression, including the salivary
glands, and adds evaluation of SSTR-targeted imaging and tissue expression, together with an
exploratory assessment of ['7’Lu]Lu-PSMA-617 administration. In human patients,
heterogeneous uptake of *®Ga-labelled PSMA ligands has been described in HCC tumors, with
increased PET avidity in regions that showed contrast enhancement on arterial-phase CT
imaging.®!7% This uptake pattern may reflect intratumoral variability in perfusion, interstitial
pressure, necrosis, fibrosis, and target expression.*®3” Nonuniform radiopharmaceutical uptake
may compromise targeted radiotherapy by causing variation in absorbed dose and potentially
sparing cancer cells, reducing treatment effectiveness.¢

Murine models using subcutaneous and orthotopic HCC xenografts show positive
staining of tumor endothelium with PSMA-directed antibodies, and consistent, uniform tumor
uptake on PET imaging after [**Ga]Ga-PSMA-617.%¢ High SPECT uptake and significant tumor
growth suppression after [!”’Lu]Lu-PSMA-617 have been reported in the subcutaneous xenograft

model.*’

While useful in preclinical investigations of targeted radiotherapy for HCC, murine
xenograft models do not replicate the barriers to effective therapy associated with large,
heterogeneous, spontaneous tumors. Low to absent tumor uptake of [!”’Lu]Lu-PSMA-617 on
SPECT has been reported in human HCC patients despite high uptake of [**Ga]Ga-PSMA-11 on
PET, with progression of disease after therapy.'**® A recent dosimetry study of five patients with
non-prostate cancers, including one patient with HCC, found rapid tumor clearance and low

absorbed doses of ['""Lu]Lu-PSMA-617 despite high uptake on screening [**Ga]Ga-PSMA-11

PET/CT.* The contrast between human and murine HCC uptake of the therapeutic radionuclide

11
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and response to treatment highlights the need for models that better reproduce spontaneous
tumor barriers to effective radiopharmaceutical targeting. Woodchuck tumors and associated
neovasculature develop spontaneously following viral infection, and regions of necrosis, fibrosis
and hemorrhage were identified in the woodchuck tumors in this study, similar to the
heterogeneous histological features reported in human HBV-induced HCC.>* PSMA staining
varied intratumorally in the woodchuck tumors, as reported in human HCC.® Overall, the
woodchuck tumors showed heterogeneous histopathology, target staining, and
radiopharmaceutical uptake. These observations support the translational relevance of the
woodchuck model for further studies of radiopharmaceutical delivery.

Physiologic uptake of PSMA-targeted radiopharmaceuticals was observed in woodchuck
salivary glands on both [**Ga]Ga-PSMA-11 PET (median SUVmax 2.6) and ['”’Lu]Lu-PSMA-
617 gamma camera imaging, with corresponding PSMA mRNA and protein expression
confirmed by RT—-qPCR and IHC. High PSMA-targeted radiopharmaceutical uptake in human
salivary glands is well described’!*?, and 61% of human patients receiving ['"’Lu]Lu-PSMA-617
in a phase 3 trial experienced xerostomia.>® Unlike external beam radiation therapy, in which
normal organ irradiation can be minimized, it is difficult to avoid irradiation of normal organs
with high radiopharmaceutical uptake when targeted radiotherapy is used, as treatment is
administered systemically. Most patients experience mild to moderate (grade 1 or 2), temporary
symptoms; however, severe xerostomia may lead to dose reduction or permanent discontinuation
of therapy.>® The rate of treatment-related xerostomia may be even higher with alpha particle
emitters®*, with up to one-quarter of patients requesting discontinuation of therapy due to this
adverse effect.’> Xerostomia is associated with an increased risk of dental caries and oral

infection, oral discomfort, suboptimal nutrition and decreased quality of life.>® Given the impact
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on patients, strategies to mitigate xerostomia in human patients undergoing targeted radiotherapy
are under investigation, with interventions mainly focused on reduction of radiopharmaceutical
delivery to the salivary glands.’’” The exact mechanism of uptake of PSMA-targeting
radiopharmaceuticals in the salivary glands is not clear, with some suggestion that a different
protein, closely related to PSMA, may be responsible for the accumulation.>® Some xerostomia
prevention strategies have shown promise, but additional research is needed to address this
common and impactful adverse effect of PSMA-targeted radiotherapy.

Murine models do not fulfill this need; PSMA expression is low in the salivary glands of
mice compared to humans, and even lower in rats.*” In contrast, PSMA mRNA and protein were
detected in all mandibular salivary gland samples in woodchucks in this study, and salivary
glands exhibited [®®Ga]Ga-PSMA-11 uptake on PET and ['""Lu]Lu-PSMA-617 uptake on
gamma camera imaging, supporting use of this animal model for investigating mechanisms of
salivary gland uptake and strategies to spare salivary glands in patients treated with PSMA-
targeted radiotherapy.

PSMA expression in woodchuck normal tissues was confirmed by RT-qPCR and IHC,
with corresponding physiologic uptake on [**Ga]Ga-PSMA-11 PET, including the highest uptake
in the testicles. PSMA expression was similar to that reported in humans, with PSMA mRNA
expression in salivary gland and liver and protein expression in salivary gland, liver, kidney,
prostate and testicles.’**° Stain was localized to similar cell types as reported for human tissues:
salivary gland acinar and ductal epithelial cells>*®!, bile canaliculi of hepatocytes®, proximal

6263 "and prostate epithelial cells®*. The cytoplasmic and membranous staining in the

renal tubules
woodchuck testicle contrasts with the lack of staining reported in the human testicle in the

Human Protein Atlas®, although PSMA expression in human testicular seminiferous tubules has
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been reported with IHC.%® The pattern of uptake on [**Ga]Ga-PSMA-11 PET reflected the PSMA
expression on RT-qPCR and IHC. The testicles showed the highest PET uptake among all
normal tissues quantified, in contrast to reports in human patients, where high uptake has been
reported only with testicular infection and metastatic disease.®%%’

SSTR2 and SSTRS expression in normal woodchuck tissues was confirmed by RT—-qPCR
and IHC, with corresponding uptake on [**Ga]Ga-DOTATOC PET demonstrating the highest
physiologic uptake in the pancreas. Expression patterns across normal tissues were also similar
to those in humans, with SSTR2 and SSTRS5 mRNA expression in liver, and protein expression
in liver, pancreas and kidney.%® Cell types that stained were comparable to what is reported for
human tissues: cytoplasmic staining of hepatocytes®, the pancreatic islets’’, and the tubular
epithelial cells.”"’? Bile duct staining, which is reported in normal human liver, was not
observed.?® [®3Ga]Ga-DOTATOC PET showed uptake in these organs, with higher uptake in
pancreas than liver; however, the high PET uptake in the spleen reported in humans after
[%¥Ga]Ga-DOTATOC administration was not observed in the woodchuck.%®7?

Investigation into the feasibility of SSTR-targeted radionuclide therapy for human HCC
is ongoing. Despite reports of radiolabeled somatostatin analogue uptake in patients with HCC**
30 none of the 12 HCC participants in a completed [*®Ga]Ga-DOTATATE PET/MRI trial
demonstrated somatostatin receptor positivity as defined by the study.” These findings suggest
variability in SSTR-targeted tracer uptake among HCC tumors. In this animal cohort, strong
[%8Ga]Ga-DOTATOC tumor uptake was seen in only one woodchuck, which also demonstrated
the highest SSTR2 tumor mRNA expression and strong tumor staining intensity on SSTR2 IHC.
This is consistent with variable SSTR2 expression reported in human HCC.22%75 Although

SSTR staining was present in most tumors, it was cytoplasmic and did not necessarily indicate

14
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receptor expression at the cell surface. Tissue staining alone may therefore be insufficient to
predict uptake of SSTR-targeted tracers.

Woodchuck HCCs were of clinically relevant size (median volume 32.9 cm?®) and
demonstrated imaging characteristics consistent with human HCC on multiphasic CT. Tumor
dimensions are comparable to those in humans, and serial monitoring allows selection of specific
size ranges for study. The larger animal size permits use of clinical imaging modalities and
equipment. Tumor features on arterial and delayed phase CT imaging are similar to human HCC,
and human Liver Imaging Reporting and Data System criteria have been reported to have high
sensitivity and specificity for detecting malignant tumors in the woodchuck liver.”® The findings
of this study suggest that pathological confirmation of woodchuck HCC before study inclusion
may not be necessary in WHV-positive animals meeting imaging criteria; in this study, all liver
masses > 2 cm on ultrasound with CT features characteristic of HCC (arterial phase
enhancement, venous phase washout, heterogeneous contrast uptake) were confirmed to be HCC
on histopathology.

The larger animal size allows serial venipuncture for hematologic and organ toxicity
assessment, and peripheral IV catheter placement for radiopharmaceutical or contrast
administration. Samples can be reliably collected by venipuncture. All scheduled blood sampling
and IV drug administration were successfully performed by a veterinarian using peripheral
venous access without vascular access ports. The longer survival of tumor-bearing woodchucks
compared to other laboratory animals allows assessment of response to therapy and delayed
toxicity from radiation therapy. In three animals, a single ['"’Lu]Lu-PSMA-617 administration

and serial follow-up were feasible.
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Limitations of the woodchuck model include the cost of animals and housing and the
need for longitudinal monitoring of virus-positive animals because tumor development is not
temporally synchronized across animals. In addition, woodchucks infected with woodchuck
hepatitis virus develop chronic hepatitis and mild fibrosis, but do not progress to cirrhosis, and
therefore do not model the possible changes in expression of PSMA and SSTR2 in
cirrhosis. 24177

There were several limitations to this study, including the small sample size, which
reduced our ability to capture inter-animal (including sex) variability. Antigen-specific binding
as the mechanism of tumor radiopharmaceutical uptake could not be confirmed. Vascular PSMA
localization was based on morphology without an endothelial marker, and associations between
tissue features and tracer uptake were not assessed quantitatively. Prior ['7’Lu]Lu-PSMA-617
administration in three animals may have affected subsequent [**Ga]Ga-PSMA-11 uptake. A
single administration of ['”’Lu]Lu-PSMA-617 allowed an exploratory assessment of feasibility
and short-term tolerability but was not designed to evaluate tumor response to therapy or
cumulative organ toxicity. Lastly, SPECT-CT was not available for imaging the woodchucks

after ['7"Lu]Lu-PSMA-617 administration, and the uniformity of tumor uptake could not be

accurately assessed with planar gamma camera imaging.

Conclusions

These findings support the WHV-induced HCC model for further studies of molecular
imaging and target expression in spontaneous HCC. Antibodies developed against human PSMA
and SSTR2/5 showed immunoreactivity in woodchuck tissues, and targeted radiotracers showed

variable uptake in tumors and normal organs. Tumor biological behaviour resembled several
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clinically relevant features of human HCC: multiple intrahepatic tumors were present in most
animals at euthanasia, and metastatic spread to hepatic lymph nodes occurred in 6 of 10 animals
in which lymph nodes were sampled.”®” Tumors showed intra- and intertumoral heterogeneity
in contrast enhancement, fibrosis, and necrosis, all of which influence radiopharmaceutical
uptake. These features may make the woodchuck-HCC model useful for investigating barriers to
radiopharmaceutical delivery and developing strategies to improve tumor penetration and
intratumoral distribution. Given the model's immune competence and spontaneous development
of tumors in situ, it may also be valuable for studies of immunotherapy and interventions

targeting the tumor microenvironment.

Materials and Methods
Animals

Twelve WHV-positive adult woodchucks (7 females, 5 males; exact ages
unavailable) were accrued from the Western College of Veterinary Medicine colony.
Animals were long-term residents of the institutional colony and were already acclimated to
the housing environment before study procedures. Woodchucks were housed individually
under a 12-hour light/dark cycle, with wood shavings and straw bedding, hiding shelters,
and environmental enrichment including wood chews. Water was available ad libitum, and
animals were provided a standard rabbit ration supplemented with fresh fruits and
vegetables. Animals were visually assessed daily and underwent routine health monitoring
by animal care staff and the facility veterinarian.

Colony animals were monitored with monthly serum biochemistry. Abdominal

ultrasound was performed by a board-certified veterinary radiologist when gamma-glutamyl
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transferase (GGT) reached > 50 U/L or earlier if HCC was suspected. For six animals (4
females, 2 males) used for PSMA-targeted imaging, an ultrasound-guided needle biopsy of
liver masses > 2 cm in diameter was performed to confirm HCC. For six animals (3 females,
3 males) used for SSTR-targeted imaging, a presumptive diagnosis of HCC was made based
on GGT > 50 U/L and a liver mass > 2 cm in diameter.80 The interval to euthanasia was
calculated from the date on which both the GGT and ultrasound criteria were met. Animals
with a hepatic mass suspicious for HCC present at the time each imaging study was
conducted were included based on availability from the colony. Animals were not
randomized to PSMA- or SSTR-targeted imaging. No additional exclusion criteria were
applied, and no animals were excluded after enrolment.

As this was an exploratory study, a formal sample size calculation was not
performed. Sample size was selected to allow assessment of inter-animal variability while
minimizing animal use and was based on the number of eligible tumor-bearing woodchucks
available from the institutional colony. The individual animal was the experimental unit. No
separate control group was included because this was an exploratory study comparing
imaging and tissue findings in animals with spontaneous WHV-induced HCC. All planned
measurements were included in the analysis, except for one animal with repeat [**Cu]Cu-
PSMA-617 imaging, for which the second 4- and 24-hour measurements were used. Sample
sizes varied where tissues or measurements were not obtained.

Pain control for needle biopsy was achieved with infiltration of the biopsy site with
bupivacaine (0.3 mL; 5 mg/mL; SteriMax) and subcutaneous injection of meloxicam (0.2
mL/kg; Metacam 5 mg/mL, Boehringer Ingelheim Animal Health Canada, Burlington, ON,

Canada). Isoflurane anesthesia was used for all procedures.
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Quantitative Reverse Transcription Polymerase Chain Reaction (RT-gPCR)

Ribonucleic acid (RNA) was extracted from formalin-fixed, paraffin-embedded
tissue specimens: tumor (n = 8 samples from 4 animals), liver (n = 5 samples from 5
animals), and mandibular salivary gland (n = 5 samples from 5 animals) for PSMA; tumor
(n =7 samples from 6 animals) and liver (n = 6 samples from 5 animals) for SSTR2; and
tumor (n = 7 samples from 6 animals) and liver (n = 7 samples from 6 animals) for SSTRS,
using a PureLink formalin-fixed, paraffin-embedded RNA Isolation Kit (Cat. No. K156002;
ThermoFisher Scientific, Toronto, ON, Canada) according to the manufacturer’s
instructions. Total RNA (0.1 pg for each reaction) was used to generate complementary
DNA with the Maxima First Strand complementary DNA Synthesis Kit for RT-qPCR (Cat.
No. K1671; ThermoFisher Scientific, Toronto, ON, Canada). Primers for RT-qPCR were
designed using the Custom TagMan Gene Expression Assays VIC/FAM (Cat. No. 4448508,
4331348; ThermoFisher Scientific, Toronto, ON, Canada) based on Marmota monax
messenger RNA (mRNA) sequences for an endogenous control gene glyceraldehyde-3-
phosphate dehydrogenase (Gene ID 124078951; Comparative Toxicogenomic Database),
PSMA (hypothetical predicted protein sequence KAF7476917.1, GenBank), SSTR2 (Gene
ID 124105964; Comparative Toxicogenomics Database), and SSTRS (Gene ID 124078406;
Comparative Toxicogenomics Database). RT-qPCR was performed on a CFX96 Touch
Real-Time PCR Detection System (Bio-Rad, Mississauga, ON, Canada) and the TagMan
Gene Expression Master Mix (Cat. No. 4370048; ThermoFisher Scientific, Toronto, ON,

Canada). Expression data were obtained for each gene from each sample as a threshold cycle
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(Ct). ACt was calculated as the Ct of the gene of interest (PSMA, SSTR2 or SSTRS) minus

the Ct of the endogenous control gene.

Radiopharmaceuticals

[%8Ga]Ga-PSMA-11 was synthesized with an automated AllinOne radiochemistry
module (Trasis, Ans, Belgium) using reagents, peptides, and cassettes provided by the
vendor. ®Ga was eluted from an IGG100 generator (Eckert & Ziegler Radiopharma GmbH,
Berlin, Germany). The radiochemical purity of the final product was > 97% as analyzed by
reversed-phase high performance liquid chromatography and instant thin layer
chromatography.

[¢*Cu]Cu-PSMA-617 and ['”’Lu]Lu-PSMA-617 were synthesized via established
methods.81,82 [**Cu]CuCI2 was purchased from the University of Alberta (Edmonton, AB,
Canada), ['""Lu]LuClI3 was purchased from McMaster University (Hamilton, ON, Canada),
and PSMA-617 was purchased from Selleckchem (Houston, TX, USA). Labeling was
confirmed via instant thin-layer chromatography and radio high-performance liquid
chromatography (Agilent, Santa Clara, CA, USA) using an Agilent Poroshell 120 EC-C18
2.7 um 4.6 x 100 mm column. A gradient method starting at 90% H20 (with 0.1%
trifluoroacetic acid) and 10% acetonitrile (with 0.1% trifluoroacetic acid) was utilized.
Radiochemical purity was > 95%. [®*Ga]Ga-DOTATOC (DOTA-D-Phel-Tyr3-Octreotide)
was synthesized with an automated AllinOne radiochemistry module (Trasis, Ans, Belgium)
using reagents, peptides, and cassettes provided by the vendor. ®*Ga was eluted from an

IGG100 generator (Eckert & Ziegler Radiopharma GmbH, Berlin, Germany). The
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radiochemical purity of the final product was > 97% as analyzed by reversed-phase high-

performance liquid chromatography and instant thin-layer chromatography.

[P3Ga]Ga-PSMA-11 and [**Ga]Ga-DOTATOC PET/CT Imaging

[*¥Ga]Ga-PSMA-11 (n = 6) and [**Ga]Ga-DOTATOC (n = 6) PET/CT scans were
acquired with a 64-slice PET/CT scanner (Discovery MI Digital Ready, GE Medical
Systems). Multiphasic CT scans were acquired before and 15-20, 30, 60, and 120 seconds
after injection of 2 mL/kg iodine contrast (Omnipaque 350 mg/ml, GE Healthcare Canada)
through a 24-gauge intravenous catheter placed in the cephalic or medial saphenous vein;
arterial phase timing varied with injection duration. 5 mL/kg/hr of 0.9% NaCl was
administered intravenously while under anesthesia for PET/CT imaging. PET scans were
acquired 60 minutes after IV injection of [*3Ga]Ga-PSMA-11 (35.8, 37.8, 40, 40.5, 42, 44
MBgq), and 60 minutes after IV injection of 4.2 MBq/kg [®*Ga]Ga-DOTATOC. Tumor
volume was determined from the CT images; in animals with more than one tumor, the
volume of the largest CT-defined tumor was used. Maximum and mean standardized uptake
value (SUV) were calculated for tumor and liver (all animals), mandibular salivary gland
and testicle ([®®Ga]Ga-PSMA-11 animals), and pancreas ([**Ga]Ga-DOTATOC animals)
from contours of the entire structure of interest on registered PET/CT scans (Eclipse version
13.6, Varian Medical Systems). In animals with more than one tumor, the SUV
measurements were made on the tumor with the highest volume. Tumor-to-liver ratios were
calculated as tumor SUVmax divided by liver SUVmean. Three animals that had undergone
[#*Cu]Cu-PSMA-617 PET/CT and a single [!”’Lu]Lu-PSMA-617 administration were

subsequently included in the [**Ga]Ga-PSMA-11 imaging group because tumor uptake on
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copper imaging was lower than expected. Gallium imaging was performed 70, 71, and 95

days after lutetium administration, with no intervening treatment.

[**Cu]Cu-PSMA-617 PET/CT Imaging and Exploratory ['””Lu]Lu-PSMA-617
Administration

PET/CT scans were acquired for three animals (one female and two males), 4 and 24
hours after IV injection of [**Cu]Cu-PSMA-617 (18.4, 19.3 and 29.2 MBq). One animal
underwent an additional [**Cu]Cu-PSMA-617 administration because little uptake was
observed after the first imaging; for this animal, the 4- and 24-hour measurements from the
second administration were used in the reported analysis. Tumor SUVmax was determined
from registered PET/CT images using the same contouring approach described above.
PET/CT scans were followed 5-7 days later by a single administration of ['"’Lu]Lu-PSMA-
617. ['""Lu]Lu-PSMA-617 (710, 718, and 729 MBq) was injected via a 24-gauge
intravenous catheter over 60 minutes. Gamma camera images were acquired every 20
minutes for 120 minutes after injection. 100 mL of 0.9% NaCl was administered
subcutaneously 4 hours before [!7’Lu]Lu-PSMA-617 therapy, and 5 mL/kg/h of 0.9% NaCl
was administered while under anesthesia. To monitor for hematopoietic and renal adverse
effects, complete blood cell counts were collected before and 2 weeks after [!”’Lu]Lu-
PSMA-617, and serum biochemistries were collected before, and 2 and 6 weeks after
treatment. Hematology and serum chemistry results were interpreted using available
laboratory reference intervals for Marmota monax provided by the Calgary Zoo, Garden &
Prehistoric Park (January 2022 version). Multiphasic CT scans were acquired 2 and 6 weeks

after ['7"Lu]Lu-PSMA-617.
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Histology and IHC

Animals were monitored using a predefined humane intervention point checklist
based on activity and responsiveness, feed and water intake, body weight, and physical
appearance. Animals were euthanized if they developed a severe abnormality in any
individual category, including severe depression or immobility, anorexia for 72 hours, >20%
body weight loss, or a pre-moribund or moribund condition. A cumulative score >2
prompted review by the principal investigator. For euthanasia, general anesthesia was
induced with mask-delivered isoflurane, followed by intravenous (IV) administration of T-
61 euthanasia solution according to the manufacturer’s instructions. A full necropsy
examination was performed on all animals (n = 12), and the following tissue samples were
collected into formalin: tumor(s), liver, hepatic lymph nodes, kidneys, small intestine,
spleen, salivary glands, prostate, and testicles. Additional grossly abnormal tissues were also
collected. Formalin-fixed tissue samples were embedded in paraffin blocks. Contiguous
sections were cut and deparaffinized for hematoxylin and eosin (H&E) and IHC staining.

For animals that underwent PSMA-targeted imaging, IHC was performed using two
mouse monoclonal antibodies against PSMA (antibody 1: 1:25 dilution, Cat. No. PSMA-L,
clone 1D6; Leica Biosystems, Concord, ON, Canada, antibody 2: 1:100 dilution, Cat. No.
MABN2300, clone 3F11; MilliporeSigma Canada, Oakville, ON, Canada). Commercial
human PSMA-positive tissues (Cat. No. BSB-9358-CS; BioSB, Santa Barbara, CA, USA),
canine prostate, and Marmota monax testicle tissues were used for positive controls in
protocol development. The primary antibodies were detected using an anti-mouse

EnVision+ System Horseradish peroxidase (HRP) Labeled Polymer and Liquid 3,3'-
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Diaminobenzidine (DAB)+ Substrate Chromogen System (Cat. Nos. K4000 and K3468,
Agilent Technologies Canada, Mississauga, ON, Canada) and Mouse and Rabbit Specific
HRP/DAB IHC Detection Kit (Cat. No. ab236466; Abcam, Waltham, MA, USA). Negative
controls were processed identically except that the primary antibody was omitted and
sections were incubated with diluent buffer alone.

For animals that underwent DOTATOC-targeted imaging, IHC was performed using
a rabbit monoclonal antibody against Somatostatin Receptor 2 (1:200 dilution, Cat. No.
ab134152, clone UMB1; Abcam, Waltham, MA, USA) and a rabbit polyclonal antibody
against Somatostatin Receptor 5 (1:1500 dilution, Cat. No. PA3-209; ThermoFisher
Scientific, Toronto, ON, Canada). Marmota monax pancreas tissue was used as a positive
control in protocol development. The primary antibodies were detected using a mouse and
rabbit-specific HRP/DAB IHC Detection Kit (Cat. No. ab236466; Abcam, Waltham, MA,
USA). Negative controls were processed identically as above.
Staining intensity was evaluated via light microscopy and scored semi-quantitatively as
absent, weak, moderate, or strong by a veterinary graduate student under the supervision of
an American College of Veterinary Pathology Diplomate. Histology was interpreted by the

same pathologist.

Statistical Analysis

No statistical comparisons were performed because of the exploratory nature of the
study and limited sample size; data are presented descriptively as median and range.
Investigators were not blinded to imaging groups during allocation, experimental

procedures, data analysis, or outcome assessment.
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List of abbreviations

CT: Computed tomography

Ct: Threshold cycle

DAB: 3,3'-Diaminobenzidine
DNA: Deoxyribonucleic acid
GGT: Gamma-glutamyl transferase
H&E: Hematoxylin and eosin
HBV: Hepatitis B virus

HCC: Hepatocellular carcinoma
HRP: Horseradish peroxidase
IHC: Immunohistochemistry
IV: Intravenous

mRNA: Messenger RNA

PET: Positron emission tomography

PSMA: Prostate-specific membrane antigen

RNA: Ribonucleic acid

RT-qPCR: Quantitative reverse transcription polymerase chain reaction

SPECT: Single-photon emission computed tomography

SSTR: Somatostatin receptor

SSTR2: Somatostatin receptor subtype 2

SSTRS: Somatostatin receptor subtype 5

SUV: Standardized uptake value
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SUVmax: Maximum standardized uptake value
SUViean: Mean standardized uptake value
WHV: Woodchuck hepatitis virus

ACt: Difference between target-gene and endogenous-control threshold cycles
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886  Figure 1. Detection of PSMA and SSTR2/5 transcripts in woodchuck tissues by RT-qPCR. RT-
887  gPCR analysis of (A) PSMA, (B) SSTR2, and (C) SSTR5 mRNA in formalin-fixed, paraffin-
888  embedded tissues from woodchucks with hepatocellular carcinoma. ACt values are normalized to
889  the endogenous control gene glyceraldehyde-3-phosphate dehydrogenase. Each point represents
890  an individual tissue sample; horizontal bars indicate group medians. The asterisk (*) in (B)

891  indicates the ACt value of the animal with the highest uptake of [**Ga]Ga-DOTATOC on PET
892  imaging.

893

894  Figure 2. Whole-body PET/CT imaging of woodchucks with WHV-induced hepatocellular

895  carcinoma. Imaging was acquired 1h post [**Ga]Ga-PSMA-11 (A-C) and [®*Ga]Ga-DOTATOC
896  (D-F). (A) Three-dimensional maximum intensity projection PET image demonstrating focal
897  tracer uptake within the hepatic tumor (white arrows) relative to surrounding liver (black

898  arrows). (B) Fused coronal PET and delayed phase (60 seconds) contrast-enhanced CT images
899  show higher [**Ga]Ga-PSMA-11 uptake within the tumor compared with background liver

900 activity. (C) Corresponding arterial-phase (15 seconds) contrast-enhanced CT demonstrating
901  non-uniform contrast uptake in the tumor. Kidneys (K) demonstrate increased uptake due to

902  urinary excretion of the tracer. The high uptake in the spleen (S) relative to liver contrasts with
903 the relatively low splenic uptake reported in human patients. (D) three-dimensional maximum
904 intensity projection PET and (E) fused coronal PET and delayed phase contrast-enhanced CT
905 images demonstrating high peripheral tracer uptake in the hepatic tumor (white arrows) relative
906  to normal liver (black arrows), increased uptake in the kidneys (K) and pancreas (P), and no

907  uptake in spleen (S). (F) Corresponding arterial-phase (20 seconds) contrast-enhanced CT
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demonstrating peripheral contrast uptake in the tumor. PET signal is displayed on a 0-5 scale; R

denotes the right side and L the left side.

Figure 3. Physiological [®®Ga]Ga-PSMA-11 uptake in woodchuck salivary glands and testicles.
Fused axial PET/CT images of the head (A) and pelvic (B) regions of an adult woodchuck with
WHV-induced hepatocellular carcinoma, acquired 1 h after [*®Ga]Ga-PSMA-11 injection,
showing physiological uptake in salivary glands (A) and testicles (B). (A) White arrows indicate
the temporal salivary glands, and black arrows indicate the mandibular salivary glands. (B)
White arrows indicate testicles. PET signal is displayed on a 0-5 scale (left); R denotes the right

side.

Figure 4. Anterior gamma-camera image of a female woodchuck following [!”’Lu]Lu-PSMA-
617 administration. The image was acquired 80 minutes following IV administration of 729
MBq ['""Lu]Lu-PSMA-617. White arrows indicate the mandibular salivary glands, black arrow
denotes hepatocellular carcinoma, and the grey arrow indicates liver uptake. Kidneys (K) and
bladder (B) are also labeled. Radiotracer uptake was present in the mandibular salivary glands at

the 60-minute timepoint and all subsequent imaging timepoints.

Figure 5. Histopathology of hepatocellular carcinoma (HCC) and regional lymph node in a
woodchuck. (A) Hematoxylin and eosin (H&E)-stained section of HCC (20x) demonstrating
prominent vacuolar change (grey arrow), areas of fibrosis (white arrow), and marked
inflammatory infiltrates (black arrow). (B) H&E-stained section of HCC (40x) showing

multinucleated cytomegalic cells (black arrows) located within sinusoidal spaces. (C) H&E-
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stained section of a hepatic lymph node (40x) from a woodchuck with regional metastatic HCC,

containing multinucleated cytomegalic cells (black arrows).

Figure 6. Immunohistochemical characterization of PSMA (A-C), SSTR2 (D), and SSTRS (E,
F) expression in woodchuck tissues. Brown chromogen indicates positive staining in all panels.
(A) Membranous microvascular staining in hepatocellular carcinoma (HCC) (20x) using a mouse
monoclonal antibody against human PSMA. (B) Cytoplasmic and membranous staining in
mandibular salivary gland (40x) using anti-human PSMA antibody. (C) Strong cytoplasmic and
membranous staining in testicular tissue (20x) using anti-human PSMA antibody. (D)
Cytoplasmic staining in HCC (40x) using a rabbit monoclonal antibody against human SSTR2 in
a tumor demonstrating uptake on [**Ga]Ga-DOTATOC PET imaging. (E) Cytoplasmic staining
in HCC (40x) using a rabbit polyclonal antibody against human SSTRS in the same tumor. (F)
Cytoplasmic staining in pancreatic tissue (40x) using a rabbit polyclonal antibody against human

SSTRS.

Figure 7. Inmunohistochemical staining intensity across woodchuck tissues for two antibodies
against human PSMA. Two mouse monoclonal antibodies were used (antibody 1: 1:25 dilution,
Cat. No. PSMA-L, clone 1D6; Leica Biosystems; antibody 2: 1:100 dilution, Cat. No.
MABN2300, clone 3F11; MilliporeSigma Canada). Heat maps show the proportion of samples
exhibiting weak, moderate or strong staining intensity (no sample was scored as absent). Sample
sizes for each tissue are indicated in parentheses. Color intensity represents the percentage of

samples within each staining category, with darker shades indicating a higher proportion of
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953

954

samples. Staining intensity was assessed semi-quantitatively based on signal intensity and

distribution within tissue sections. Salivary gland samples were from the mandibular glands.
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