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Abstract

Pigs are playing an increasingly vital role as translational biomedi-
cal models for studying human pathophysiology. The annotation of
the pig genome was a huge step forward in translatability of pigs
as a biomedical model for various human diseases. Similarities be-
tween humans and pigs in terms of anatomy, physiology, genetics,
and immunology have allowed pigs to become a comprehensive
preclinical model for human diseases. With a diverse range, from
craniofacial and ophthalmology to reproduction, wound healing,
musculoskeletal, and cancer, pigs have provided a seminal under-
standing of human pathophysiology. This review focuses on the
current research using pigs as preclinical models for cancer re-
search and highlights the strengths and opportunities for studying
various human cancers.
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Introduction

Relevance and challenges of animal models in cancer
research

Cancer remains the second leading cause of death worldwide
[1]. In 2023, 1.9 million new cancer cases are expected to be
diagnosed, of which more than 609,000 cancer-related deaths
are projected to occur in the United States. By 2025, the inci-
dence of cancer is expected to rise, with 19.3 million cases ex-
pected worldwide. Among cancers, lung and bronchial cancer
remains the leading cause of cancer-related deaths and making
up to 21% of total cancer cases, followed by breast (15%),
prostate (11%), colorectal cancer (CRC, 9%), pancreatic (8%),
liver (6%), and ovarian (5%) cancers [2]. Therefore, there is
a great need for the development and investigation of new
therapeutic and diagnostic modalities to combat cancer-related
morbidity and mortality [3].

Using animals as models for cancer research has been a
controversial topic. There is an emerging consensus that in
vitro experimental studies do not necessarily recapitulate the
tumor microenvironment. Therefore, xenograft mouse mod-
els, where human tumors are seeded into immune-compro-
mised mouse models, are used as an alternative. However,
these xenograft tumor models lack an intact immune system,
which is crucial to reconstitute the tumor microenviron-
ment. Consequently, genetically engineered mouse models
(GEMMs) are used as an alternative for clinical research.
However, most of the research results emanating from
mouse models have not been translatable to humans due to
variations in metabolism and gene expression profiles. In
this regard, large animal models which have a close similar-
ity to humans in terms of size, physiology and immunology
are emerging as an alternative. Even though large animal
models offer better replicability and are better models for
human diseases, there still exists a disproportionate gap in
the use of rodents over large animals for basic research [3].
This bias in the use of rodents as a foundational model for
research is attributable in part to low costs of housing and
husbandry, short generational interval, and the availability
of tools and ease of generating custom genetic technologies,
thereby elevating mouse as the prime model for biomedical
investigation. However, the recent discovery and successful
adoption of CRISPR/Cas (clustered regularly interspaced
short palindromic repeats/CRISPR-associated protein) sys-
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Figure 1. Advantages and disadvantages of using small and large preclinical cancer models. Given the similarities between pigs
and humans, the pigs lie closer on the scale of translatability to humans compared to small animal models.

tem in pigs and large animal models is facilitating genetic
modification and generation of custom preclinical models
with relative ease. Given the growing crisis in cancer load
globally, multiple regulatory bodies overlooking the welfare
of research animals and ethical concerns surrounding the use
of non-human primates, and the poor translatability of ro-
dent models, there is a need for revisiting the research para-
digm and utilizing alternative models such as pigs for cancer
research (Fig. 1). In this article, we will briefly highlight
the advantages and considerations for use of pigs for cancer
research and summarize representative examples of the use
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of pig models in cancer research.
Pigs as models for humans

The pig (Sus scrofa domesticus) was domesticated for agri-
culture by humans about 9,000 years ago in the Tigris Basin
of Western Asia. However, the use of pigs as models for pre-
clinical research is a recent phenomenon and still in its infancy.
Approximately 730 pig breeds or lines have been generated
worldwide, which range from miniature pigs to larger breeds
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Figure 2. Comparative genome viewer alignment comparison between human-pig vs. human-mouse. (a) Comparison between
pigs and humans. (b) Comparison between mouse and humans. The colored ribbons represent assembly-to-assembly alignment
segments. These are reciprocal best placed alignments by default. Purple represents reverse alignments and green represents
forward alignments only. Overall, the comparative genomic viewer shows synteny between the two species that are in compari-
son. Thicker bands are representative of continuous homology between those species.

that can reach up to 350 pounds. Pigs as biomedical models
offer several advantages, which are highlighted below: 1) Pig-
lets are precocial, can be delivered via cesarean section, and
can be maintained in germ free isolators. Therefore, they are
highly suitable for recapitulating human diseases. 2) Most pig
breeds are outbred, and as such have greater heterogeneity,
and best mimic outbred human populations [4]. As mentioned
above, rodent models have historically been at the forefront
of translational research by offering ease of access, handling,
decreased generation interval, cost, imaging, and experimen-
tal capabilities. However, the most critical limitation of mouse
models is the homogeneity with which mouse tumors originate
compared to the heterogeneous and complex nature of human
tumors [5]. 3) Mouse chromosomes are telocentric (having no
obvious short arm at a cytogenetic level). A loss of heterozy-
gosity event in a wild-type tumor suppressor gene allele can
result in the loss of an entire chromosome in cells heterozy-
gous for tumor suppressor gene mutation. Whereas in human
tumors, loss of heterozygosity occurs via sub-chromosomal
deletions covering the wild-type tumor suppressor gene locus.
This recapitulates the differences between mouse and humans
on a cellular level. 4) A greater similarity in coding regions of
genes between pigs and humans along with chromosomal syn-
teny, makes pigs better models to study the inception and pro-
gression of cancer [6]. 5) Additional advantages of pig models
include: close similarity to humans in size, metabolism, gene
expression profiles; greater than 80% similarity in immune pa-
rameters; availability of various breeds; relatively short gen-
eration interval; standardized and well-developed breeding
conditions; larger litter size; advances in cloning and genetic
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engineering (GE) technologies; and are relatively cheaper and
ethically more acceptable as models compared to primates
[4]. 6) Additionally, pigs have been extensively used in surgi-
cal training such as robotic surgery, laparoscopic surgery, and
other abdominal operations. Surgical trainees found working
on live models improved their hands-on experience with hu-
man patients. Pigs having similar foregut anatomy to humans
allows the surgical trainees to appreciate the tactile feedback
of tissue and therefore reduces the chances of iatrogenic com-
plications when working with human patients [7].

The annotation of the pig genome and the availability of
large epigenomic and transcriptomic data sets has allowed
precise analysis of tissue-specific regulatory activities. Inde-
pendently conducted comparative analysis of pig, mouse, and
human genomic data looked at categorizing orthologous genes
based on the degree of conservation of gene expression be-
tween species (Fig. 2). Purely based on the width of the rib-
bons in the figure, mice might have more synteny (genes that
lie on the same chromosome) with humans compared to pigs.
Additionally, we conducted orthologous gene cluster compari-
son (via OrthoVenn3) between the genomes of humans, pigs,
mice, rats, and dogs [8]. When compared to humans, pigs have
90 homologously shared elements, rats 17, mice 90, and dogs
103 (Fig. 3a, b). A pairwise heatmap was also generated to
visualize the overlapping cluster numbers with the above-
mentioned species (Fig. 3¢). Similar analysis by another group
yielded presence of more orthologous groups between humans
and rodents compared to humans and pigs. Additionally, they
conducted evolutionary breakpoint region analysis which
yielded fewer breakpoints between human and rodents when
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Figure 3. Orthologous analysis and comparison between humans, pigs, rats, mice and dogs. (a) Occurrence table presenting a
unique number of shared homologous gene clusters among species along with the protein count on the right. (b) Venn diagram
showing the number of shared orthologous gene clusters among species along with a bar graph comparison showing the num-
ber of orthologous clusters in each species. (c) Pairwise heat map comparison to visualize overlapping cluster numbers for five
different species. Our orthologous analysis was conducted using default Orthofinder algorithm, with an e-value of 1 x 102, and

inflation value of 1.50.

compared to human and other mammals including dogs, pigs,
and cattle. This would mean that rodents have diverged more
recently than pigs from a common ancestor [9]. However, from
our OrthoVenn3 [8] input investigating Expansion Contraction
analysis, via CAFES method [10], revealed pigs to be closer
to humans when comparing orthologous gene families. The
expansion and contraction analysis is a method used in evo-
lutionary biology and comparative genomics that can provide
valuable insights into the evolutionary dynamics of gene fami-
lies and the genetic basis of species-specific adaptations.

This investigation included five distinct species: Homo sa-
piens, Sus scrofa, Mus musculus, Rattus norvegicus, and Canis
lupus. Figure 4 shows the expansion and contraction analysis
on the phylogenetic tree. It highlights that Homo sapiens and
Sus scrofa, have diverged more recently, i.e., 1 million years
ago, and are more likely to be epigenetically similar to each
other when compared with Mus musculus that diverged earlier
around 1.28 million years ago. While mice have more genetic
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synteny to humans, an emphasis should also be placed on epi-
genetic data when choosing an animal model to recapitulate
tissue-specific human pathophysiology.

Rodents also have elevated evolutionary rates compared
to pigs. This could mean that pigs and human gene sequences
would be more similar in comparison to humans and rodents.
Rodent genomes are known to undergo large chromosomal re-
arrangements and accelerated mutational rates providing them
with greater diversity than primates [11]. The ratio of non-syn-
onymous to synonymous substitutions (dN/dS) is an important
measure when evaluating the effects of natural selection on
protein coding genes. Synonymous substitutions (nucleotide
changes that do not alter the protein sequence) were estimated
to be at least three times higher in rodents then other mam-
mals which thus far has been explained by the shorter gen-
eration time of rodents compared to pigs or humans [12]. De-
spite the genetic data, epigenetic data gives a more detailed
idea about choosing the right animal model when considering
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Figure 4. Expansion and contraction analysis of five species: mice, rats, pigs, dogs, and humans, respectively. In the pie charts,
teal indicates expansions while black indicates contractions of orthologous gene clusters.

tissue-specific pathophysiology. Heritability enrichment anal-
ysis, measured by using stratified linkage disequilibrium score
regression, estimates enrichment degree (e.g., the conserved
enhancers divided by the proportion of single nucleotide poly-
morphisms (SNPs) of various complex traits mapped from pigs
to similar regions in humans. This analysis of species-shared
(preserved) chromatin states revealed higher enhancement for
complex trait heritability when compared to the more species-
specific (contrastive) chromatin states. Tissue-specific enhanc-
ers from human orthologous regions identified in pigs were
also significantly enriched for the corresponding human com-
plex traits which translated to similarity in biological functions
of specific tissues in humans and pigs. Various enhancers in
pigs were identified that showed significant enrichment of her-
itability of lung-, liver-, colon-specific, and brain cortex spe-
cific enhancers to corresponding complex human traits. This
annotation of regulatory elements allowed precise comparison
between human, mouse, and pig epigenomes in a tissue-spe-
cific manner enabling tailoring of specific models for specific
diseases. For example, Alzheimer’s, Crohn’s and inflamma-
tory bowel disease, adipose, body fat percentage, waist-to-hip
ratio, and weight showed significantly enriched pig-to-human
shared promoters and enhancers rather than mouse-to-human
shared promoters and enhancers. Taken together, the compara-
tive analysis of genomic and epigenomic data from mouse,
pigs, and humans confirmed a high degree of conservation of
genomic epigenomic elements, which only substantiates the
argument that pigs may be a preferable alternative to rodents
for translational research [13].

GE methods for generating transgenic pig models

In this article, GE refers to animals produced via genome edit-
ing and associated transgenic technologies. There are several
review articles that highlight recent advances in genetic engi-
neering and the readers are recommended to pursue them. Spe-
cific to the discussion below, Dmochewitz and Wolf reported
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an extensive timeline highlighting the evolution and advance-
ment of GE techniques [14]. Lunney et al summarized recent
GE pig models in use, along with a discussion of some of the
most common editing techniques. In the past, most of the GE
pig models were generated by pronuclear injection of zygotes
or gene targeting in somatic cells followed by somatic cell nu-
clear transfer or cloning. Relatively recent advancements in
CRISPR/Cas9 technology have fundamentally revised the re-
search paradigm and has enabled simultaneous and multiplex
genetic modification in pigs, which are enabling research in
fields such as xenotransplantation. GE allows researchers, phy-
sicians, and agricultural scientists to genetically modify pig to
study gene expression, disease progression, therapeutics, and
production traits, respectively [15]. All GE pigs models dis-
cussed in the manuscript are tabulated in Table 1 [16-62].

Porcine Models of Cancer

Pig models for brain cancer

Traditionally, we have had a limited understanding of brain
due to its high complexity, nuanced anatomy, ethical compli-
cations and technical difficulties in studying the organ [63]. In
this regard, research using pigs has the potential to serve as a
model due to similarities in cerebral structures and size of the
brain between pigs and humans. The gyrencephalic pig brain
allowed researchers to develop and perform advanced neuro-
imaging techniques leading to better translatability to humans
[64]. Furthermore, transcriptomic, and protein-coding gene
expression profiling, along with one-to-one gene orthologs
comparison showed that humans, pigs, and rats exhibited evo-
lutionarily preserved transcription factors which may provide
understanding of brain architecture conserved through evolu-
tion. Human and pig brains exhibit high expression of glial
fibrillary acidic protein (GFAP) and clusterin, which are bio-
markers for neurodegenerative diseases such as Alzheimer’s
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disease and amyotrophic lateral sclerosis (ALS) compared to
rats, while pig and mice brains have decreased levels of secre-
tagogin (SGCN) - a protein expressed in the olfactory bulb,
compared to humans [65, 66]. Once again placing importance
on proteome profiles to choose an animal model most appro-
priate for translational research [67] to recapitulate tissue-spe-
cific needs.

Hicks et al [68] have performed meta-analysis on existing
literature on pig glioma models. The first pig glioma study
was conducted by Selek et al (2014) by injecting U87 GM and
G6 human glioma cell lines into the parietal corona radiata via
surgical implantation into pig brain. Subsequent magnetic res-
onance imaging (MRI) on these pig brains revealed 14 of 15
pigs had macroscopic tumors and displayed a mean volume
change from the 15- to 28-day time interval after injection.
Microscopically, the pigs had brain inflammation and mass
effect on lateral ventricle and adjacent parenchyma. They also
observed hypercellularity of the tumor showing infiltration of
adjacent parenchyma, intense new angiogenesis and satelli-
tosis with GFAP positivity showing astrocytic nature of the
tumor. Successful tumorigenesis of human glioma cells in
pigs showed their utility as a preclinical glioma model [16].
Khoshnevis et al (2017) studied glioma in Yucatan minipig
models by injecting the minipigs with U87 GM cell lines and
observed eight out of the nine pigs had developed significant
tumors in a dose-dependent manner. These tumor cells were
strongly positive for vimentin but negative for GFAP, which is
contradictory to Selek et al [17]. A deeper dive into the under-
standing of patterns of gray and white matter functional net-
work involvement in human glioblastoma multiforme (GBM)
patients showed that there is some role in the involvement
of the ventral frontoparietal tracts in predicting overall sur-
vival [69]. Therefore, the replicability of tumor induction in
the parietal lobe of pig models enhances the importance of
the data from indirect mapping of MRI scans of GBM human
patients. In a recent study, Tora et al (2020) injected lentiviral
vectors to induce high-grade glioma within minipigs instead
of performing injections of human glioma cell lines. MRI
scans on these pigs revealed mass lesions and subsequent im-
munohistochemical staining showed high levels of GFAP and
OLIG?2, indicators for high-grade glioma [18]. The anatomo-
pathological study of glioma in pigs helped to develop novel
drug testing delivery techniques, which would be influential
in developing successful clinical trials in humans [19]. While
studying brain pathology in humans is highly complex, pig
models have attempted to bridge the gap in understanding
pathophysiology of brain cancer and aided in developing nov-
el drug delivery techniques. Therefore, large animal models
show definitive promise to improve survival of human pa-
tients with high-grade glioma.

Osteosarcoma (OS)

Murine models are considered the predominant animal model
for studying OS pathogenesis and treatment due to their small
size and short generation interval. However, structural differ-
ences of rats and mice compared to humans create difficulties
in studying OS and developing translatable therapeutics. Can-
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cer biology of humans and rodents are also remarkably differ-
ent for studying OS metastasis and genetic related events. Pigs
and humans share similar lamellar bone structure, bone min-
eral density, and bone cross-sectional area. In addition, lengthy
lifespans of pigs (12 - 15 years) also allow researchers to better
understand OS progression [15, 70] and metastasis.

Sieran and colleagues (2014) developed a genetically en-
gineered pig model by delivering a TP53R167H targeting vector
to induce an R167H missense mutation in 7P53 in fetal fibro-
blasts. Three pig lines were developed, TP53"*, TP53RIOTH/
and TP53RIGTHRIOTH pigg Using computed tomography (CT)
and MRI, the group discovered no tumors developed in 7P53"*
and TP53RI67TH* pigs while all sexually mature 7P53R167H/
RI6TH pios developed neoplastic lesions (including lympho-
mas, osteogenic tumors, and a renal tumor) and two of seven
developed osteogenic tumors. In one of the pigs developing
an osteogenic tumor, the tumor migrated into the intracranial
cavity and caused bone destruction, and in the other pig, an
osteogenic tumor was identified in the long bone. The porcine
TP53R167H mutation is orthologous to human 7P53R!73H muta-
tion, making this porcine model a viable model to study human
OS [20].

Saalfrank et al induced 7P53 and KRAS mutations
into porcine mesenchymal stem cells (MSCs) by introduc-
ing TP53R167H-- _KRASGI2D-/* Cre-inducible alleles. MSC-
excised CAG-loxp-stop-loxp (LSL)-7P53R167H homozygous_
KRASG12D heterozygous and MSC-excised CAG-LSL-TP53R167H
homozygous_gR 4,§G12D heterozygous MY C expression vector cells
were xenografted into separate mice and MSC-excised CAG-
LSL_TP53R167H homozygous_KRASGlZD heterozygous injections
resulted in one small nodule out of four injections while
MSC-excised CAG-LSL-TP53R167H homozygous_ gR 4,6G12D hete-
rozygous. MY C expression vector cells gave rise to three tumors
out of four injections. These tumors were extracted and cul-
tured to make porcine sarcoma cell lines, and these cell lines
were injected into nine pigs. Out of the nine pigs, four pigs
below the age of 16 months did not show any sign of tumors
while of the five older pigs, four had tumors and one had os-
sifying lesions. Second filial generation CAG-TP53LSL-R167H/
LSL-RI67H transgenic pigs showed multifocal osteoblastic OS
in multiple parts of the body. 7P53-induced mutation caused
heterozygous pigs to develop OS in an average of 20 months
while homozygous 7P53-mutated pigs developed tumors in
as little as 7 - 8 months, thus showing the potency of 7P53
mutation in OS. Like humans, the tumors mainly developed
in the long bones [21].

Niu et al (2021) also used genetically engineered 7P53-
mutated pig models to understand OS function. Eighteen of the
29 heterozygous latent non-inducible (floxed, fl) 7P53R167H
pigs developed OS while all the homozygous fITP531%7 pigs
developed OS. The group identified high expression of both
the A152p53a isoform, a highly upregulated isoform in organs
vulnerable to cancer, and circ7P353, responsible for increasing
cellular proliferation of OS cells, in OS. The A152p53a isoform
is encoded by P2 promoter, which is also present in humans, as
the human P2 promoter encodes A160p53a. This indicates that
the A152p53a isoform in pigs is equivalent to the A160p53a,
which has been reported to be a highly expressed isoform in
human cancers [22]. Being able to modulate specific epige-
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netic elements further underscores the need for understanding
epigenomic and transcriptomic data sets before committing to
a large animal model for future translational research.

Hematological malignancies

Hematological malignancies, which include leukemia, lym-
phoma, and myeloma are projected to account for 184,270
deaths in the United States in 2023, and while mortality rates
have declined, creating better therapeutic options is of utmost
importance [2]. Although the murine model is relatively inex-
pensive compared to the pig model, the numbers of genetic,
immunologic, and physiologic differences between mice and
humans are vast. Pigs and humans share similar immune and
lymphocytic profiling. Pigs, however, possess greater levels of
gamma delta T cells than humans. Pigs and humans share simi-
larities of lymphohematopoietic malignancies such as chronic
myelogenous leukemia (CML), severe combined immunode-
ficiency (SCID), host-derived T-cell lymphoma and chronic
lymphocytic leukemia (CLL). The development of CML in
pigs and humans is associated with the defects of the nucle-
oporin gene, as NUP107 leads to CML in pigs while NUP98
leads to CML development in humans [71]. SCID pigs have
non-existent T- and B-cell levels and two mutations in the Ar-
temis gene, like human SCID patients, recapitulating the simi-
larities in pigs and humans. Host-derived T-cell lymphoma and
CLL arose in two SCID pigs after bone marrow transplanta-
tion, and the development of both malignancies may be linked
to a “leaky” Artemis gene, which has been well characterized
in human SCID patients. Therapeutics for hematological ma-
lignancies have been effective but pose fatal side effects. Pig
models have tried to close the gap in this regard. Pig models
have been used to test cellular therapies such as, donor leuko-
cyte infusions in immune tolerant swine chimeras [23], and
natural killer (NK) cell therapies in vitro in SCID pigs [24],
in grafts vs. host disease (GvHD) and acute myeloid leukemia
(AML) [72].

Duren-Struuck et al (2010) studied spontancous CML
in five inbred Massachusetts General Hospital major histo-
compatibility locus (MGH-MHC) pigs by performing blood
counts via peripheral blood smears of the pigs. They observed
acute levels of leukocytosis, mild anemia, and upregulated
levels of lactate dehydrogenase (LDH). Gross pathology
showed hepatosplenomegaly in all pigs. Splenic hemorrhage
and widespread nodules in the liver were observed in all pigs,
and in vitro culture of the tumor showed abnormally pale
bone marrow via sternal biopsy, thus highlighting a leuke-
mic process. Histopathological assessment showed elevated
myeloid-to- erythroid ratios, low levels of metarubricytes, in-
creased levels of eosinophils and myeloid precursors in bone
marrow, and infiltration of malignant cells in lymph nodes
and kidneys, all of which are human CML histopathologi-
cal characteristics. Cell lines developed from these pigs are
similar to human tumor cell lines in which there is a Phila-
delphia (Ph+) chromosome mutation and BCR-ADbI fusion, a
mutation highly represented in human CML. This evidence
further underscores genetic similarities between human CML
and swine CML [25].
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Matar et al (2015) injected MGH-MHC miniature pigs
with hematopoietic cell transplantations (HCTs) to test for the
development of post-transplantation lymphoproliferative dis-
order (PTLD) and its translatability to humans. They observed
34.4% PTLD incidence in the pigs and the group described
the effects of mobilization and T-cell depletion, cyclosporin
A (CyA) treatment, and lymphocyte depletion on pigs with
PTLD incidence. The PTLD incidence rate of pigs receiving
granulocyte colony-stimulating factor (G-CSF) growth factors
that make bone marrow and produce white blood cells, versus
pigs receiving stem cell factor/interleukin 3 (SCF/IL3) mo-
bilized cells, important regulators in hemopoietic cell devel-
opment, was of no significance. Similarly, pigs that received
T-cell depleted cell lines, as compared to those that did not,
also saw no increase of PTLD incidence. The length of CyA
treatment, lymphocyte deletion, and MHC mismatch also had
no effect on the development of PTLD. Furthermore, the group
also observed elevated levels of LDH in pigs having PTLD
compared to those that did not, which is similar to humans.
Previously the group reported increased incidence of PTLD
after HCT in swine that have been conditioned with thymic ir-
radiation, CyA, and T-cell depletion after transplantation. A re-
cent study revealed that replacement of thymic irradiation with
total body irradiation, resulted in similar numbers of B cells
early post-transplantation, greater number of T cells at day 0
and an overall decrease in PTLD incidence. They concluded
that a threshold number of T cells (and potentially memory
T cells) are necessary to prevent further B-cell proliferation
and therefore the development of PTLD in swine [26]. LDH
has been used in humans as a marker for myeloid leukemias.
This model recapitulated LDH can also serve as a supportive
diagnostic marker for swine PTLD lymphomas. The increase
in LDH could be detected at least 1 - 2 days in advance before
an increase in WBC count and well before any clinical mani-
festation of lymphadenopathy [26]. Therefore, this model can
help to study the incidence of PTLD within a short period of
time, which is highly advantageous for translational research
capabilities.

Boettcher et al (2020) used a CRISPR/Cas9 site directed
ART- IL2RG™Y SCID pigs that lack T cells, B cells, and NK
cells and created ART"- IL2RG™Y fetal fibroblasts. Somatic nu-
clear transfer was performed by using these fibroblasts and the
embryos were transferred into surrogate gilts, and a C-section
was performed to deliver the ART”- IL2RG”Y mutated piglets.
As expected, these piglets lacked T cells, B cells, natural killer
(NK) cells, and lymphoid organs. Bone marrow transplant on
an ART'~ IL2RG”Y male pig restored T and NK cell levels in
pig’s blood. To test whether ART”~ IL2RGY pigs could engraft
human CD34* hematopoietic stem cells, they injected CD34*
stem cells into a pig fetus and found human cells circulating
in peripheral blood and restored the bone marrow [73]. There-
fore, the compatibility of CD34" between humans and pigs of-
fers a potential therapeutic method. In addition, CD45" cells,
which are highly expressed in hematological malignancies
[74], as they regulate T cell levels, were found in ART" IL-
2RG™Y pig bone marrow, liver, spleen, and thymic tissue [27].
Given immunological similarities between pigs and humans,
pigs can serve as a viable and robust model to study human
hematological cancer.
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CRC and gastrointestinal (GI) conditions

There are many prominent similarities between the human
and pig GI tract [75]. For example, the average nutritional
requirements and mineral absorption, and gallbladder func-
tion are highly similar; and approximately 96% similarity has
been found in microbiome functional pathways. The general
physiology, hemodynamic parameters, vascular remodeling
mechanisms, common absorption, distribution, metabolic, and
excretion mechanisms are also similar. The complex interplay
between immune system and GI tract also holds many similari-
ties [15] between humans and pigs. However, some differenc-
es exist between pig and human GI tract such as the presence
of a spiral colon, difference in pressure-diameters of bile ducts
[76], inverted lymph node structure, distribution and frequen-
cy of intestinal lymphocyte populations, and the presence of a
continuous ileal Peyer’s patch [75].

Pigs and humans both use the colon for water and elec-
trolyte absorption. The colonic muscle layer helps in remov-
ing waste from the body, and microbiome in the colon further
breaks down undigested waste material to produce bacterial
metabolites. These metabolites are important for human and
pig physiological processes. Both species also have similar
digestion time and processing of micro- and macronutrients.
However, porcine GI microbiota is different than humans in
terms of butyrate producers. With the advancement of gnoto-
biotic models there has been successful establishment of mi-
crobiome inocula in pigs from infant human gut using Bifi-
dobacterium and Bacteroides. Accordingly, pig models are
increasingly being used to study the pathogenesis of various
human illnesses like gastritis, gastric ulcers, and predisposition
to cancer secondary to Helicobacter pylori, the effects of for-
mula supplementation versus breastmilk feeding, necrotizing
enterocolitis, short-bowel syndrome, metabolic syndrome, and
changes in diet resulting in obesity, inflammation, and meta-
bolic diseases [15].

Pigs bearing a 93-bp deletion of the adenosine-uracil-rich
element (ARE) and a constitutive-decay element within the 3’
untranslated region of the TNF gene (TNFAARE) are being used
to mimic the pathophysiology in inflammatory bowel disease
patients. The group established pigs that had varying levels
of inflammation intensity within the GI tract. Immunohisto-
chemistry showed increased Ki-67 and leukocyte and lym-
phocyte infiltrations (IBA1, CD3), and decreased number of
mucus-secreting goblet cells (PAS/AB+). Increased intestinal
inflammation also yielded bacterial dysbiosis in the mutated
pigs. TNFARE pigg show promise in recapitulating the major
characteristics of human inflammatory bowel disease [28]. A
high-calorie diet is a potential risk factor for colon cancer and
type 2 diabetes. A human-relevant pig model was used to show
that a high-calorie diet leads to increased expansion of prolif-
erative and stem cell zones in the pig colon. In particular, two
distinct stem cell populations (ASCL-2 and BMI-1) were ob-
served in pig colon, as is similar to humans, upon exposure to
a high-calorie diet. However, these findings were not observed
in mice [77]. This further substantiates the claim that pigs are a
superior model in terms of translatability to humans.

Mutation in adenomatous polyposis coli (APC) is or-
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thologous to the germline mutations present in patients with
familial adenomatous polyposis (FAP) condition. When com-
paring pigs to humans, there is a similar distribution of early
intestinal polyposis due to 4PC'3!1, starting from the cecum
to the rectum. The difference is evident when comparing mice
and humans. Murine (4pc™) is mostly localized to the small
intestine with some present in the distal colon. Additionally,
there are similarities between the development of colonic, rec-
tal polyps and adenomas in genetically modified pigs and in
human FAP and CRC patients. For example, in the APC'3!! pig
model, expression of the truncated APC along with reduced
expression of wild-type allele enhances cellular proliferation
and increases the risk of secondary mutations, such as a loss
of heterozygosity resulting in polyposis. This supports the data
that reduced APC mRNA expression is associated with polyp
formation and human FAP patients. Therefore, it may be de-
duced that APC can epigenetically act as a FAP modifier gene.
APC expression imbalance then may be labeled as a disease
risk factor [29, 78].

The similarity in anatomical size between the pig and hu-
man GI tract also allows for testing and advancing endoscopic
techniques, particularly for colonoscopies. In fact, the pig
APC"3" model has been used in the development of cathepsin
protease-activatable probe for fluorescence-guided endoscopy
[79], fluorescent silica nanoparticles-guided detection of colo-
rectal adenomas using video-rate fluorescence-assisted white-
light endoscopy [80], and to train artificial intelligence to de-
tect more adenomas [81]. Colonoscopies are imperative in the
early detection of colonic dysplasia [30, 75]. Furthermore, a
recent study has indicated the utility of pig as a translational
intestinal epithelial stem cell (ISC) research model. CRISPR/
Cas9 editing was used to develop a transgenic porcine leucine
rich repeat containing G protein-coupled receptor 5 (LGR-5),
LGR-5-H2B-GFP pig model. Intestinal epithelial stem cells
from this model were also used to develop a CRC organoid
platform. The importance of the porcine model was under-
scored by its expression of olfactomedin-4 (OLFM4), and
three additional stem cell markers that are similar to humans
ISCs in the small intestine and colon. In contrast, in mouse
Olfm4 expression is restricted only to the small intestinal
ISCs. Therefore, an OLFM4 producing porcine model could
provide important data for modeling CRC where OLFM4 is a
known marker for cancer cells and potential metastasis [30].
Schaaf et al (2022) extensively reviewed available models of
CRC such as TP53R167H and KRASG12D [75].

Pancreatic cancer

Pancreatic cancer continues to be one of the deadliest cancers
with grim prognosis, with incidence to mortality ratio of near-
ing 1. It is the third leading cause of cancer-related deaths in
both men and women and projected to be a second leading
cause of cancer-related death by 2030 [2]. It has one of the
lowest 5-year relative survival rates (10%) compared to other
cancers. Depending upon the stage of diagnosis, distant meta-
static pancreatic cancer patients have a 5-year survival rate of
3% [82]. Pancreatic cancer and its metastasis interestingly be-
have oddly. Tagging and tracking pancreatic epithelial cells in

www.wjon.org



Joshi et al

World ] Oncol. 2024;15(2):149-168

a mouse model revealed that tagged cells invaded and entered
the bloodstream unexpectedly early, before a malignancy could
be detected by histological analysis. These pancreatic circulat-
ing cells interestingly maintained the mesenchymal pheno-
type, had stem cell properties, and were found to have seeded
the liver. Systemic inflammatory events leading towards foci
formation or pancreatitis resulted in an increased number of
circulating pancreatic cells. Interestingly dexamethasone at
this time was shown to be immunosuppressive and prevented
mesenchymal pancreatic cell seeding [83]. The KPC (Pdx-
Cre x CAG-LSL-KrasS'?P-Tip53R172H) mouse has been the
gold standard for pancreatic research for over a decade [84].
However, there are large anatomical and physiological vari-
ances between human and mouse pancreas. While the human
pancreas is a retroperitoneal and segmented organ, the mouse
pancreas is diffuse, dendritic, and poorly lobulated. Further-
more, the secretion pathway of the exocrine pancreas and the
endocrine component are significantly different between mice
and humans. Mice have a relatively larger percentage of insu-
lin producing beta cells, whereas humans have a larger propor-
tion of glucagon-producing alpha cells [3]. In contrast, human
and pig pancreases have similar development and morphology
patterns, 99% homology in insulin amino acids sequence, and
islet cells being dispersed throughout the exocrine pancreas
[15]. Due to the significant differences between the mouse and
human pancreas and the above-mentioned similarities between
the pig and human pancreas, pigs are considered as a more
suitable model to studying pancreatic cancer and is superior
in comparing drug performance/toxicity for translation to hu-
mans.

Principe et al [31] created the first large animal model for
pancreatic carcinogenesis. In this study, 7 days post-transduc-
tion with adenovirus Cre (AdCre) into isolated pig pancreatic
duct cells, they were able to identify duct cells that had spindle-
shaped morphology consistent with malignant transformation.
The transduced cells strongly expressed E-cadherin (indicat-
ing epithelial origin) and CK 19, affirming their ductal lineage,
displayed increased RAS activation, KRAS effector pERK1/2
and PCNA (proliferation surrogate), thus confirming the tu-
morigenic phenotype. Implantation of transduced cells sub-
cutaneously into SCID mice resulted in several large masses.
Additionally large focal plaques on the abdominal viscera with
intraperitoneal injection were also observed. These tumors in
mice had overall similarity to human pancreatic ductal adeno-
carcinoma (PDAC) and were able to show metastatic behavior.
Restriction of AdCre delivery to the main pancreatic duct in
vivo led predominantly to a PDAC exocrine histotype. Inter-
estingly, 1 year following AdCre injection, they had no overt
signs of illness or pancreatic insufficiency, no evidence of gross
tumor formation on contrast-enhanced computed tomography
(CT), and unremarkable regional lymph nodes. However, upon
further dissection of the main pancreatic duct, they developed
several large nodular tumors with a pronounced fibrous com-
ponent at the site of AdCre cannulation. These lesions were
consistent with the previously mentioned PDAC phenotype.
They also found several separate areas with phenotypes similar
to pancreatic neuroendocrine tumors (PNETSs), while display-
ing less pronounced desmoplastic tumor stroma and positivity
for neuroendocrine marker, synaptophysin. Both the exocrine
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derived tumor and the neuroendocrine type of tumor displayed
signs of excessive proliferation. The porcine PDAC, showed
dense desmoplastic tumor stroma, tumor associated fibrosis
and mesenchymal origin with vimentin positivity. Consider-
ing the similarities in pancreatic carcinoma between pigs and
humans, pigs turn out to be a better model for studying PDAC
than are mice.

A cell line from the pancreatic duct of domestic pigs was
transformed by using oncogenic KRAS and Simian virus 40
(SV40T) and grows tumors when injected subcutaneously into
nude mice [85]. Additionally, an inducible negative regulator
protein (rtTR-KRAB) pig model has also been generated by
using primary porcine fibroblasts with murine Pdx-1 promoter
overexpression of oncogene cassette containing MYC, KRAS-
GI2D and SV40 LT. This model specifically allows on-and-off
expression via doxycycline which could repress the expression
of the three oncogenes. By using this model, increased phos-
phorylation of ERK was confirmed due to the constitutively
activated mutated K-ras®!?P in murine Pdx-1 expressing cells
during pancreatic organogenesis. Similar to the study by Princ-
ipe et al, the size and morphology of the pancreas appeared nor-
mal when compared to the wild-type pigs. Hyperplastic foci of
acinar cells were found to be localized with increased cell den-
sity in the neonatal pancreas 45 days post farrowing. However,
progression of these hyperplastic foci to cancer and metastasis
needs to be better characterized in mice and humans. However,
this model can provide valuable insights into the initial stages
of pancreatic carcinogenesis. In addition, this models’ ability
to repress the expression of commonly observed oncogenes
could help in studying pancreatic cancer progression [32] and
identify the oncogenes as a molecular target.

Mondal et al [33] utilized two different techniques of
AdCre induction of pancreatic cancer in transgenic Oncopigs
(CAG-LSL-KRASC?P_[RES-TP53R16TH) 1In the first technique
two Oncopigs were injected with AdCre into the main pan-
creatic duct plus an injection into the parenchyma of the duo-
denal lobe; however, there is no gross microscopic evidence
of tumors observed in these Oncopigs. By using the second
technique, AdCre was injected into the duct of the connecting
lobe in 12 Oncopigs. Out of which only two Oncopigs lived
until the planned euthanasia date, whereas the other 10 remain-
ing Oncopigs underwent unplanned euthanasia due to lethargy,
respiratory distress, and progressive decline of health. These
10 Oncopigs had peripancreatic phlegmon. Upon further in-
spection the phlegmon yielded abundant tumor cells with large
nuclei and prominent nucleoli. Immunohistochemistry from
the peripancreatic phlegmon was positive for mutant KRAS-
GI2D (70% quantification) and mutant p53 (40% quantifica-
tion). Stained tumor sections were significantly positive for
Ki-67, Alcian blue staining, vimentin, and CD31. Additionally,
hallmark EMT genes were up-regulated in the tumor sections
of Oncopig compared to wild-type. Analysis of the tumor mi-
croenvironment also showed that transforming growth factor
beta (TGF-B) signaling, matrix metalloproteinases (MMP),
interleukin 18 (IL-18) signaling and TH17 cell differentiation
signaling pathways were significantly up-regulated in Onco-
pigs compared to wild-type. Additionally, similar to human
PDAC, Oncopigs pancreatic tumors also had overexpressed
MMPI, MMP3, MMP12, MMP19, TIMPI, ITGB3, FNI, in-

www.wjon.org 159



Pigs: Large Animal Preclinical Cancer Models

World ] Oncol. 2024;15(2):149-168

terleukin 27 receptor subunit alpha (/L27RA) and transforming
growth factor beta receptor 1 (TGFBRI) genes. Together these
findings suggested that porcine pancreatic tumors had similar
characteristics to the human PDAC. Pancreatic tumors formed
with an incidence of 71%. These tumors were predominantly
epithelial in histology, and less differentiated based on gene
expression. Interestingly, due to the similarities between hu-
mans and pigs in terms of translatability, porcine urinary blad-
der (PUB) even has been used as an advanced organ culture
model for shaping an ex vivo pancreatic niche. In this case, the
ex vivo model offers an earliest platform for pancreatic dyspla-
sia and cancer if the implanted pancreatic duct like organoids
feature KRASG!2P mutations [86]. This further substantiates
the claim of pigs as a superior model for studying pancreatic
cancer as compared to other model organisms.

Hepatocellular carcinoma (HCC)

Liver cancer is the fifth leading cause of death in men and
seventh leading cause of death in women. Liver cancer-related
mortality rates have significantly increased for decades; how-
ever, rates have stabilized in women and have begun to decline
in men from 2017 to 2020 [2]. Only a minority of the early-
stage liver cancer patients are eligible for surgical resection.
However, most patients are diagnosed in advanced stages, and
the treatment options become limited. Considering treatment,
transarterial chemoembolization resulted in 23% improvement
in 2-year survival. Kinase inhibitors, such as sorafenib, became
the most widely accepted option for late stages. Transplanta-
tion can be potentially curative; however, not all patients are
surgical candidates. This underscores the need for improved
understanding for HCC pathogenesis, detection, and treatment
strategies [87]. The Oncopig HCC model can bridge this gap
due to similarities in epigenomic and transcriptomic data be-
tween pigs and humans [13].

Schachtschneider et al [34] have developed and character-
ized the Oncopig as a model for human HCC due to similari-
ties in phenotype, gene expression, and tumor development.
The Oncopig primary hepatocyte cell lines were exposed to
AdCre in vitro leading to activation of mutant KRASG'2P and
TP53RI6TH transgenes. The resulting HCC cell line displayed
similar set of pathological characteristics to human HCC cells
including nuclear hyperchromatism, pleomorphism, increased
nuclear to cytoplasmic ratio, and round to oval pale eosinophil-
ic or granular cytoplasm and 80% of the Oncopig HCC cell line
expressed vimentin indicating epithelial-mesenchymal transi-
tion. The HCC cells are also able to secrete alpha-fetoprotein
(AFP), a serum marker that has been commonly observed in
majority of human HCC. Injection of Oncopig HCC cells sub-
cutaneously into the hepatic parenchyma of SCID [35] mice
resulted in formation of tumors within 21 days. These tumors
were histomorphologically similar to human HCC, exhibited
linear growth curve, and displayed significant angiogenesis.
Autologous subcutaneous transplantation of Oncopig derived
HCC cells showed a palpable mass dependent on the dose of
Oncopig HCC cells injected. These tumors are Edmondson-
Steiner grade 2 human HCC with a trabecular patterning.
Oncopig HCC cells gene expression profiling revealed activa-
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tion of TP53 dependent cell cycle progression, expression of
pro-angiogenic factors, evasion of apoptosis, activation of the
telomeric maintenance, and subclass specific Wnt signaling
activation. Additionally, they observed a high level of variabil-
ity in the regulation of gene expression (elevated compared to
reduced) in human HCC cell lines. Although master regulators
(transcription factors that play an important role in gene ex-
pression) driving increased gene expression were observed in
Oncopig HCC cell line. The same master regulators were not
identified in human HCC cell lines. However, they were able
to identify eight transcription factors that had reduced expres-
sion in both Oncopig and human HCC cell lines. To further add
to the importance of pig as a preclinical cancer model, tumor
infiltrating lymphocytes were identified in the Oncopig HCC
tumors indicating that these are “hot” tumors underscoring its
relevance for immunotherapy trials.

Additionally, they were able to replicate cirrhosis devel-
opment in Oncopigs via a transarterial alcohol injection [34,
36]. They were able to appreciate reproducible liver gene ex-
pression profile changes post transarterial ethanol exposure.
Since alcohol consumption is a major cause of liver cirrho-
sis and it also increases the risk for HCC development, there-
fore, developing Oncopig models would be beneficial to study
alcohol-mediated HCC pathogenesis. Similar to human pa-
tients’ chronic alcohol exposure is necessary for fibrogenesis.
However, down-regulation of MYC in Oncopig fibrotic liver
samples was observed compared to the elevated expression
observed in human cirrhotic livers. MY C overexpression leads
to hepatocyte proliferation, activation of hepatic stellate cells,
and induction of fibrogenesis. Reduced MYC expression in
this case suggested that hepatic stellate cells are no longer be-
ing activated 8 weeks post induction of ethanol as there was
no chronic alcohol exposure, meaning there was a subsequent
down-regulation of MY C expression and resolution of fibrosis
indicating liver recovery. They also showed chemotherapeutic-
based hepatotoxicity and reduced chemotherapeutic tolerance
replicated in Oncopigs similar to humans, secondary to impact
of alcohol exposure on the expression of drug metabolizing
enzyme gene families, yet again presenting evidence that pigs
are a robust model to replicate human conditions [36].

Gaba et al [35] went on to describe similarities in treat-
ment response between pigs and humans. Similar expression
of uptake transporter SLC2241, the efflux pump ABCBI, and
UGTI1A1, drug metabolizing enzyme were seen between Onco-
pig and human HCC cell lines. Phase 1 sorafenib metabolizing
enzyme CYP3A4 (porcine homologue CYP3439) was reduced
whereas CRB1, involved in doxorubicin metabolism, had in-
creased expression in Oncopigs compared to human HCC cell
lines. When testing for cell lines chemotherapeutic suscepti-
bility to locoregional and systemic HCC treatment, Oncopig
HCC cell line response was more predictive of human HCC
response compared to murine HCC response. This underscores
that Oncopig model can potentially serve as a bridge between
murine and human studies. Concurrent liver fibrosis induc-
tion prior to the engraftment of subcutaneous tumor fragments
into the liver of Oncopigs led to the induction of reproducible
Oncopig HCC tumors in vivo. Additionally, whole genome
sequencing of Oncopig intrahepatic HCC tumor showed intra-
tumor heterogeneity and single nucleotide variants indicating
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accumulation of somatic mutations in distinct tumor cells as
commonly observed in human HCC. The CRISPR/Cas9-medi-
ated knockout of Oncopig TP53R167H showed reduced cell pro-
liferation compared to the parental line. Given the resemblance
between Oncopig and human HCC at the genomic level, while
showing that Oncopig HCC cell lines can be genetically ma-
nipulated to tailor HCC tumors, pigs are a meaningful model
for investigating clinically relevant cancer phenotypes and
testing new precision medicine modalities.

Elkhadragy et al [37] studied the applicability of CRIS-
PR/Cas9 and effect of different mutational profiles on tumor
progression and chemotherapeutic susceptibility. The AT-rich
interactive domain-containing protein 1A (4ARID1A), subunit
of SWitch/sucrose non-fermentable (SWI/SNF) chromatin
remodeling complex, which is mutated in several types of
cancer, including HCC, is shown as a tumor suppressor gene.
In this study, authors introduced loss of function mutations in
porcine ARID1A through Cas9-mediated nonhomologous end
joining method. Human and porcine ARIDIA gene sequences
showed 89% identity and coding regions revealed 95% iden-
tity. Same group [38] developed a simultaneous knockout of
(loss of function mutation) ARID1A4 and AXINI, another com-
monly mutated gene HCC. There was no appreciable effect
of this dual knockout on the susceptibility of the most used
human HCC treatments, sorafenib and doxorubicin, in porcine
HCC cells. Orthologous injection of the dual edited HCC cells
resulted in the development of subcutaneous tumors in Onco-
pigs.

Pigs have also been used in therapeutic trials. In one such
study, hereditary tyrosinemia type-1 (HT1) [39] and its treat-
ment with 2-(2-nitro-4-trifluoromethylbenzoyl)-1,3-cyclohex-
anedione (NTBC) is compared against in vivo administration
of lentiviral vector targeting the expression of human fumary-
lacetoacetate hydrolase (FAH). As a result of FAH deficiency
in patients with HT1, there is an accumulation of toxic metabo-
lites in the liver resulting in oxidative damage. Patients usu-
ally develop fibrosis, cirrhosis, high rates of HCC, and early
onset of liver failure, if untreated. Current pharmacological
treatment with NTBC reduces the formation of toxic metabo-
lites by inhibiting upstream enzyme 4-hydroxyphenylpyruvate
dioxygenase (HPD) converting HT1 to its benign phenotype.
Despite the available treatment of NTBC to patients, they still
develop long-term complications and to date the only curative
treatment is liver transplantation. Mice models have failed to
recapitulate this disease due to their propensity to independent-
ly develop fibrosis and cirrhosis, unlike pigs and humans. A
minimally invasive approach using percutaneous ultrasound-
guided portal vein administration of lentiviral vector caring
human FAH was trialed in FAH”- pigs. NTBC-independent
weight gain was observed with correction of liver markers
after lentiviral FAH delivery along with newly repopulated
FAH-positive hepatocytes. AFP also showed an age-dependent
decrease over time in the animals treated with lentiviral FAH
compared to untreated pigs. Portal vein delivery was superior
compared to systemic delivery of lentiviral FAH. Portal vein
delivery resulted in positive vector presence in all lobes of the
liver by day 337, whereas systemic delivery (via ear vein in-
jection) resulted in no detection of vector presence in the liver
but was observed in spleen, pancreas, duodenum, and lung at
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14 days post-infusion. Next generation sequencing and bio-
informatic analysis of hepatocytes at the time of euthanasia
revealed a benign integration profile after in vivo delivery of
lentiviral FAH. No enrichment of tumor-related pathways was
found upon gene set enrichment analysis. While the animals
with intervention were cycled on- and off- of NTBC, learning
from pig model, an argument can be made for chronic low-
dose therapy of NTBC in humans. Most impressive feature is
the absence of chronic inflammatory changes in the liver post
lentiviral therapy. This is protective towards the formation of
fibrosis, cirrhosis and eventually HCC. In fact, restoration of
wild-type phenotype was observed by 12 months post treat-
ment, with undetectable AFP levels at 1 year. While the study
used a small number of animals, the results at least make the
argument that pigs can be used for translational clinical re-
search that can directly impact humans.

Bladder cancer

Bladder cancer (urothelial cancer of the bladder) is one of the
most common malignancies affecting the urinary system. Blad-
der cancer has been divided into two different categories: non-
muscle and muscle invasive. Current treatment for non-muscle
invasive bladder cancer includes transurethral resection of
bladder tumor, intravesical mitomycin C or with bacillus Cal-
mette-Guerin (BCG). Treatment for muscle invasive bladder
cancer includes radical cystectomy, systemic chemotherapy, or
local radiation therapy. Bladder cancer is highly resistant and
prone to relapse despite the availability of current therapies.
There is an unmet need to better understand the pathophysiol-
ogy of bladder cancer, identification of diagnostic and prog-
nostic markers and to develop new therapies. For these goals a
reliable and clinically translatability animal model for bladder
cancer is imperative [88, 89]. A summary of mouse models for
bladder cancer is extensively reviewed in previous studies [40,
88]. Due to the overall loss of heterogeneity in mice bladder
cancers compared to human bladder cancers, rare incidence of
spontaneous bladder cancers in mice, replicability issues, and
length of time needed for tumor induction, mice are considered
inferior for translatability to human bladder cancer research
[89]. A comparative large animal model can potentially fulfill
the unmet need to better understand the pathophysiology of
bladder cancer. A cryocatheter performance for the treatment
of bladder cancer was also investigated using pigs [90].

In patients with radical cystectomy, ileal neobladder con-
struction is a common treatment. GI segments remain the pri-
mary source for tissues used for urinary tract reconstruction.
As a result of the transposed intestinal segments, patients usu-
ally have metabolic acidosis early postoperatively. Additional-
ly, patients have increased mucus production by the transposed
intestinal segments, resulting in recurrent urinary tract infec-
tions, gradual renal dysfunction, urinary retention, and even
neobladder perforations. Recently a group tried bladder tissue
engineering as a promising alternative approach for neoblad-
der construction in a porcine model. Autologous peritoneal
graft consisting of a peritoneal sheet and the seromuscular lay-
er of the ileum were used as the reconstructed neobladder. This
showed normal function and overall better gross morphologi-
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cal characteristics. Urothelium-like cells expressing urothelial
biomarkers also appeared in the neobladder. Peritoneal tissue
was chosen due to its abundance and proximity, and seromus-
cular layer of the ileum due to its easy adaptability, sufficient
elasticity, and mechanical strength. Interestingly, the control
ileal neobladder retained its gross morphological appearance
to the ileum with abundant folds, whereas the luminal surface
of the neobladder was smooth. Peritoneal graft mesothelium
transformed into urothelium-like cells in the neobladder while
having muscle distribution like that of the normal bladder.
Gene set enrichment analysis revealed that neobladder was
enriched in keratinization/epithelial cell differentiation, water
homeostasis, and nucleobase containing compounds transport-
er activity, resembling the function of urothelium cells and not
peritoneum cells. While pigs were able to urinate spontane-
ously after the catheter was removed post-surgically, innerva-
tion of the neobladder still remains a challenging problem. In
this instance, the pig model has been vital in terms of tissue
engineering research [91]. To our knowledge, bladder cancer
animal-based translational research has largely been dominat-
ed by murine models. However, given the immense genetic
similarities between swine and human compared to murine
and human, along with the generation of the Oncopig model,
an argument can be made regarding additional research for op-
timum human clinical translatability.

Interventions and potential for treatments using the pig
model

There are plenty of available references for the use of swine
in biomedical research. Pigs have been used to study trans-
plantation, immunity pre- and postnatally, stress, allergies,
transmittable diseases, vaccination, and cancer [92]. There has
been considerable use of percutaneous thermal ablation by ra-
diofrequency [41] or microwave [42, 43] based methods for
the treatment of primary and metastatic hepatic malignancies
using pig models. Pig models have been used to study the heat
sink effect caused by vessels located close to the target area of
ablation. This can result in incomplete tumor ablation and is
therefore a known risk factor for local tumor recurrence post-
procedure [43]. Liver tumors have been successfully induced
in transgenic pigs and can also be successfully treated using
transarterial embolization [44]. Newer therapeutic strategies
such as histotripsy and focused ultrasound ablation with pre-
cise control of acoustic cavitation, have also been performed
and studied with the use of pig models [45]. Biomedical tech-
nology companies, researchers, and physicians have used the
porcine model to study viable options for minimally invasive
treatment of primary and metastatic hepatic malignancies.
Cancer antigens have become a promising vaccine target
and immunotherapy has played an overall role in survival for
metastatic cancer patients. There exists large amount of cancer
vaccination studies in mice; however, majority of these can-
didate vaccines have failed to provide a therapeutic response
in subsequent human clinical trials. Indoleamine 2,3-dioxyge-
nase (IDO) and Ras homolog gene family member C (RhoC)
have been promising antigen targets for vaccine development

162 Articles © The authors | Journal compilation © World ] Oncol and Elmer Press Inc™

against multiple cancer forms. Due to the advantage of recom-
binant swine MHC class I molecules (SLAs), cytotoxic T-cell
inducing adjuvants were developed and the stability of peptide-
SLA complex was assessed. Regardless of the adjuvant, the
vaccine-induced peptide-specific cytotoxic T-cell responses
were observed in both IDO and RhoC groups. However, there
is more work to be done to develop a high throughput MHC
multimer screening system for porcine cells, the pig model
proves to be very translatable for optimum vaccine compo-
sition and formulation studies like number of injections for
endogenous peptide immunization or their dosages [46]. One
such example would be the humanized Gottingen minipigs
carrying human genes for immunoglobulin heavy chains y1
and y4 and the immunoglobulin light chain « [47]. When pre-
dicting patient responsiveness to immunotherapies, it is vital
to consider the presence of intratumor immune cells as well as
tumor microenvironment. KRASG!?P and TP53R167H Oncopigs
have opened a new paradigm to studying immunotherapies.
Furthermore, antitumor immune responses have also been re-
ported in Oncopigs. CD8B™ T cells were shown to specifically
infiltrate Oncopig tumors, whereas the proportion of CD4" T
cells expressing CD8a* activation molecule was significantly
reduced in tumor. Compared to blood, a fourfold increase in y
T cells displaying the CD2*CD8a" T phenotype was observed
in tumors. While the role of yd T cells has not been proven
definitively, there also exists a T-cell receptor delta constant
(TRDC) region knockout pig which might shed more insight
into this specific T-cell subpopulation [48].

Oncopigs have shown an active regulatory T-cell com-
partment with CD4-CD8a"FOXP3* T cells in the circulating
T-cell pool while FOXP3" T cells were detected within the
tumors. IDO1, cytotoxic T-lymphocyte-associated protein 4
(CTLA4), and programmed death-ligand 1 (PDL1), proteins
that help malignant cancer cells escape T cell-mediated killing
were significantly high in Oncopig leiomyosarcoma tumors.
However, transformed cell lines from Oncopig (HCC and fi-
broblasts) showed no increases in expression of pro-survival
proteins, meaning cellular transformation was likely not the
cause of increased pro-survival protein expression in Oncopig
leiomyosarcomas. Together these data showed that Oncopig
immune system can recognize the AdCre-induced tumors and
mount an antitumor immune response dominated by cytotoxic
CDS8B* T cells, differentiated yd T cells, with mediated regula-
tory response from FOXP3™ T cells and elevated expression
of immunosuppressive genes. While there are some key im-
munologic differences between pigs and humans, pigs’ robust
immune system still provides an important stage for studying
and translating antitumor immune responses in humans [49].

Xenotransplantation of organs [50], tissues, and cells
from genetically engineered pigs possesses immense thera-
peutic promise. Perhaps the most widely discussed recent
story is of the first pig-to-human heart transplant [51]. Thus
far efforts have been focused on overcoming the innate im-
mune response; however, overcoming the adaptive immune
response would be the next challenge. Currently administering
anti-CD154 mAb, to block CD40/CD154 co-stimulation path-
way, leads to suppressing the adaptive immune response. This
enables the pig kidney graft, for example, to survive for many
months without rejection. While there are many additional cri-
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Figure 5. General schematic representation and workflow of Oncopig lung cancer model.

teria to be considered for xenotransplantation in humans, pigs
offer a real opportunity for the approximately 40% transplant
candidates that have died, within 5 years, while waiting for an
available organ [52]. Similar implications of xenotransplanta-
tion have been discussed with HCC or acute liver diseases with
life-threatening liver dysfunction [53].

Lung cancer

Lung cancer is the second most diagnosed form of cancer after
prostate cancer in males (12%) and breast cancer in females
(13%). Lung and bronchus cancers, are however, the high-
est causes of cancer-related death in males and females (both
21%). While there have been advances in 3-year relative sur-
vival rate for all stages of lung cancer combined, reflecting
towards early detection and advances in staging and surgical
procedures, the death rate is still devastatingly high [2]. Animal
models that can fulfill the gap in clinical translational research
continue to be of importance in studying the pathophysiology
of lung cancer. A major advance was made with the generation
of the porcine cystic fibrosis model. To compare human and
pig lung anatomy, neonatal porcine respiratory bronchioles
are connected to paired alveolar ducts. In humans, respiratory
bronchioles are connected to 2 - 3 primordial alveolar ducts at
birth. The porcine trachea is also more cartilaginous and longer
than the human trachea. Similar number of bronchial genera-
tions (including the size and bifurcations of the bronchial tree)
has also been identified between pigs and humans. The porcine
airway has a monopodial branching system in contrast to hu-
mans bipodial branching system. One especially distinguish-
ing feature in pigs would be the right cranial lobe which arises
from the right wall of the trachea before the bifurcation of the
right and left main bronchus [93]. The presence of an inde-
pendent right cranial lobe bronchus is extremely advantageous
for performing interventions due to its ease of access. While
both pigs and humans have highly lobulated lungs, in humans
there is an incomplete collagenous component of interlobu-
lar septa, presence of interalveolar pores (of Kohn) and other
communicating channels. In pigs, however, the collagenous
component of the porcine interlobular septa is more complete
meaning that collateral ventilation is less likely [93].

Due to the similarity between pig and human lungs, pigs
have been extensively used for trialing minimally invasive
procedures such as microwave ablation [54-56], understanding
the differences in conventional versus cone beam CT-based
monitoring techniques [57], and understanding xenogeneic
cross-circulation to support human donor lung ex vivo [58, 59].
With the advancement of genetic modifications techniques
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and availability of whole pig genome sequencing data, genetic
lesions in vivo can be recapitulated to understand tumor de-
velopment. Single guide RNAs and CRISPR/Cas9-based sys-
tem have been used to inactivate five tumor suppressor genes
(TP53, PTEN, APC, BRCA1, and BRCA2) and one oncogene
(KRAS) via lentiviral particles administered intranasally, re-
sulting in rapid (3 months after infection) lung tumor devel-
opment [60]. A transgenic pig model appears ideal to study
lung cancer exposure, initiation/pathogenesis, and metastatic
progression (Fig. 5). Very recently pulmonary nodules were
induced in a transgenic pig model along with its preliminary
characterization. AdCre was injected endovascularly into On-
copigs through the pulmonary arteries or the inferior vena
cava. Whereas two other Oncopigs had a lung biopsy which
was incubated with AdCre ex vivo before injecting the mix-
ture into the lungs percutaneously. They observed one out of
10 endovascular inoculations and two out of six percutaneous
inoculations (post lung biopsy and incubation with AdCre fol-
lowed by percutaneous injection) resulted in neoplastic lung
nodules [61]. Previously the same group was able to demon-
strate a strong infiltrating CD8B" predominance within the tu-
mor microenvironment when compared to the peripheral T-cell
pool [49]. Due to the presence of infiltrative CD8" T cell in
Oncopig tumors, the tumors regressed after 2 weeks. Addition-
al research into lung cancer Oncopig models is warranted due
to the high degree of translatability between pigs and humans.
Differentiating between leaky CRISPR/Cas9 expression ver-
sus the presence of infiltrative CD8-positive T cells in Oncopig
tumors and their regression is imperative to bridge the gap in
current understanding of Oncopig antitumor immune respons-
es. The Oncopig lung tumors express human adenocarcinoma
markers (cytokeratin 7 and thyroid transcription factor I) but
they appear to be histologically undifferentiated, meaning not
showing glandular structures (adenocarcinoma), keratin pearls
and intracellular bridges (squamous origin), neuroendocrine
cells (small cell carcinoma), or pleomorphic giant cells (large
cell carcinoma). Better Oncopig lung tumor characterization
is needed to clarify the degree of clinical translatability. While
it is promising that Oncopig tumor cells show progression
through epithelial-mesenchymal transition, histopathological
differentiation would lead to a superior translatable lung can-
cer model.

Conclusion With Translational Scope of Pig
Models in General

In conclusion, this review focused on using pigs as a preclini-
cal cancer research model and summarized the advantages,
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disadvantages, and current models being used in cancer re-
search (Fig. 1 and Table 1). Due to the full characterization of
the pig genome and advancement of gene editing technologies,
pigs have the potential to become a robust preclinical model
for cancer research. High genetic synteny along with similari-
ties in tissue-specific epigenetics between pigs and humans,
versus mice and humans likely result in better translatability of
findings. As cancer remains the second leading cause of death
worldwide, it is imperative to develop a large animal model
that offers optimum translatability to the human clinic. We
have recapitulated how pigs were influential in brain, bone,
blood, colon, pancreatic, liver, bladder, and lung cancer. Ad-
ditionally, pigs have been used to develop and translate mini-
mally invasive techniques to humans. There are limitations
with the pig model such as requirement of more space, cost,
time for development, and low availability of established mod-
els. Despite this, pigs can offer better translatability for human
disease, and can aid in the education of the next generation of
physicians. Therefore, we propose that pigs should become the
new gold standard and gain popularity for translational medi-
cal research.
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Abbreviations

AdCre: adenovirus expressing Cre recombinase; AFP: alpha-
fetoprotein; ALS: amyotrophic lateral sclerosis; AML: acute
myeloid leukemia; APC: adenomatous polyposis coli; ARI-
D1A: AT-rich interactive domain-containing protein 1A; BCG:
Bacillus Calmette-Guerin; CLL: chronic lymphocytic leuke-
mia; CML: chronic myelogenous/myeloid leukemia; CRC:
colorectal cancer; CRISPR/Cas9: clustered regularly inter-
spaced short palindromic repeats/CRISPR-associated protein;
CT: computed tomography; TRDC: T-cell receptor delta con-
stant region; CTLA4: cytotoxic T-lymphocyte-associated pro-
tein 4; CyA: cyclosporin A; FAH: fumarylacetoacetate hydro-
lase; FAP: familial adenomatous polyposis; fl: floxed; GBM:
glioblastoma or glioblastoma multiforme; G-CSF: granulocyte
colony-stimulating factor; GE: genetic engineering; GEMM:
genetically engineered mouse models; GFAP: glial fibrillary
protein acids; GvHD: graft-versus-host disease; HCC: hepato-
cellular carcinoma; HCT: hematopoietic cell transplantation;
HPD: 4-hydroxyphenylpyruvate dioxygenase; HT-1: heredi-
tary tyrosinemia type-1; IDO: indoleamine 2,3-dioxygenase;
IL: interleukin; ISC: intestinal epithelial stem cells; KPC: Pdx-
Cre x LSL-KrasG12D-Trp53R172H; LDH: lactate dehydroge-
nase; LGR-5: leucine rich repeat containing G protein-coupled
receptor 5; MGH-MHC: Massachusetts General Hospital ma-
jor histocompatibility locus; MMP: matrix metalloproteinas-
es; MSCs: mesenchymal stem cells; NK: natural killer cells;
NTBC: 2-(2-nitro-4-trifluoromethylbenzoyl)-1,3-cyclohexan-
edione; Olfm4: olfactomedin-4; OS: osteosarcoma; PDAC:
pancreatic ductal adenocarcinoma; Ph: Philadelphia chromo-
some; PNET: pancreatic neuroendocrine tumors; PTLD: post-
transplantation lymphoproliferative disorder; PUB: porcine
urinary bladder; RhoC: Ras homolog gene family member C;
SCF: stem cell factor; SCID: severe combined immunodefi-
ciency; SGCN: secretagogin; SLAs: MHC class molecules;
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