Development and Characterization of a Large Animal Model of Hepatocellular Carcinoma and
Liver Cirrhosis

BY
RON GABA
B.S., University of Michigan, 1998
M.D., University of Michigan, 2002

THESIS
Submitted as partial fulfillment of the requirements
for the degree of Master of Science in Clinical and Translational Science
in the Graduate College of the
University of Illinois at Chicago, 2019
Chicago, Illinois

Defense Committee:
•
•
•

Jack Zwanziger, Chair and Advisor
Kelly D. Garcia, Veterinary Medicine
Paul Grippo, Gastroenterology

ACKNOWLEDGEMENTS

I would like to acknowledge the hard work of my colleagues and coworkers, who
significantly contributed to both the conceptual design and experimental execution of the work
described, and without whose engagement, effort, and participation, completion of this project
would not have been possible: Lawrence B. Schook Ph.D., Kyle M. Schachtschneider Ph.D.,
Regina M. Schwind B.S., Hanna H. Chen M.D. Ph.D., Sulalita Chaki M.S., Jordan L. Newson B.S.,
Mario J. Neto Ph.D., Eileena F. Giurini B.S., Isaac Kidder B.A., Faith M. Thomas B.S., Aisha Qazi
B.S., Lauretta A. Rund Ph.D., Kelly D. Garcia D.V.M. Ph.D., Matthew C. Stewart D.V.M. Ph.D.,
Grace Guzman M.D., Herbert E. Whiteley D.V.M. Ph.D., Lobna Elkhadragy Ph.D., and Ramzy C.
Khabbaz B.S. I would also like to recognize my thesis committee—Jack Zwanziger Ph.D. M.B.A.,
Paul J. Grippo Ph.D., and Kelly D. Garcia Ph.D. D.V.M.—for their time, effort, and guidance.
This work was supported by the United States Department of Defense (Translational
Team Science Award CA150590), Guerbet USA LLC (Healthcare Professional Grant for
ethiodized oil material transfer), and the University of Illinois Department of Radiology.
Histological services were provided by the Research Resources Center Research Histology and
Tissue Imaging Core at the University of Illinois at Chicago, established with the support of the
Vice Chancellor of Research.

ii

TABLE OF CONTENTS

CHAPTER

PAGE

I. INTRODUCTION ........................................................................................................................... 1
A.

1.
2.
3.
4.
B.

Background ..................................................................................................................................... 1
Hepatocellular carcinoma (HCC) ................................................................................................. 1
Unmet clinical needs ................................................................................................................... 1
Preclinical animal models for HCC .............................................................................................. 2
The Oncopig Cancer Model (OCM) ............................................................................................. 3
Purpose of the study ....................................................................................................................... 4

II. CONCEPTUAL FRAMEWORK AND RELATED LITERATURE ........................................................... 5
A.

1.
2.
B.
1.
2.
3.
4.

Conceptual framework .................................................................................................................... 5
Study design ................................................................................................................................ 5
Sample size considerations ......................................................................................................... 6
Review of related literature ............................................................................................................ 6
Public health landscape of HCC................................................................................................... 6
Current therapeutic approaches for HCC and unmet clinical needs ........................................... 7
OCM as a novel translational cancer and comorbid host environment platform....................... 9
Prior investigations toward Oncopig HCC ................................................................................. 11

III. METHODS ................................................................................................................................ 12
A.
B.
C.
D.

1.
2.
3.
4.
5.
E.
1.
2.
3.
F.

Animal subjects and study setting ................................................................................................. 12
Liver resection and hepatocyte isolation ...................................................................................... 12
Malignant transformation of cultured hepatocytes ...................................................................... 14
OCM HCC in vitro characterization ................................................................................................ 15
Confirmation of transgene expression...................................................................................... 15
Cell cycle length assay ............................................................................................................... 16
Cell migration assay .................................................................................................................. 17
Alpha fetoprotein (AFP) secretion ............................................................................................ 17
Histologic and immunohistochemistry (IHC) analysis ............................................................... 18
In vivo tumorigenesis analyses ...................................................................................................... 18
OCM HCC mouse xenografts ..................................................................................................... 18
OCM HCC pig subcutaneous autografts .................................................................................... 20
OCM HCC pig intra-hepatic autografts...................................................................................... 21
Outcome measures and statistical analysis................................................................................... 22

IV. RESULTS .................................................................................................................................. 23
A.
B.
C.
D.
E.
F.

Oncopig cohort and liver resections ............................................................................................. 23
OCM HCC cell lines may be successfully and consistently developed from OCM liver ................. 23
OCM HCC cell lines recapitulate in vitro features of human HCC ................................................. 23
OCM HCC cell lines produce viable SCID mouse xenografts ......................................................... 26
OCM HCC cell lines generate flank autografts tumors .................................................................. 30
OCM intra-hepatic HCC tumor development ................................................................................ 36

V. DISCUSSION .............................................................................................................................. 41
A.

Major findings and advance in knowledge .................................................................................... 41

iii

B.
C.
D.
E.

Implications for patient care ......................................................................................................... 41
Value proposition of the OCM ...................................................................................................... 43
Strengths, limitations, and next steps ........................................................................................... 44
Conclusions ................................................................................................................................... 45

APPENDIX ..................................................................................................................................... 46
CITED LITERATURE ........................................................................................................................ 51
VITA .............................................................................................................................................. 57

iv

LIST OF TABLES

TABLE

PAGE

TABLE I. PHENOTYPING OF OCM HCC CELLS ................................................................................ 25

v

LIST OF FIGURES

FIGURE

PAGE

Figure 1. OCM HCC transgene expression. ................................................................................... 24
Figure 2. OCM HCC cell line. ......................................................................................................... 27
Figure 3. OCM HCC SCID mouse tumor. ....................................................................................... 28
Figure 4. OCM HCC SCID mouse tumor. ....................................................................................... 29
Figure 5 OCM HCC subcutaneous autograft. ............................................................................... 31
Figure 6. Resection of OCM HCC subcutaneous autograft. .......................................................... 32
Figure 7. Extracted OCM HCC subcutaneous autograft. ............................................................... 33
Figure 8. OCM HCC subcutaneous autograft. ............................................................................... 34
Figure 9. OCM HCC subcutaneous autograft. ............................................................................... 35
Figure 10. Ultrasound of OCM HCC intrahepatic autograft. ......................................................... 37
Figure 11. CT scan of OCM HCC intrahepatic autograft. ............................................................... 38
Figure 12. Explanted OCM HCC intrahepatic autograft. ............................................................... 39
Figure 13. OCM HCC intrahepatic autograft histology. ................................................................. 40

vi

LIST OF ABBREVIATIONS
Adenoviral vector with cytomegalovirus
promoter driving Cre recombinase protein expression
Association for the Assessment and Accreditation
of Laboratory Animal Care
Alpha fetoprotein
Barcelona Clinic Liver Cancer
Base pairs
Bovine serum albumin
Carboxyfluorescein succinimidyl ester
Child-Pugh
Complementary deoxyribonucleic acid
Computed tomography
Clustered regularly interspaced short palindromic
repeat-caspase 9 nuclease
Deoxyribonucleic acid
Deoxyribonucleotide triphosphate
Distilled water
Dulbecco’s Modified Eagle Medium
Enzyme-linked immunosorbent assay
Ethylenediaminetetraacetic acid
Fetal bovine serum
Food and Drug Administration
Enhanced green fluorescent protein
Green fluorescent protein
Hematoxylin and eosin
Hepatocellular carcinoma
Institutional Animal Care and Use Committee
Interventional Radiologist
Locoregional therapy
Median fluorescent units
Multiplicity of infection
Non-alcoholic steatohepatitis
Oncopig Cancer Model
Reverse transcription polymerase chain reaction
Ribonucleic acid
Severe combined immunodeficiency
Time to half gap closure
Transarterial chemoembolization
United States

vii

Ad5CMVCre
AAALAC
AFP
BCLC
bp
BSA
CFSE
CP
cDNA
CT
CRISPR/Cas9
DNA
dNTP
dH2O
DMEM
ELISA
EDTA
FBS
FDA
eGFP
GFP
H&E
HCC
IACUC
IR
LRT
MFU
MOI
NASH
OCM
RT-PCR
RNA
SCID
T½ gap
TACE
US

SUMMARY
Hepatocellular carcinoma (HCC) involves more than 780,000 new annual cases, and
causes 750,000 yearly mortalities. This deadly malignancy is expected to develop into the third
leading cause of cancer death by 2030, highlighting the urgent need for new treatment
strategies. While human clinical trials represent the standard for advancing clinical cancer
therapeutics, preclinical animal models represent pivotal tools for translational investigations
to develop and test novel therapeutics both in vitro and in vivo. The development of clinically
relevant systems to serve as a bridge between preclinical mouse studies and human clinical
practice is thus of vital importance. The Oncopig Cancer Model (OCM) is an innovative
transgenic pig platform that recapitulates human cancer through development of site and cell
specific tumors after Cre recombinase mediated expression of KRASG12D and TP53R167H
transgenes. In this study, we tested the hypothesis that isolation and transformation of OCM
hepatocytes from multiple individuals across a large OCM cohort results in development of
phenotypically consistent OCM HCC that faithfully recapitulate the in vitro and in vivo features
of human HCC.
Fifteen OCM HCC lines were established from primary hepatocytes isolated from
resected liver specimens (median 10.1, range 4.9-26.0 g) from Oncopigs (n = 15) of median age
45 (range 39-70) days, with a median yield of 2.9 x 106 (range 0.7-13.0 x 106) cells/g and 64%
(range 20-97%) viability. At 24-hours post-isolation, hepatocytes were transformed into OCM
HCC with median 94% (range 70-99%) transfection efficiency, and were maintained in culture.
Morphological and behavioral phenotyping of OCM HCC cells performed using qualitative and
quantitative assays were compared to the most widely used human HCC cell lines. Fifteen of 15

viii

(100%) OCM HCC cell lines showed reverse transcription polymerase chain reaction (RT-PCR)
proven transgene expression, confirming malignant transformation. Flow cytometry
demonstrated a median OCM HCC cell cycle length of 13.6 (range 10.0-16.9) hours, similar to
human HCC. Migration assay showed a median time to half gap closure of 6.0 (range 4.3-9.0)
hours, faster than human HCC and suggesting a more invasive nature. Alpha fetoprotein
production by OCM HCC cell lines was similar to the AFP secretion by AFP-producing human
HCC cell lines (11,549 versus 10,532 ng/dL, P = 0.824), confirming potential utility of AFP as an
OCM HCC biomarker, similar to human HCC. Similar to human HCC, all OCM HCC cell lines
exhibited Arginase-1 immunohistochemical positivity—indicating hepatocellular origin—and
median 100% (range 88-100%) purity. In vivo malignant capability was confirmed by
subcutaneous xenograft growth in both SCID mice (68 tumors formed in 38 mice) and Oncopigs
(34/50, 68% of injection sites), resulting in biopsy proven malignant masses within 14-21 days.
An intra-hepatic tumor was also developed in one Oncopig, confirming the utility of the OCM as
a translational HCC model.
The results of the current work indicate that HCC cell lines may be consistently
developed from OCMs and show capability for in vivo solid tumor development, and validates
OCM HCC as a useful platform which accurately replicates human cancer for translational
research.
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I. INTRODUCTION
A. Background
1. Hepatocellular carcinoma (HCC)
Hepatocellular carcinoma, or primary liver cancer, is an aggressive malignancy that
causes more than 780,000 new yearly cases and results in 750,000 annual deaths, representing
the fifth most common cancer globally and the second most common cause of cancer-related
death (1, 2). The incidence of HCC in the United States (US) has tripled over the past 30 years,
and liver cancer is expected to become the third leading cause of cancer mortality in the US by
2030 (3). Hepatocellular carcinoma results from chronic liver disease—termed cirrhosis—which
prompts hepatic inflammation, cell necrosis, liver regeneration, and malignant transformation,
with cancer developing at a 5-year incidence up to 30% in at-risk cirrhotic populations (4). The
prognosis for HCC patients is dismal, with a 5-year survival rate of 17.7% (5), and the
widespread prevalence of liver cirrhosis—which approximates 4.5-9.5% worldwide (6-8)—
ensures that HCC will remain an important public health concern in the future.

2. Unmet clinical needs
Though human clinical trials are the standard for advancing clinical therapeutics for HCC,
the regulatory, financial, and enrollment burdens of oncologic trial conduction are substantial
(9). First, only 1 in 1000 potential drugs progress to human clinical trials, and of these, 90% fail
in human testing (10). Furthermore, the time and cost associated with taking a new drug from
concept to market approximates 12 years and exceeds $1.3 billion, (11), and medical devices
are associated with similarly protracted, 3-7 year approval periods costing tens of millions of
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dollars (12). Finally, the pool of available patients is not large enough to support the many
ongoing clinical trials, resulting in slow accrual or early trial closure (13).

3. Preclinical animal models for HCC
Preclinical animal models are vital for the development of new therapeutic strategies to
combat cancer. Animal models can undergo clinical trial participation without enrollment, sex,
or comorbidity hurdles, successfully eliminating logistical and accrual barriers. Additionally,
animal models permit early assessment of new treatments and facilitate validation of novel
technologies. Further, they allow high efficiency and ethical conduct of cohort driven studies
either preceding or in conjunction with human clinical trials that afford the ability to screen and
funnel promising therapies prior to human testing. With advances in cancer medicine
demonstrating unprecedented complexity, it is vital to validate and leverage new animal
models that faithfully recapitulate human cancer phenotypes to address unmet clinical needs
and serve to bridge between basic murine studies and human clinical practice.
An ideal animal model should manifest disease that originates from an appropriate cell
line which imparts itself to proliferation, characterization, and investigation in vitro. It should
mirror human disease on a molecular, cellular, and phenotypic basis; be consistent in tumor
generation and growth; be producible in a realistic time frame; and be easily imaged. An ideal
animal model should allow for assessment of therapeutic outcomes; be of sufficient size to
allow use of tools utilized in clinical practice; and show survival differences in diseased versus
non-diseased subjects (14). Tumors should also be created in the clinical setting in which the
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disease is found in human patients (e.g. liver cirrhosis for HCC) in order to duplicate reproduce
tumor and host organ interactions (14).
While multiple murine and leporine cancer models exist for liver cancer, these
preclinical animal models are significantly restricted by differential size, physiology, genetic
makeup, and drug metabolism compared to humans. The rabbit VX2 model has been
considered the most relevant and extensively used model to study HCC therapeutics (15-20).
However, as with mouse, rat, woodchuck, and dog models, the VX2 has significant drawbacks,
such as small size, squamous cell origin, unknown tumor biology, spontaneous necrosis, only
peripheral hypervascularity, variable tumor growth rates, and unknown genetics. A large animal
model that overcomes these shortcomings would be a significant improvement over the status
quo and would represent a powerful transitional, translational, and transformational enabling
technology to function as a critical bridge between preclinical small animal studies and human
clinical practice.

4. The Oncopig Cancer Model (OCM)
The OCM is a novel transgenic pig platform that recapitulates human cancer through
development of site and cell specific tumors after Cre recombinase mediated expression of
KRASG12D and TP53R167H transgenes (21). The resemblances between OCM HCC and human HCC
at the histologic and molecular level (22) suggests that this model provides a valuable research
platform for improving discovery, treatment, and other unmet clinical needs for HCC. However,
prior reports on OCM HCC have been limited by a small sample size spanning liver cancer
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derived from only three Oncopigs, as well as limited in vitro and in vivo profiling and no
description of OCM intra-hepatic tumors.

B. Purpose of the study
This study was undertaken to test the hypothesis that isolation and transformation of
OCM hepatocytes from multiple individuals across a large OCM cohort results in development
of phenotypically consistent OCM HCC that faithfully recapitulate the in vitro and in vivo
features of human HCC.
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II. CONCEPTUAL FRAMEWORK AND RELATED LITERATURE
A. Conceptual framework
1. Study design
The overarching unmet clinical need addressed in our proposal is the necessity for a
validated animal model of HCC that recapitulates human disease and facilitates preclinical trial
performance to accelerate clinical translation of novel therapeutics. This work will investigate
the in vitro development and characterization, and the in vivo induction, of HCC in the OCM for
the purpose of application of novel treatments and response assessment.
Experiments are designed to: (1) validate the ability to consistently isolate and
transform primary OCM hepatocytes into stable OCM HCC cell lines; (2) characterize the in vitro
phenotype and malignant behavior of OCM HCC cell lines and compare to accepted human HCC
cell lines; (3) establish the in vivo growth characteristics of both xenograft and autograft OCM
HCC; (4) determine the capability to develop in vivo autologous intra-hepatic tumors in the
OCM.
Following birth, each Oncopig will have a liver resection at approximately 6 weeks of age
to establish an animal-specific OCM HCC cell lines. Cell lines will be characterized by a variety of
assays, and compared to human HCC cell lines. In vivo tumorigenicity will be assessed through
generation of both mouse xenografts and pig autografts. Tumor growth dynamics will be
monitored, and histology will be assessed.
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2. Sample size considerations
Since this is a brand-new model, the data necessary to perform a power analysis is
lacking. Instead, the study focuses on what is expected to be a minimal number of animals
necessary to characterize the Oncopig model of HCC, based on prior expertise in developing
animal models of cancer. A total of 15 animals will be employed in order to establish the in vivo
and in vitro characteristics of the model.

B. Review of related literature
1. Public health landscape of HCC
Hepatocellular carcinoma is an aggressive malignancy that causes more than 780,000
new yearly cases and which results in 750,000 annual deaths (1, 2), representing the 5th most
common cancer globally and the 2nd most common cause of cancer-related mortality. The
incidence of HCC in the US has tripled over the past 30 years, and liver cancer is expected to
become the 3rd leading cause of cancer death in the US by 2030 (3). Hepatocellular carcinoma
results from chronic liver disease—termed cirrhosis—which prompts hepatic inflammation, cell
necrosis, liver regeneration, and malignant transformation, with cancer developing at a 5-year
incidence up to 30% in at-risk cirrhotic populations (4). The worldwide prevalence of liver
cirrhosis approximates 4.5-9.5%, affecting hundreds of millions of people; this disease accounts
for around 2% of global mortality, and affects more than 600,000 persons in the US (23, 24).
Importantly, HCC is exceedingly common in the US due to the high incidence of liver cirrhosis
from alcohol abuse and hepatitis C virus infection; the increasing prevalence of non-alcoholic
steatohepatitis (NASH) due to the growing worldwide obesity epidemic (25, 26) ensures that
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HCC will continue to represent an important public health concern in the future. Regarding
clinical outcomes, the prognosis for HCC patients remains dismal despite continued
improvements in diagnostic technologies and oncologic treatment options. The 5-year survival
rate of HCC is 17.7%, with greater than 50% of patients diagnosed at advanced stages
associated with survival rates as low as 6.3% (5).

2. Current therapeutic approaches for HCC and unmet clinical needs
Due to tumor and patient features, the majority of HCC patients are not eligible for
curative surgery, or are beyond transplant criteria (unifocal disease < 5 cm or multifocal disease
restricted to 2-3 tumors each < 3 cm in size) (27); this leaves at least 85% of patients to be
treated with palliative therapies (28). Treatment of HCC is complicated, and there is incomplete
consensus on the optimal management strategy. This is further confounded by new
technologies and locoregional treatments that continue to evolve over time. There are several
medical specialty types involved in HCC management, and treatment approaches are often
influenced by consulting physician specialty, rather than by evidence-based consensus (29).
Sorafenib is the first line Food and Drug Administration (FDA) approved systemic therapy for
advanced HCC but offers only 3 months of median survival benefit, offers no advantage in the
median time to symptomatic progression (30, 31), and is associated with severe adverse side
effects when administered orally (32). Given the limited systemic treatment options, the vast
majority HCC patients must look to other therapeutic possibilities, namely minimally invasive
locoregional therapies (LRTs) performed by Interventional Radiologists (IRs), such as imageguided arterially directed therapies (28). The archetypal LRT is transarterial chemoembolization
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(TACE), a treatment that exploits the difference in blood supply between hypervascular HCC
tissue, which derives up to 90-100% of its blood supply from the hepatic artery, and nontumorous liver tissue, which is primarily perfused by the portal vein, to administer tumor
therapy (33). During TACE, a catheter is navigated into a branch of the hepatic artery supplying
blood flow to a liver tumor, and embolic material and chemotherapeutic agent is delivered
directly into the tumor, spurring necrosis through a combination of ischemia from occlusion of
tiny tumor perfusing arterial branches and chemotherapy-induced cytotoxicity. While TACE is
widely used and results in improved 2-year survival for unresectable HCC patients compared to
placebo (41% versus 27%) (34), rates of complete response to therapy (i.e. 100% pathologic
necrosis) are extremely modest—ranging from 20-35% (35, 36)—and result in unacceptably
high tumor progression rates, with median time-to-progression of 3.1-13.5 months (37),
ensuring that most HCC patients succumb to cancer despite repeated TACE every several
months aimed at disease control. Thus, there is an pressing need to develop more effective
treatment approaches to enhance the efficacy of TACE LRT.
In summary, HCC is a highly prevalent and deadly disease worldwide, for which 85% of
patients have no potential for cure. Current management is suboptimal and treatment
regimens are non-standardized, demonstrating the critical need for a large animal preclinical
model to apply, validate, and standardize treatment strategies. These staggering facts highlight
the urgent need for new preclinical platforms with which to study novel therapies for HCC and
liver disease in a translational fashion to improve clinical care.
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3. OCM as a novel translational cancer and comorbid host environment platform
The transgenic OCM is a unique large animal model for translational investigation of
human disease. The OCM grows site and cell specific tumors after Cre recombinase exposure
(21). The OCM supports new initiatives in precision cancer medicine, provides opportunities to
create spatial and temporal tumor site models, and creates consistent tumor models similar to
human tumors to support innovative therapeutic interventions. The OCM was designed to have
mutations found in more than 50% of human malignancies: KRASG12D and TP53R167H—the latter
of which is a defining event in HCC development (38-40)—and result in OCM HCC that
recapitulates the phenotype of human tumors. Oncopig herds are generated through
crossbreeding a transgene/major histocompatibility complex homozygous Oncopig Minnesotamini composite sire with a domestic, mini-pig, or transgenic dam, permitting creation of tumor
bearing pigs with a range of genetic backgrounds; for example, crossing with the Ossabaw pig
(41)—predisposed to metabolic syndrome—would provide a subject genetically inclined to
developing NASH. Whereas murine and other small animal cancer models are helpful in
establishing hypotheses, the OCM effectively addresses relevant murine model deficiencies: as
in human disease, TERT is silenced in OCM somatic cells and is solely expressed in OCM cancer
cells (22), and innate OCM KRASG12D and TP53R167H germline mutations are heterozygous,
closely mirroring human disease (21). Oncopig tumor development also occurs within a 3- to 6month time frame, which aligns well with the disease course seen clinically and allows disease
capture at all clinically relevant stages to better reflect human HCC natural history; in contrast,
the short lifespan and rapid metabolism of rodents (42) can prompt dramatic differences in
tumor progression rates when comparing mouse models to human cancer, and risks missing
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clinically meaningful disease stages. The OCM also successfully addresses VX2 model
deficiencies: as in human disease, OCM HCC arises from hepatocytes, is hypervascular, and
shows no spontaneous necrosis, allowing investigations of therapeutic efficacy. Given these
characteristics, the OCM has potential to function as a useful transition between small animal
studies and human clinical trials. As HCC occurs in patients with liver cirrhosis, an ideal HCC
model must also be able to display this comorbidity. While autochthonous HCC has been
developed in chemically induced pig cirrhosis models (43, 44), such models take 1-2 years to
develop sizeable tumors and do not permit control of cancer number, location, or comorbidities
as in the OCM. The ability to simultaneously spur liver cirrhosis and HCC in the OCM allows
assessment of the interaction between chronic liver disease and HCC tumorigenesis. The OCM
also confers several benefits in studying HCC and liver disease compared to human subjects.
First, the ability to generate consistent degrees of cirrhosis and tumor size in a programmed
fashion allows for investigation of early disease progression. Because comorbidities may impact
therapeutic capability and serve as an additional cause of mortality (e.g. liver cancer and liver
cirrhosis), the ability to induce comorbidities in the Oncopig allows initiation of tumors with and
without cirrhosis to study the effect of treatments with and without background comorbidities.
Second, unlike human patients, large animal models can be imaged frequently and repeatedly
to detect and monitor tumors, obviating risks associated with repeated radiation exposure
and/or contrast administration (45) and avoiding logistical barriers which limit the ability to do
frequent scans in human subjects; this has broad implications for development of imaging
surveillance strategies. Third, repeated biopsies can be obtained or animals euthanized to allow
comparison of images to histology, which is not possible in human subjects.
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4. Prior investigations toward Oncopig HCC
Initial explorations aimed at confirming formation of HCC using in vitro transformed
OCM hepatocytes served as proof of concept that recapitulated human HCC molecular
phenotypes. Hepatocytes from resected liver specimens of 3 Oncopigs were isolated, purified,
and treated in vitro with Cre recombinase to induce oncogenesis, with activated cells
proliferating and assuming transformed characteristics within days (22). While normal
hepatocytes became apoptotic after 15 days in culture, OCM HCC cells remained viable after
over 130 passages. Expression analysis identified expression of drug metabolic enzymes,
regulatory genes, and hepatocyte functional genes in both OCM hepatocyte and HCC cells,
while only OCM HCC expressed KRASG12D and TP53R167H. Upon pheno-/genotyping, both primary
hepatocyte and OCM HCC cells expressed cytokeratin (epithelial marker) (22), while OCM HCC
co-expressed cytokeratin and vimentin (mesenchymal marker) indicative of an epithelialmesenchymal transition (22), which is a common tumor progression sign observed in human
HCC and other highly proliferative carcinomas (46). Transcriptional hallmarks of human HCC
(47) were identified in OCM HCC (22), including Wnt signaling activation, which is used to
classify HCC tumors (48). The Wnt/TGFβ HCC subclass is clinically categorized as an aggressive
phenotype with elevated Wnt target gene expression, while the CTNNB1 HCC subset is a less
aggressive tumor type. Finally, master regulators of reduced gene expression were highly
conserved across 3 Oncopig and 18 human HCC cell lines (22).
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III. METHODS
A. Animal subjects and study setting
This study was undertaken at the University of Illinois at Urbana-Champaign and the
University of Illinois at Chicago. Institutional Animal Care and Use Committee (IACUC) approval
was obtained at all sites (University of Illinois at Urbana-Champaign, protocols #17-092 and
#17-112; University of Illinois at Chicago, protocols #15-151, #16-090, and #17-051). Pigs (Sus
scrofa) were the species employed for this investigation; the genotype of animal subjects used
for this project was a cross between a transgene/major histocompatibility complex
homozygous Oncopig Minnesota-mini composite sire and Yorkshire pig dams (42), yielding
subjects heterozygous for the KRASG12D and TP53R167H transgene.
Oncopigs were maintained as a specific pathogen free clean herd at the University of
Illinois at Urbana Champaign. Work was performed at the University of Illinois at Chicago and
the University of Illinois at Urbana Champaign. Both sites have full Association for the
Assessment and Accreditation of Laboratory Animal Care (AAALAC) International accreditation.
Animal housing and husbandry procedures were compliant with the 8th Edition of the Guide for
the Care and Use of Laboratory Animals (National Research Council, 2011) and with the
3rd Edition of the Guide for the Care and Use of Agricultural Animals in Research (Federation of
Animal Science Societies, 2010). Animals were monitored daily by trained animal care
personnel.

B. Liver resection and hepatocyte isolation
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A section of liver tissue was resected from individual Oncopigs. In the operating room,
Oncopigs underwent anesthetic induction followed by intubation and maintenance with 1-3%
isoflurane. A ventral midline laparotomy was performed, and the left medial liver lobe was
isolated. A row of mattress sutures was placed approximately 2.0-2.5 inches from the
caudoventral lobe margin. The portion of the left medial lobe peripheral to the suture line was
then transected, and the specimen was placed in ice cold Krebs Ringer Solution. After
verification of hemostasis with placement of additional hemostatic sutures as necessary, the
abdomen was closed in three layers. Following liver resection surgeries, animals were
recovered and returned to their pens.
Oncopig hepatocytes were isolated utilizing a modified Meng's method to produce
individual OCM hepatocyte lines (21, 22, 49). Briefly, visible blood vessels along the cut surface
of resected liver specimens were cannulated and flushed with 500 mL of buffer 1 (8.3 g/L NaCl,
0.5 g/L KCl, 2.4 g/L HEPES, and 0.19 g/L EGTA at pH 7.4) at 37 °C, followed by flushing with 500
mL of buffer 2 (8.3 g/L NaCl, 0.5 g/L KCl, and 2.4 g/L HEPES at pH 7.4) at 37 °C. The specimen
was then flushed with 100 mL of digestion buffer 3 (3.9 g/L NaCl, 0.5 g/L KCl, 2.4 g/L HEPES, 0.7
g/L CaCl2·2H2O, and 0.015% type IV collagenase at pH 7.4) at 37 °C. The liver specimen was
then placed in a sterile petri dish and flushed 30x with 30 mL of digestion buffer 4 (3.9 g/L NaCl,
0.5 g/L KCl, 2.4 g/L HEPES, 0.7 g/L CaCl2·2H2O, and 0.15% type IV collagenase at pH 7.4) at 37
°C. Following digestion, buffer 4 was collected in a 50-mL conical tube. The liver capsule was
incised, and hepatocytes were liberated by gently agitating the liver specimen in 20 mL of ice
cold buffer 5 (9.91 g/L HBSS without calcium and magnesium, 2.4 g/L HEPES, and 2.0 g/L bovine
serum albumin, and 0.35 g/L sodium bicarbonate at pH 7.4). The buffer 5 was then added to the
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50-mL conical tube containing buffer 4, and the resulting cell suspensions were serially filtered
to decrease contamination through size-specific exclusion of other cell types. Cell suspensions
were initially filtered through a 100 µm nylon mesh (BD, Franklin Lakes NJ) and centrifuged at
50 g for 6 minutes at 4 °C, and were then filtered through a 70 µm nylon mesh (BD) and
centrifuged at 50 g for 3 minutes. Cell pellets were washed three times with ice cold buffer 5
before resuspension. Isolated cells were then seeded in 2 mL culture medium consisting of
Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS)
(Corning Inc., Corning NY), penicillin (100 mU/mL), and streptomycin (100 µg/mL) in non-coated
6-well plates at 37 °C with 5% CO2 under a humidified atmosphere. Each liver resection and cell
isolation resulted in a unique hepatocyte cell line.

C. Malignant transformation of cultured hepatocytes
After 24 hours in culture, the media for each well of isolated primary hepatocytes was
changed to low serum media (5% FBS), and adenoviral vector with cytomegalovirus promoter
driving Cre recombinase protein expression fused to enhanced green fluorescent protein
(Ad5CMVCre-eGFP; University of Iowa Vector Core, Iowa City IA) was added at a 400
multiplicity of infection (MOI) for malignant transformation (21, 22). After 4 hours of
incubation, the media was changed to DMEM supplemented with 10% FBS, 100 mU/mL
penicillin, 100 µg/mL streptomycin, and 2 mM glutamate. Transfection efficiency was quantified
by averaging the percent of GFP positive cells (number of GFP positive cells divided by total
number of cells) across three 10x microscopic regions-of-interest at 24-hours post-inoculation.
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Transformed OCM HCC cell lines were cultured for at least 7 passages (median 11, range 7-15),
and OCM HCC cells were passaged at 80-90% confluence.

D. OCM HCC in vitro characterization
All cellular characterization assays were performed with cells of greater than 90%
viability. Oncopig HCC cell line assays were compared to human HCC cell line assays performed
using commercially available HepG2, Hep3B, Huh7, SNU-387, and SNU-475 cell lines (ATCC,
Manassas VA).

1. Confirmation of transgene expression
Reverse transcription polymerase chain reaction (RT-PCR) was performed to confirm
KRASG12D and TP53R167H transgene expression in OCM HCC cell lines. Total ribonucleic acid (RNA)
was isolated and purified using the Qiagen RNeasy Mini Kit (Qiagen, Hilden Germany) according
to manufacturer instructions. Ribonucleic acid samples were treated with DNase1 (Qiagen
RNase-free DNase kit, Qiagen) for purification from contaminating deoxyribonucleic acid (DNA),
and 1 μg of RNA was used to create a complementary DNA (cDNA) library using the HighCapacity cDNA reverse transcription system (Applied Biosystems, Foster City CA) according to
manufacturer protocol. All RT-PCR reactions were performed in 25 μL volume using an MJ Mini
Thermal Cycler (Bio-Rad Laboratories, Hercules CA). Primers for KRASG12D were 5’TTGTACAGCTAGCTGCTGAAAATGACTGAATAT-3’ (forward) and 5’ATTCTCGAGCGGTTACATAATTATACAC-3’ (reverse), and primers for TP53R167H were 5’TGGCTCTCCTCAAGCGTATT-3’ (forward) and 5’-ATTTTCATCCAGCCAGTTCG-3’ (reverse). Reaction
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mixtures contained 1 µL of 10 µM primer solution, 600 ng of cDNA, 0.2 µL Taq DNA polymerase
(1U per reaction), 2.5 µL of 1X PCR buffer, 0.75 µL of 50 mM MgCl2, 0.75 µL of 10mM
deoxyribonucleotide triphosphate (dNTP) mix, and 18.8 µL distilled water (dH2O). Reverse
transcription polymerase chain reaction conditions were: 94 °C for 1 minute, then 30 cycles of
94 °C for 30 seconds, 60 °C (KRASG12D) or 58 °C (TP53R167H) for 1 minute, followed by a final
incubation of 72 °C for 10 minutes. RT-PCR products were analyzed on a 1.2% agarose gel, and
were visualized with ethidium bromide. The expected band sizes for TP53R167H and KRASG12D
PCR products were approximately 400 base pairs (bp) and 600 bp, respectively. Untransformed
OCM hepatocytes were tested as a control specimen.

2. Cell cycle length assay
Cells were harvested and resuspended in PBS at a concentration of 1 x 106 cells/mL.
Using the Cell Trace CFSE Cell Proliferation Kit (Thermo Fisher Scientific, Waltham MA), 3 µL of 5
mM carboxyfluorescein succinimidyl ester (CFSE) dye was added to 3 mL of cell suspension,
which was then incubated for 20 minutes at 37 °C. The dye was quenched by adding 5 volumes
of ice cold culture media and incubated at room temperature for 5 minutes, after which cells
were pelleted by centrifuging. After 3 more washes with fresh media, cells were resuspended in
1X PBS, 0.1% bovine serum albumin (BSA), and 2 mM ethylenediaminetetraacetic acid (EDTA),
and analyzed by flow cytometry using a BD LSR II (BD Biosciences, San Jose CA) or a Beckman
Gallios (Beckman Coulter, Brea CA) flow cytometer with 488 nm excitation and fluorescein
emission filters. Stained and unstained control cells were replated for analysis at 24-, 48-, and
72-hours. Results were expressed as median fluorescent units (MFU). Cell cycle length was
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calculated using linear regression estimation from a percent fluorescence versus time plot. The
assay was performed in triplicate (n = 3) for each cell line.

3. Cell migration assay
Migration assay was used to measure cellular invasiveness. 3 x 104 cells in 70-100 µL of
culture media were plated in each chamber of a Culture-Insert 2 Well in a 35 mm high µ-Dish
(ibidi, Martinsried Germany). Dishes were incubated at 37 °C overnight, after which time the
silicone insert was removed and 10x magnification microscopic images were taken at 3
different locations within the gap area. The plate was assessed every 4 hours until the gap area
closed. Image analysis was performed using the ImageJ (50) MRI Wound Healing Tool plugin
(National Institutes of Health). Gap area (µm2) was quantified at each time point, and time to
half gap closure (T½ gap) was calculated using linear regression estimation from a gap area
versus time plot. The assay was performed in triplicate (n = 3) for each cell line.

4. Alpha fetoprotein (AFP) secretion
Alpha fetoprotein production was quantified by plating 3 x 104 cells into 6 well plates in
2 mL of culture medium. Cells were cultured for 72 hours, after which 100 µL of the culture
supernatant was withdrawn for analysis. Alpha fetoprotein levels were measured using a
porcine AFP enzyme-linked immunosorbent assay (ELISA) kit (Pig alpha-fetoprotein ELISA Kit
Catalog MBS945039; MyBioSource Inc., San Diego CA) employing a quantitative sandwich
enzyme immunoassay. The assay was performed in triplicate (n = 3) for each cell line.
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5. Histologic and immunohistochemistry (IHC) analysis
Cell pellets were prepared from cells in log growth phase from a nearly confluent T75
flask. Media was aspirated and replaced with 5 mL of ice cold PBS. The cells were gently
scraped from the flask surface, pipetted to break clumps, transferred into a 15-mL tube on ice,
and centrifuged at 100 g at 4 °C for 5 minutes. After aspirating the PBS, 10 mL of 10% buffered
formalin was immediately added and the pellet was gently resuspended. The cells were fixed
for 4 hours at room temperature. After 4 hours, cells were centrifuged at 100 g and the
supernatant was removed. The cell pellet was then transferred to a 1.5 mL conical tube
(Eppendorf, Hamburg Germany). An equal volume of 2% agarose was then added, the mixture
was carefully pipetted to mix, and was then stored at 4 °C for 30 minutes. After 30 minutes,
70% ethanol was added. Cell pellets were then embedded in paraffin, sectioned at 4 µm
thickness, and mounted onto glass slides. Slides were stained using hematoxylin and eosin (H &
E) and Arginase-1 (Anti-liver Arginase antibody #ab91279; Abcam; Cambridge United Kingdom)
for liver specific staining (51). Cellular purity was quantified by averaging the number of
Arginase-1 positive cells divided by total number of cells across three 40x microscopic regionsof-interest, expressed as a percentage.

E. In vivo tumorigenesis analyses
1. OCM HCC mouse xenografts
Ten- to 12-week-old female severe combined immunodeficiency (SCID) mice (Jax#
001303 NOD.CB17-Prkdc scid/J; Jackson Laboratory, Bar Harbor ME) were used for xenograft
tumor generation. Mice were anesthetized with ketamine (100 mg/kg) and xylazine (5-10
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mg/kg) administered intra-peritoneal. The flanks were shaved with an electric hair clipper to
expose the intended site of subcutaneous injection, and the shaved area was sterilized with
alcohol. 1 x 107 cells from each OCM HCC cell line were prepared for injection by suspending
cells in 50 µL serum free DMEM medium. Using a 21-gauge needle, the cell suspension was
injected subcutaneously into both flanks. In vivo growth of each OCM HCC cell line was
confirmed through development of at least 3 tumors. Tumor size was measured three times
weekly for a period of 21 days to document growth dynamics. Tumor volumes were calculated
using the equation: tumor volume = ½ (length x width2) (52, 53). For mice with multiple tumors
resulting from a single subcutaneous injection, aggregate tumor volume (i.e. volume of tumor 1
+ volume of tumor 2) was recorded. Mice were sacrificed in a CO2 chamber followed by cervical
dislocation at 21 days post-inoculation. Tumors were harvested by incising the overlying skin,
and carefully freeing tumors from subcutaneous tissues using blunt dissection. Extracted
subcutaneous tumors were measured, and then saved in formalin for histologic processing, as
previously described. Descriptive histopathological analyses were performed by a board
certified veterinary pathologist with more than 20 years of experience. For analysis, whole
slides were scanned using a Hamamatsu Nanozoomer scanner (Hamamatsu Photonics,
Hamamatsu Japan), and digital images were visualized with NDP.view2 software (Hamamatsu).
Six SCID mouse tumors derived from 6 distinct cell lines were assayed for AFP
production. These tumors were rinsed with 1X PBS, homogenized in 1 mL of 1X PBS, and stored
overnight at −20 °C. After 2 freeze-thaw cycles were performed to break cell membranes,
homogenates centrifuged for 5 minutes at 5000 g at 2-8 °C. The supernatant was removed and
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assayed immediately as previously described. Untransformed Oncopig brain, lung, kidney, and
urinary bladder tissues were tested as control specimens.

2. OCM HCC pig subcutaneous autografts
Oncopig HCC cell lines were autografted back into the subcutaneous tissues of individual
donor pigs (n = 15; median age 83, range 60-126, days) to establish the in vivo growth
characteristics of autograft OCM HCC. Oncopigs were anesthetized with telazol (2.6-4.4 mg/kg)
ketamine (1.3-2.2 mg/kg), and xylazine (1.3-2.2 mg/kg) administered intravenously. The flanks
were shaved with an electric hair clipper to expose the intended site of subcutaneous injection,
and the shaved area was sterilized with betadine and alcohol scrub. 1 x 106 (n = 2 pigs) or 1 x
107 (n = 13 pigs) cells from OCM HCC cell lines were prepared for injection by suspending cells
in 50 µL serum free DMEM medium. Cells were injected subcutaneously into 1-6 flank sites per
pig. After cell injections, animals were recovered and returned to their pens. Tumor size was
measured three times weekly to document growth dynamics; percutaneous biopsy was
performed to document presence of malignant tissue. Oncopigs were euthanized at median
age 115 (range 89-167) days or median 28 (range 21-77) days post subcutaneous tumor
inoculation. Select tumors were extracted, and were saved in formalin for histologic processing,
as previously described. Six subcutaneous tumors derived from 3 Oncopigs (2 tumors per
Oncopig) were also assayed for AFP production, using the previously described technique.
Untransformed Oncopig brain, lung, kidney, and urinary bladder tissues were tested as control
specimens.
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3. OCM HCC pig intra-hepatic autografts
Liver autografting of flank OCM HCC tumor fragments was performed in one Oncopig
(age 98 days; 15 days post subcutaneous injection), and was preceded by liver cirrhosis
induction for development of HCC in its native comorbid background condition. Briefly, liver
cirrhosis was induced using our previously published protocol that results in liver fibrosis within
8 weeks (54). Under general anesthesia, arterial access was gained via the common femoral
artery with real time ultrasound guidance and placement of a 5 French sheath (Pinnacle;
Terumo Medical Corporation, Southaven MS). Using standard catheter and wire methods,
celiac arteriography was performed. A 3 French microcatheter (Renegade HI-FLO; Boston
Scientific, Marlborough MA) was advanced into the proper hepatic artery, and arteriography
was performed. Next, 0.75 mg/kg of a 1:3 v/v mixture of absolute ethanol and ethiodized oil
(Lipiodol; Guerbet, Villepente France) was infused into the hepatic artery over 30 minutes.
Upon completion of the ethanol:ethiodized oil injection, all devices were removed, and
hemostasis achieved with manual compression.
Intra-hepatic tumor induction was performed 30 minutes after cirrhosis induction by
autografting tissue from flank OCM HCC autografts into the liver. A flank mass was surgically
excised, and three 3- to 4-mm tumor fragments were harvested. Next, using ultrasound
guidance, the accessible right medial hepatic lobe was identified. A 15-gauge needle with stylet
(Echogenic Co-axial Introducer Needle; Argon Medical Devices, Wheeling IL) was advanced
percutaneously into the liver using ultrasound guidance, and the OCM HCC fragments were
pushed into the hepatic parenchyma using the stylet. After liver tumor grafting, the Oncopig
was recovered and returned to her pen.
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Following intrahepatic tumor induction, tumor growth was monitored with biweekly
ultrasound. Following detection via ultrasound at 28 days post-engraftment, multiphase
contrast-enhanced computed tomography (CT) was performed (protocol: non-contrast, arterial
phase at 30-35 seconds, portal venous phase at 60-70 seconds, and delayed phase at 180
seconds after 120-150 mL of iodinated contrast injected intravenously at a rate of 4-5 mL/s) at
33 days post-engraftment to confirm tumor development. The subject was euthanized at age
133 days (35 days post-engraftment), at which time the liver mass was harvested, measured,
and then saved in formalin for histologic processing, as previously described.

F. Outcome measures and statistical analysis
Outcomes measures included success rate for OCM HCC cell line creation and
comparative OCM HCC phenotypic features. Descriptive statistics were used to characterize cell
line features, and values between OCM and human HCC cell lines were compared using the
Wilcoxon rank-sum test. Histological outcomes included descriptive cellular features and
quantification of cellular purity. Descriptive statistics were used to characterize in vivo tumor
development outcomes. Statistical analyses were performed using SPSS Statistics version 22
(SPSS Inc., Chicago IL). All statistical tests were two-sided. P-values < 0.05 were considered
statistically significant.
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IV. RESULTS
A. Oncopig cohort and liver resections
The study cohort included 15 female Oncopigs of median age 45 (range 39-70) days and
median weight 10.4 (range 8.0-15.5) kg at the time of liver resection. Liver resection surgeries
were technically successful in all cases (15/15, 100%). The section of resected liver weighed
median 10.1 (range 4.9-26.0) g. There were no procedure related adverse events.

B. OCM HCC cell lines may be successfully and consistently developed from OCM liver
Primary hepatocytes were isolated from the resected liver specimens of fifteen
Oncopigs with a median yield of 2.9 x 106 (range 0.7-13.0 x 106) cells/g and 64% (range 20-97%)
initial viability. At 24-hours post-isolation, all OCM hepatocyte isolates were successfully
transformed into OCM HCC with median 94% (range 70-99%) transfection efficiency. Fifteen of
15 (100%) developed OCM HCC cell lines were successfully propagated in culture, and displayed
RT-PCR proven transgene expression, confirming malignant transformation. Figure 1
demonstrates 15 of 15 (100%) OCM HCC cell lines showing PCR proven transgene expression on
agarose gel electrophoresis, confirming malignant transformation; untransformed OCM
hepatocytes (Hep.) show no transgene expression.

C. OCM HCC cell lines recapitulate in vitro features of human HCC
The results of morphological and behavioral phenotyping of OCM HCC cells performed
using qualitative and quantitative assays are presented in Table 1. Cell cycle length of OCM HCC
cell lines was shorter than untransformed OCM hepatocytes (Table 1), and mirrored human
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Figure 1. OCM HCC transgene expression.

.
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TABLE I. PHENOTYPING OF OCM HCC CELLS
Cell line
OCM HCC b
HepG2 c
Hep3B c
Huh7 c
SNU-387 c
SNU-475 c

Cell cycle length (hours) a
13.5 (10.0-16.9)
15.0
11.0
18.7
15.8
12.6

Migration time (hours)
6.0 (4.0-20.9)
51.4
14.0
20.6
21.5
39.0

AFP = alpha fetoprotein
a

Cell cycle length of untransformed OCM hepatocytes = 27.7 hours

b

Results presented as median (range) for all 15 OCM HCC cell lines

c

Results presented as mean of triplicate analysis

d

AFP non-producing cell line

AFP (ng/dL)
11,549 (7,992-15,040)
14,909
6,155
0d
0d
0d
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HCC cell lines (13.6 versus 15.0 hours, P = 0.553), indicating analogous proliferation dynamics.
Oncopig HCC cell lines exhibited faster migration than human HCC cell lines (6.0 versus 21.5
hours, P = 0.001), however, suggesting a more invasive nature. Alpha fetoprotein production by
OCM HCC cell lines was similar to the AFP secretion by AFP-producing human HCC cell lines
(11,549 versus 10,532 ng/dL, P = 0.824), confirming potential utility of AFP as an OCM HCC
biomarker, similar to human HCC. Like human HCC, 15/15 (100%) of OCM HCC cell lines
exhibited Arginase-1 IHC positivity—indicating hepatocellular origin—and cell pellets displayed
median 100% (range 88-100%) purity. Figure 2 shows Arginase-1 stained histologic section (20x
magnification) of OCM HCC cell pellet displaying pleomorphic cells with brown cytoplasmic
staining, indicating Arginase-1 positivity.

D. OCM HCC cell lines produce viable SCID mouse xenografts
Sixty-eight subcutaneous OCM HCC tumors were successfully created in 38 SCID mice
(median 4, range 3-8 tumors per cell line), confirming the in vivo tumorgenicity of OCM HCC
cells. Tumors measured median 6.7 x 5.4 mm in size (median volume = 76 mm3, range 5-681
mm3) at 21 days post injection. Histologic evaluation confirmed neoplastic masses comprised of
spindle shaped malignant cells displaying Arginase-1 positivity, validating hepatocellular origin.
Figure 3 demonstrates an H & E stained histologic section (10x magnification) of tumor
generated from the OCM HCC cell line depicted in Figure 2, revealing a neoplastic mass
comprised of spindle cells with intersecting bundles and clusters of epithelioid cells with
embedded adipose tissue. Figure 4 shows an Arginase-1 stained histologic section (10x
magnification) of tumor generated from the OCM HCC cell line depicted in Figure 2, revealing
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Figure 2. OCM HCC cell line.
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Figure 3. OCM HCC SCID mouse tumor.
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Figure 4. OCM HCC SCID mouse tumor.
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malignant cells showing brown Arginase-1 cytoplasmic staining, corroborating hepatocellular
origin. SCID mouse xenograft OCM HCC tumors produced AFP (median 6,711, range 2,48822,814 ng/dL per 100 mg processed tissue) at significantly higher levels than porcine control
tissues (median 517, range 0-1,556 ng/dL per 100 mg processed tissue) (P = 0.010).

E. OCM HCC cell lines generate flank autografts tumors
Oncopigs underwent a median of 3 (range 1-6) subcutaneous injections. Subcutaneous
OCM HCC autograft tumors were successfully developed after injection of 1 x 107 OCM HCC
cells, resulting in successful tumor formation at a rate of 68% (34/50) on a per injection basis
and 85% (11/13) on a per pig basis. Figure 5 represents a photograph demonstrating a visible
tumor mass in an OCM flank, Figure 6 shows extraction of the mass yielding a 2.0 cm tumor,
and Figure 7 depicts the extracted OCM subcutaneous tumor. Oncopigs that did not develop
tumors were either injected with too few cells (1 x 106 HCC cells, n = 2) or at too few
subcutaneous sites (1 or 4 sites. Subcutaneous OCM HCC tumors reached a median size of 16 x
13 mm (median volume = 1,540 mm3, range 80-4,374 mm3) within 3-43 days post-injection.
Histologic evaluation confirmed neoplasm in all cases, characterized by malignant epithelial
cells with invasion into adjacent skeletal muscle. Figure 8 demonstrates an H & E stained
histologic specimen (20x magnification) of OCM subcutaneous tumor generated from the OCM
HCC cell line depicted in Figure 2, depicting neoplastic epithelial cells characterized by variation
in cytoplasmic and nuclear size, generally large nuclei with prominent single or multiple
nucleoli. Figure 9 shows an arginase-1 stained histologic specimen (20x magnification) of OCM
subcutaneous tumor generated from the OCM HCC cell line depicted in Figure 2, depicting
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Figure 5 OCM HCC subcutaneous autograft.
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Figure 6. Resection of OCM HCC subcutaneous autograft.
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Figure 7. Extracted OCM HCC subcutaneous autograft.
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Figure 8. OCM HCC subcutaneous autograft.
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Figure 9. OCM HCC subcutaneous autograft.
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malignant cells showing brown Arginase-1 cytoplasmic staining, corroborating hepatocellular
origin. Subcutaneous autograft OCM HCC tumors produced AFP (median 16,571, range 13,45623,357 ng/dL per 100 mg processed tissue)—confirming potential utility of AFP as an in vivo
OCM HCC biomarker—at significantly higher levels than control tissues (median 517, range 01,556 ng/dL per 100 mg processed tissue) (P = 0.010).

F. OCM intra-hepatic HCC tumor development
The capability to develop an intrahepatic HCC tumor in an alcohol-induced cirrhotic liver
microenvironment was validated via engraftment of subcutaneous tumor fragments into the
liver of one Oncopig, which resulted in a viable tumor within 30 days. Figure 10 demonstrates a
liver mass generated from the OCM HCC cell line depicted in Figure 2; liver ultrasound shows
hypoechoic 1 cm round intrahepatic mass (arrow, GB = gallbladder, SQ = subcutaneous). Figure
11 is a contrast enhanced liver CT depicting the same mass (arrow). Figure 12 is a photograph
displaying the transected explanted mass. Figure 13 demonstrates an H & E stained histologic
section (20x magnification) of the resected liver mass, revealing a tumor characterized by
architectural distortion, liver cord expansion, nuclear pleomorphism, anisonucleosis, and
nodular fibrosis.
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Figure 10. Ultrasound of OCM HCC intrahepatic autograft.
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Figure 11. CT scan of OCM HCC intrahepatic autograft.
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Figure 12. Explanted OCM HCC intrahepatic autograft.
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Figure 13. OCM HCC intrahepatic autograft histology.
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V. DISCUSSION
A. Major findings and advance in knowledge
The results of the current work indicate that OCM HCC cell lines may be reliably
developed from OCMs using a workflow involving liver resection followed by hepatocyte
isolation and malignant transformation. The developed cell lines show consistent morphological
and behavioral phenotyping across individual Oncopigs, with features mirroring human HCC.
These characteristics include similarities in cell cycle length, invasiveness as indicated by
migratory capability, and secretion of AFP as an HCC biomarker. Furthermore, OCM HCC cell
lines demonstrate capability for solid in vivo tumor development, as evidenced by high rates of
viable tumor formation in both immunodeficient mice as well as in the subcutaneous tissues of
donor Oncopigs. Finally, the demonstrated capability to develop an in vivo intra-hepatic HCC
tumor in the Oncopig provide proof of concept for this model as a translational animal model of
HCC. In aggregate, the findings build on and corroborate prior work demonstrating feasibility of
OCM HCC development, as well as similarity between OCM HCC and human HCC on multiple
levels: molecular, histological, and behavioral. Overall, the outcomes presented herein support
the Oncopig HCC model system as a potentially valuable platform to accurately replicate human
cancer for translational research.

B. Implications for patient care
A urgent need for an optimal HCC treatment strategy is supported by the numerous
ongoing HCC related trials (55). A biologically similar animal model for the study of HCC would
accelerate new therapeutics and offer a more efficient, cost effective mechanism for testing
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promising therapies. To this end, the value of the OCM HCC model is multifold. First, the OCM
size and anatomy permit use of the same devices and technical maneuvers used in humans,
enabling rapid clinical translation. With specific regard to HCC, model size is particularly
important because systemic chemotherapy offers little survival benefit, whereas LRT procedural
approaches are potentially curative options but cannot be undertaken using similar tools in
smaller animal models. Second, the ability to induce comorbidities in the Oncopig (56) provides
a unique opportunity to initiate tumors with and without comorbid illness. To this end, NASH is
rapidly becoming a major driver of HCC (57) due to rising obesity rates, and while the NASH
condition is difficult to model in rodent models, pig NASH closely resembles the human disease
course (58). Third, the OCM offers new opportunities to overcome the persistent challenges
accompanying early HCC detection. There is currently no evidence-based screening for liver
cancer; in high-risk populations, liver ultrasound and systemic AFP levels may be utilized as
surveillance strategies but, since 85% of patients (exceeding 660,000 patients annually) receive
a diagnosis at incurable stages, existing screening programs are failing. Since the OCM depends
on multiple cumulative genetic mutations—including shared driver mutations that result in
human HCC—there is potential for biomarker research using OCM serum and liver samples at
various tumor stages to enhance the early detection of liver disease and the primary prevention
of HCC. Fourth, looking beyond HCC, the liver also represents an organ where numerous
cancers—including colorectal, esophageal, stomach, pancreatic, breast, lung, melanoma, and
neuroendocrine tumors—metastasize. Thus, a large animal liver tumor model utilized for
testing therapeutic interventions would have broad implications for both primary as well as
metastatic liver disease.
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C. Value proposition of the OCM
The OCM offers a novel, physiologically and anatomically relevant cancer model for
which innovative therapies can be applied and tested. Its size allows for utilization of the same
procedures and devices used in human clinical practice, and the similar anatomic nature of the
pig liver allows for each Oncopig to also serve is its own therapeutic control through selective
treatment or non-treatment of individual liver tumors. The size of the pig also allows use of the
same radiologic imaging technology used in human patients. This model is thus amenable to
developing and establishing medical imaging standards related to diagnosing tumors and
tracking treatment response using accepted radiologic criteria, a critical facet of therapeutic
discovery and validation. The OCM allows for induction of key comorbid conditions for inclusive
study of human HCC. There are several clinical staging systems—such as the Child-Pugh (CP)
and Barcelona Clinic Liver Cancer (BCLC) staging systems—related to the diagnosis and
treatment of liver disease and liver cancer. The CP scheme stratifies liver cirrhosis by severity
using laboratory (bilirubin, albumin, and prothrombin time) and clinical (ascites and hepatic
encephalopathy) parameters, and associates with survival outcomes (59). The BCLC staging
system, which uses tumor size and number, CP score, and patient functional status to stage
HCC, is an outcomes-based staging system which also provides distinct therapeutic
recommendations for each classification: curative surgery or ablation for early stage disease
(A), LRT for intermediate stage disease (B), systemic chemotherapy for advanced stage disease
(C), and supportive care for terminal stage disease (D) (60). We have incorporated these staging
schemes within the proposed studies via concurrent comorbid liver disease and tumor
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development, further demonstrating the relevance and applied translation to human HCC
clinical trials. Although the information gained from human clinical studies has been used to
slightly enhance the effectiveness of current therapies, such trials have provided limited
capability for investigation of the central processes contributing to procedure effectiveness.
The OCM, as a transitional animal model from mice or other small animals to humans, fulfills
the currently unmet clinical modeling needs for relevant investigation of liver cancer,
particularly for pilot investigations of experimental therapies or experimental therapeutic
combinations not feasible in human subjects. The OCM, as applied to HCC, is of vital importance
to advancing the care of patients with this deadly disease. This innovative application of the
OCM will allow for transformational progress in improving HCC detection, identifying
biomarkers, elucidating optimal therapeutic approaches, and testing various single and
combination therapeutics to accelerate clinical trials and improve the efficacy of existing and
future trials.

D. Strengths, limitations, and next steps
Strengths of this research include the comprehensive cell line and tumor analysis across
the in vitro to in vivo continuum. Moreover, the in vivo workflow for OCM intrahepatic tumor
development described herein supports proof of concept for the OCM as a translational HCC
model. Limitations of the work include the small sample size of Oncopigs used, especially for
intra-hepatic tumor development. In addition, the in vivo workflow described does not
represent an as yet optimized tumor development process. Future investigation will be
required for development of optimal intra-hepatic HCC generation technique, comprehensive
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characterization of OCM HCC in a cirrhotic comorbid host environment, continued validation
against human HCC (particularly imaging phenotypes), exploration of other liver disease
etiologies (e.g. NASH), definition of the OCM HCC immune microenvironment, and extension of
the genetic relevance of OCM HCC using clustered regularly interspaced short palindromic
repeat-caspase 9 nuclease (CRISPR/Cas9) genome editing to develop stacked driver mutations
in OCM HCC tumors to mirror the mutational landscape of clinical HCC.

E. Conclusions
In summary, the OCM provides a realistic human cancer model that potentially
overcomes deficiencies of current animal models. OCM HCC demonstrates characteristics
mirroring human HCC, and displays capability for in vivo solid tumor generation. Given the OCM
similarity to humans in both biology and size, the OCM thus allows for translational studies that
could not be performed in the clinical setting. The OCM represents a new means to investigate
cancer from an innovative and clinically relevant perspective.
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APPENDIX

Institutional Animal Care and Use Committee
University of Illinois

TO:
FROM:
DATE:
SUBJECT:

Lawrence Schook
Philip Solter, PhD
Friday, June 30, 2017
Approval of Animal Use Protocol

Your animal use protocol submission entitled, "Generation of the Oncopig Breeding Herd and Production of Piglets
for Experimental Use," was approved by the Institutional Animal Care and Use Committee (IACUC) on Friday, June
30, 2017. The IACUC approval number for this protocol is 17092.
Please note that changes in the protocol, animal numbers, or personnel must receive approval by the IACUC.
This approval is valid for a three-year period, which expires on 6/29/2020. If work will continue beyond the
expiration date, a new protocol will need to be submitted and approved by the IACUC prior to 6/29/2020.
Additionally, federal regulations and campus policy require annual administrative review of protocols. You will
receive notification from the IACUC prior to the deadlines for these reviews as well as for the protocol expiration.
If you have any questions, please do not hesitate to contact the IACUC staff.
Sincerely,

Philip Solter, PhD
Chair, IACUC
University of Illinois at
Urbana-Champaign
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Institutional Animal Care and Use Committee
University of Illinois

TO:
FROM:
DATE:
SUBJECT:

Lawrence Schook
Philip Solter, PhD
Thursday, June 22, 2017
Approval of Animal Use Protocol

Your animal use protocol submission entitled, "Oncopig Biomedical Model Development," was approved by the
Institutional Animal Care and Use Committee (IACUC) on Thursday, June 22, 2017. The IACUC approval number for
this protocol is 17112.
Please note that changes in the protocol, animal numbers, or personnel must receive approval by the IACUC.
This approval is valid for a three-year period, which expires on 6/21/2020. If work will continue beyond the
expiration date, a new protocol will need to be submitted and approved by the IACUC prior to 6/21/2020.
Additionally, federal regulations and campus policy require annual administrative review of protocols. You will
receive notification from the IACUC prior to the deadlines for these reviews as well as for the protocol expiration.
If you have any questions, please do not hesitate to contact the IACUC staff.
Sincerely,

Philip Solter, PhD
Chair, IACUC
University of Illinois at
Urbana-Champaign
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Office of Animal Care and
Institutional Biosafety Committees (MC 672)
Office of the Vice Chancellor for Research
206 Administrative Office Building
1737 West Polk Street
Chicago, Illinois 60612-7227

July 18, 2016
Ron Gaba
Radiology
M/C 931
Dear Dr. Gaba:

The protocol indicated below was reviewed at a convened ACC meeting in accordance with the
Animal Care Policies of the University of Illinois at Chicago on 6/21/2016. The protocol was
not initiated until final clarifications were reviewed and approved on 7/13/2016. The
protocol is approved for a period of 3 years with annual continuation and will expire on
6/21/2019.
Title of Application: Genetically inducible porcine model of primary and metastatic HCC
in comorbidity host environments for interventional radiology guided detection and
treatment
ACC Number: 16-090
Initial Approval Period: 7/13/2016 to 6/21/2017
Current Funding: Portions of this protocol are supported by the funding sources indicated in
the table below.
Number of funding sources: 1
Funding Agency
Funding Title
Portion of
Proposal
Matched
DOD- Department of
Genetically inducible porcine model of primary and
Protocol is
Defense
metastatic HCC in comorbidity host environments for
linked to form
interventional radiology guided detection and treatment G
ACC 16-120
and matched to
UIC SOW
Funding Number
Current Status
UIC PAF NO. Performance
Funding PI
Site
CA 150590P4
Pending
201601654
UIC
Ron Gaba
This institution has Animal Welfare Assurance Number A3460.01 on file with the Office of
Laboratory Animal Welfare (OLAW), NIH. This letter may only be provided as proof of
IACUC approval for those specific funding sources listed above in which all portions of the
funding proposal are matched to this ACC protocol.

Phone (312) 996-1972 • Fax (312) 996-9088 • www.research.uic.edu

50

Office of Animal Care and
Institutional Biosafety Committees (MC 672)
Office of the Vice Chancellor for Research
206 Administrative Office Building
1737 West Polk Street
Chicago, Illinois 60612-7227

April 21, 2017
Ron Gaba
Radiology
M/C 931
Dear Dr. Gaba:

The protocol indicated below was reviewed at a convened ACC meeting in accordance with the
Animal Care Policies of the University of Illinois at Chicago on 4/18/2017. The protocol was
not initiated until final clarifications were reviewed and approved on 4/21/2017. The
protocol is approved for a period of 3 years with annual continuation.
Title of Application: Evaluation of Oncopig Tumor Development in Mice
ACC Number: 17-051
Initial Approval Period: 4/21/2017 to 4/18/2018
Current Funding: Currently protocol NOT matched to specific funding source. Modification
will need to be submitted prior to Just in time or acceptance of award to match protocol to
external funding source. All animal work proposed in the funding application must be covered
by an approved protocol. UIC is the only performance site currently approved for this protocol.
This institution has Animal Welfare Assurance Number A3460.01 on file with the Office of
Laboratory Animal Welfare (OLAW), NIH. This letter may only be provided as proof of
IACUC approval for those specific funding sources listed above in which all portions of the
funding proposal are matched to this ACC protocol.
In addition, all investigators are responsible for ensuring compliance with all federal and
institutional policies and regulations related to use of animals under this protocol and the funding
sources listed on this protocol. Please use OLAW’s “What Investigators Need to Know about the
Use of Animals” (http://grants.nih.gov/grants/olaw/InvestigatorsNeed2Know.pdf) as a reference
guide. Thank you for complying with the Animal Care Policies and Procedures of UIC.
Sincerely yours,

John P. O’Bryan, PhD
Chair, Animal Care Committee
JPO /mbb
cc: BRL, ACC File
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analysis of spatial distribution in a rabbit VX2 liver tumor model
Goals: To validate the use of polylactide (PLA) nanoconjugates (NCs) for transcatheter liver
embolotherapy by characterizing their biodistribution after nanoparticle TACE in a rabbit VX2 tumor
model.
Role: Principal investigator
12. University of Illinois at Chicago Department of Radiology, Bayer Pharmaceutical Corporation;
7/2011-6/2012
Transcatheter intra-arterial sorafenib chemoembolization: technical feasibility in a rabbit model
Goals: To test the feasibility of targeted intra-arterial administration of the chemotherapeutic agent
sorafenib to potentially offset embolotherapy-induced angiogenesis and reduce systemic drug side
effects.
Role: Principal investigator
13. Society of Interventional Radiology Foundation; 7/2010-6/2011
Confirmation of drug delivery after chemoembolization: direct tissue doxorubicin measurement
and correlation with CT calculated ethiodol concentration
Goals: To investigate the accuracy of ethiodized oil as an imaging marker of chemotherapy drug
delivery after liver tumor TACE in an animal model of HCC.
Role: Principal investigator

