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ABSTRACT

Preclinical cancer models are essential for assessing the safety and
efficacy of new therapeutics. The goals of this review are to address the
development of an in vivo cancer technology platform that provides a
tool for addressing emerging preclinical regulatory processes required for
advancing new therapeutics and devices for use into the clinic. Previous
studies have established the utility of porcine models as an alternative
large animal model for cancer research due to their similarity to human
size, genetics, metabolism, and physiology. Additionally, tumorigenesis
pathways are similar between human and pigs in that similar driver
mutations are required for transformation. Due to their larger size porcine
models can be harnessed for testing of new interventional devices and
radiological/surgical approaches as well. Taken together, swine are a
feasible option for preclinical therapeutic and device testing. This review
provides insights into the value of in vivo porcine models to provide both
toxicity and efficacy data to support pre-clinical trials. The article
describes next generation large animal models for cancer research,
focusing on how genetically engineered pigs—particularly the Oncopig®
and mini-Oncopig can bridge the gap between lab experiments and real-
world human clinical trials. Evidence is provided to demonstrate how
these models address major shortcomings of traditional methods and
help accelerate safe and effective cancer treatment development. The
inducible transgenic Oncopig and mini-Oncopig develop site and cell
and driver mutation specific tumors for preclinical human cancer that
supports preclinical evaluation of novel drugs, biologicals, devices and
locoregional therapies. The Wisconsin Mini-swine-Oncopig is a minipig
nutritionally inducible metabolic diseases (fatty liver disease and obesity)
in a small animal applicable for pharmaceutical evaluation. A final and
important goal of this review is to demonstrate that such cancer models
are consistent with the 3-Rs and support emerging new approach
methodologies evaluations.

Keywords. NAMs, Al, Oncopigs, mini-Oncopigs, safety and efficacy
platforms, precision medicine
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This review addresses current cancer research and
its heavy reliance on mice and cell cultures, which
often fail to predict how drugs will perform in
humans®*. Presented here we advocate for and
provide support to increase the use of pigs for
therapeutic pre-clinical evaluation, based on their
closer similarities with humans in size, organ
function, genetics, metabolism, and immune
responses. This makes them superior models for
testing new cancer drugs, surgical technologies,
interventional approaches, radiation therapy
techniques, and diagnostic
presented is the Oncopig Cancer Platform. The
Oncopig is a genetically engineered pig that can

tools®8.  Also,

develop precise, human-like tumors on demand
using specific genetic "switches." It carries human
cancer-driving mutations (KRAS and TP53) that
appear in roughly half of all human cancers®2®,
Because tumors can be induced in specific tissues
and at defined times, scientists can study early

cancer development, test treatments, and observe
outcomes in a system that mirrors human disease.

Traditional cancer research sees a 90% failure rate
when moving from animal studies to human trials®.
This review argues that smarter, more humanlike
preclinical testing could drastically improve
success rates while also reducing costs and ethical
issues. Furthermore, this review emphasizes how
the Oncopig platform can be leveraged to
generate New Approach Methodologies (NAMs)
with the Oncopig Cancer Platform provides “new
approach methodologies” such as organoids,
tissue chips, and Artificial Intelligence (Al)-driven
simulation models. Oncopigs support these
technologies by providing the biological “real-
world” validation that computer or in vitro models
lack. The goal is a hybrid, tiered approach: screen
drugs and devices through NAMs first, then
validate promising ones in pigs before human
trials. Such an integrated complementary approach
supports real-world applications (Table 1)

Table 1. Oncopig and Oncopig-based NAM Applications

Testing new cancer drugs including various modalities such as monoclonal antibodies,
antibody directed conjugates, oral targeting agents, and radiotherapies

physiology

Testing surgical and interventional technologies and devices using human size anatomy and

Developing Al and robotic surgery training programs based on real tumor behavior

Exploring cancer with co-morbidities such as liver disease, obesity, and diabetes

biomarkers for the clinic

Exploring the potential of tumor micro-environment effects to add in predictive or prognostic

Exploring monotherapy and combination standard of care approaches including dose
optimization and kinetic and metabolic effects in actual diseased state

Harnessing in vivo genome editing of the Oncopig to enhance personalized medicine
strategies by studying how specific genetic mutations influence treatment responses.

Clinical testing for therapeutics (drug and
biologicals), diagnostics and devices must first be
assessed by federal agencies (Food and Drug
Administration (FDA) in the US, European
Medicines Agency in Europe) prior to clinical

testing and/or marketing (Figure 1). Clinical trial
success rates in oncology are low compared to
other clinical fields®. In a report that assessed
clinical trials and FDA approval for therapeutic
agents from 2009 to 2018 (for oncological
therapeutics), only 3.4% of Phase 1 therapeutics
made it to approval; this proportion was higher for
therapeutics in Phase 2 (6.7% made it to approval)
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and Phase 3 (35.5% made it to approval)?°. There
are a variety of reasons for clinical trial failure
including poor participant recruitment and
compliance as well as lack of funds. However, the
leading reasons are due to safety issues and failure
to show efficacy in later phases?. Currently, all
therapies being considered by the FDA must have
been assessed in animal models prior to entering a

clinical trial. Taken together, there are
opportunities to optimize preclinical assessment of
new cancer therapeutics; particularly using in vivo
platforms that demonstrate similar drug
metabolism as humans, and organs with
approximate size and anatomical structures to
those found in humans, as well as the confounding

co-morbidities.

Figure 1: Regulatory Paths for Therapeutics

Regulatory paths
Drugs and Devices Locoregional
biologicals therapies
= \

x &

Cancer is however not a single disease caused by
identical driver mutations?. The genetic mutations
that contribute to the transformation of healthy
cells into cancerous cells have been the subject of
extensive research. Sinkala et. al. investigated the
genomic sequences of 20,331 primary tumors
representing 41 distinct human cancer types to
identify and catalogue the driver mutations present
in 727 known cancer genes®. This revealed
significant variations in the frequency of cancer
gene mutations across different cancer types and
highlight the frequent involvement of tumor
oncogenes (93%),
transcription factors (72%), kinases (64%), cell

suppressor genes (94%),

surface receptors (63%), and phosphatases (22%) in
cancer. Additionally, their analysis revealed that
cancer gene mutations are predominantly co-
occurring rather than exclusive in all types of
cancer. Notably, patients with tumors displaying
different combinations of gene mutation patterns
tend to exhibit variable survival outcomes. These

findings provide new insights into the genetic
landscape of cancer and bring us closer to a
comprehensive understanding of the underlying
mechanisms driving the development of various
forms of cancer®. Such findings further support the
need for a pre-clinical in vivo platform in which any
clinically relevant driver mutation can be
introduced into a defined cell type within a defined
microenvironment and at defined times in order
establish time 0 to support early diagnosis and
treatment responses.

As witnessed globally, the drug discovery and pre-
clinical testing path (Figure 2) prior to drug
approval is a long, costly, and high-risk process that
takes over 10 to 15 years with an average cost of
over $1-2 billion for each new drug to be approved
for clinical use?. In addition, advancing a drug
candidate to phase | clinical trials requires an
extensive institutional infrastructure. Despite the
creation of large comprehensive cancer centers,
success has not been elevated with still nine out of
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ten drug candidates failing during phase I, Il, or llI
clinical trials and at final drug approval. Suna et al.
also note that the 90% failure rate is for the drug
candidates that are already advanced to phase |
clinical trial (no toxicological considerations), which
does not include the drug candidates in the
preclinical stages®®. Their analyses of clinical trial

data from 2010 to 2017 identified four possible
reasons attributed to the 90% clinical failures of
drug development: 1) lack of clinical efficacy (40%-
50%); 2) unmanageable toxicity (30%) in humans; 3)
poor drug-like properties (10%-15%); and 4) lack of
commercial needs and poor strategic planning
(10%)

Figure 2: Current Development Path for Drug and Biologicals

Current/historic path for drug and biologicals development
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Evolving Pre-clinical Cancer Models

Over the past decade porcine models for pre-
clinical cancer trials have emerged due to advances
in genome editing capabilities and similarities
between humans and pigs with respect to
physiological, anatomical, and  metabolic
features”>2528, Cancer research progress has been
markedly hampered by the lack of clinically
relevant systems in which to study the effects of
mutational interactions on cancer phenotypes®.
Relevant to cancer Joshi et. al. further
demonstrated an increasingly vital role of pigs as
translational biomedical models for studying
human pathophysiology*®. They acknowledge the
annotation of the pig genome supporting
translatability of pigs as a biomedical model for
various human diseases particularly due to their
similarities with humans and pigs in terms of
anatomy, physiology, genetics, and immunology.
With a diverse range, from craniofacial and
ophthalmology to reproduction, wound healing,
musculoskeletal, and cancer, pigs have provided a
seminal understanding of human pathophysiology.
They further outline how the pig provides unique

v

preclinical models for cancer research and
highlight the strengths and opportunities for
studying various human cancers.

Transition of Pre-clinical Models

A recent Economist editorial (2025) highlights the
progress in fighting cancer that has been achieved
over the past decades. Yet because cancer is not
one illness, but a whole category®, much of the
progress has come not from big breakthroughs,
but thousands of smaller advances in diagnostic
screening, devices, surgical interventions and
drugs and biologicals. Future gains will continue to
come from such sources. And the last source of
progress will be the clinical application of fresh
science. This comes in two steps: 1. identifying who
is most at risk of developing a cancer, and 2.
finding ways to stop the disease in its tracks. The
need to understanding the growing co-morbidities
and emerging risk factors that increase specific
cancer indices is also critical. Armed with new
biomarkers in blood or breath and a deeper
understanding of how combinations of genes and
environmental exposure predispose people to
develop cancers, physicians can target those who
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would benefit from treatment. That is important to
prevent people undergoing needless surgery,
chemo- and radiation therapy, at vast expense and
with severe side-effects.

Emergence of New Alternative Models and

Regulatory Considerations.

Regulatory approval is required for drugs and
biologicals with a different pathway for devices.
Loco regional therapies represent the integrated
mode of delivery of therapeutics (drugs,
biologicals, and radioisotopes) with devices
providing additional regulatory considerations.
Finally, the early diagnosis of cancers is critical to
providing timely interventions based on the size
and location of the tumor; particularly in patients
(diabetes,

with metabolic considerations

cardiovascular or obesity).

The proposed NAMs-based process, however,
provides few available guidelines, and thus,
significant efforts will be required to validate the
platforms with respect to specificity and
sensitivity*®3°. To ensure wider acceptance of
NAMs in regulatory studies evaluating toxicology,
it will be imperative to demonstrate that a given
alternative method is not only robust and
reproducible but also that it is biologically relevant.
The market will soon be overwhelmed with cell
lines, microchips and organoids representing all
normal and diseased tissues. The need to ensure
that they are robust and indicative of what is
observed in health and sick individuals will require
extensive efforts. Critical will be the further
demonstration of in vivo (animals) studies with
shared metabolic and mechanistic NAM-based
predictions of what is observed in humans;
especially with varying stages of disease(s) and co-
morbidities. Workshops to test, train and
knowledge transfer (intellectual property licenses)
will be essential to ensure translational
implementation from academic, governmental
(both investigative and regulatory) and industry to

support unmet clinical needs.

Technology-driven
development

In response to ongoing debates regarding the
value of animal experiments support regulatory
clearance and clinical efficacy, Ineichen et. al.
performed a metanalysis to assess measures of
translation across biomedical fields®*. They
assessed the proportion of therapeutic
interventions advancing to any human study, a
randomized controlled trial (RCT), and regulatory
approval. They determined that the median
transition times from animal studies were 5, 7, and
10 years to reach any human study, an RCT, and
regulatory approval, respectively. They concluded
that, contrary to widespread assertions, the rate of
successful animal-to-human translation may be
higher than previously reported. However, the low
rate of final approval potential
deficiencies in the design of both animal studies
and early clinical trials. To ameliorate the efficacy
of translating therapies from bench to bedside,
they advocate for enhanced study design
robustness and the reinforcement  of

drug discovery and

indicates

generalizability.

Recently, there has been a low success rate for the
approval of new oncological therapeutics in clinical
trials. The two leading reasons for these failures are
either: (1) toxicity and safety issues or (2) efficacious
responses. As all therapeutics must be tested
within animal models prior to clinical testing, there
are opportunities to expand the ability to assess
efficacy and toxicity profiles within the preclinical
testing phases of new therapeutics. Most
preclinical in vivo testing is performed in mice,
canines, and non-human primates (Figure 2).
However, swine models are an alternative large
animal model for cancer research with similarity to
human size, genetics, and physiology. Additionally,
tumorigenesis pathways are similar between
human and pigs in that similar driver mutations are
required for transformation. Due to their larger
size, the development of orthotopic tumors is
easier than in smaller rodent models; additionally,
porcine models can be harnessed for testing of
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new interventional devices and
radiological/surgical approaches as well. Taken
together, pigs are a feasible option for preclinical

therapeutic and device testing.

Transitional Platforms

Compared to humans, mice have 60 times faster
drug diffusion, 7 times faster blood perfusion, and
typically require 12 times the drug dosage (per
kg)*?34. Therefore, we decided to evaluate drug
delivery in pigs, which have similar physiology and
drug dosing, compared to humans. Progress in
creating the building blocks (genome sequence,
genome editing and cloning) has clearly been
achieved in the utility of the pig as a large animal
biomedical model. The justification for using
genetically modify organisms (GMO) to develop a
disease on demand reflects the principles of the
3Rs (Replacement, Reduction and Refinement).
The use of such a GMO animal replaces the need
for intensive and painful chemical/radiation
exposures to induce tumors; significantly reducing
the need for large numbers of animals to ensure
proper cohorts for pre-clinical trials; improves the
time to treatment as some spontaneous models
require constant monitoring over long periods of
time, and refines pre-clinical modeling to an animal
with inducible genome features that provides a
single in vivo tool in which to conduct safety, risk,
and efficacy studies. Such an in vivo technology
platform supports NAMs needs for defining in vitro
and ex vivo tools with the ability to then perform in
vivo studies from those tools for defined driver
mutation tissue tumors as a single pre-clinical
platform.

Oncopig Cancer Platform

The Oncopip is a genetically engineered porcine
model designed to recapitulate human cancer.
Oncopigs harbor a transgenic cassette that
expresses oncogenic mutant KRAS and TP53 under
control of a Cre-Lox system, allowing for temporal
and spatial control of tumor induction. Its versatility
has enabled the development of diverse cancer
models including liver, pancreatic, lung, and

bladder cancer. Serving as a clinically relevant
model for human cancer, the Oncopig addresses
unmet clinical needs and holds immense promise
for advancing preclinical cancer research and
therapeutic development. In addition, using gene
editing techniques®?’ like clustered regularly
interspaced short palindromic repeats (CRISPR)
editing, genetically tailored tumors can be
developed in the Oncopig by somatic gene
editing. This approach allows the introduction of
specific gene mutations in Oncopig tumors,
thereby broadening the scope of modeling human
tumor mutational profiles that can be modeled and
enable preclinical evaluation of precision medicine
strategies. By leveraging somatic gene editing,
Oncopigs can serve as a versatile platform for the
development of genetically defined tumors,
circumventing the need for the laborious and time-
consuming process of developing additional
genetically engineered pig models harboring
distinct gene mutations.

The Oncopig harbors mutations found in >50% of
human cancers- KRAS®'?? and TP53R¢™- and
results in tumors that recapitulate the phenotype
and physiology of human cancers®**®, As in
human disease, TERT is solely expressed in
Oncopig cancer cells, and innate Oncopig
KRAS®'?P and TP53%¢™ driver mutations are
heterozygous in nature. The pig size supports
utilization of human clinical instruments (radiology,
imaging, and robotic surgery) which are unique for
an in vivo platform for pre-clinical testing.
Moreover, the pig has been shown to metabolize
drugs similarly to human by the same p450
pathways (xenosensor pregnane X receptor)
responsible for over 50% of existing prescription
drugs.

Therapeutics (drugs and biologicals),
Devices and Locoregional Therapies.

The development of tumors in a clinically relevant
microenvironment is a crucial aspect of preclinical
animal models®. Cancer comorbidities have been
modeled in Oncopigs, including alcohol-induced

© 2026 European Society of Medicine 6



fibrosis, a precursor to liver cancer development®.
Excessive alcohol intake is a major etiological
factor for liver cancer, often leading to liver
cirrhosis. The development of liver cancer models
within a cirrhotic background holds immense
importance for preclinical studies, given the
profound effect of cirrhosis on tumor progression
and treatment responses. Although the size and
anatomical resemblances between pigs and
humans are crucial aspects of a porcine cancer
model, equally significant are the genomic,
epigenetic,  physiological, = metabolic, and
immunological characteristics of pigs that mirror
human biology*. These similarities confer clinical
relevance to porcine models, enabling the testing
of drug efficacy, drug delivery, and
immunotherapy*.

The in vivo platforms that support dosing (mg/kg)
of drugs require a smaller animal to support costs
of therapeutics as well as size of housing pens as
well as the longer duration of pre-clinical trials.
Such therapeutics also need to
microenvironments and co-morbidities which can
be modeled in the recently developed mini-
Oncopig  (Wisconsin (WMS™)
background). Whereas for device and locoregional
therapies an in vivo platform that is similar in size is

address

Mini-swine

more appropriate.

The ability to induce tumors in Oncopigs with fully
competent immune systems, along with the T cell-
mediated antitumor immune response observed n
Oncopig models of liver, pancreatic, and lung
cancers highlights the potential utility of Oncopigs
for studying antitumor immune responses and
preclinical testing of immunotherapies. Gaba et. al.
recently underscored the clinical relevance of the
Oncopig for testing the efficacy of clinically
relevant drugs'’. Their study demonstrated similar
expression of key genes involved in drug
metabolism and transport between Oncopig and

human HCC. Furthermore, Oncopig HCC cells
accurately predicted chemotherapeutic
susceptibility of human HCC cells in vitro and
outperformed murine HCC cells in predictive
accuracy. Notably, six Oncopig HCC cell lines
exhibited consistent susceptibility to the
chemotherapy drugs sorafenib and doxorubicin,
commonly used for systemic and locoregional HCC
therapy, respectively*”.

More recently, Segatto et. al. developed bladder
cancer cell lines from Oncopigs and demonstrated
consistent treatment responses between Oncopig
and human cells to cisplatin, doxorubicin, and
gemcitabine chemotherapeutics in vitro*®. This
platform provides the opportunity to create pre-
clinicals trials for any tumor, at any location and at
any stage of development to support diagnostic,
device, and drug development. Also, the platform
can induce clinically relevant microenvironments
and systemic co-morbidities. Such a platform
supports the development of NAMs relevant to
diverse human populations and health conditions;
especially in using such a platform for training Al
programs. Specifically, the Oncopig Cancer
Platform addresses: 1. Disease and comorbidity
models that account for complex systemic effects
of cancer in relation to systemic disease on efficacy
and toxicity; 2. provide anatomically scaled in vivo
models for device-based (including robotic) and
image-guided therapeutics; 3. controlled time of
induction in vivo models for establishing early
detection biomarkers, imaging-based diagnostics,
and efficacy of treatment based on tumor stage;
and 4. complimentary cooperation between NAMSs
and clinically relevant in vivo models for therapy
screening and identifying and
confirming/validating results. Below each of these
features are further developed to demonstrate the
need for an experimental in vivo model between
NAMs and the human patient (Table 2).

© 2026 European Society of Medicine 7



Table 2. In vivo Large Animal Platform Applications

Tumor Types Applications References
Hepatocellular CRISPR genome editing Elkhadragy 2025%, 2022%"
Carcinoma trans-arterial embolization Nurili 20214

Intra-arterial pressure-enabled drug delivery | Jaroch 20244
ethanol-induced hepatic fibrosis co- | Hieromnimon 2025%; Gaba
morbidity 2024%; Yasmin 20214
Magnetic Resonance Elastography
drug eluding beads for embolization Namur 2010%; Isfort 20194°
Yttrium-90 radioembolization Schachtschneider 2024%°
locoregional therapies Llovet 20215
micro-environment signaling Patel 202152
staging fibrosis by PET Pirasteh 202253
mets and robotic surgery O'Connell 202454
Pulmonary in vivo induction Ghosn 2023%°
bronchoscope-induced to assess | Joshi 202456
translatability
therapeutic biodistribution Niemeyer 2025%
bronchial Artery 90Y radioembolization Wehrenberg-Klee 2025%
microwave ablation Carberry 2017%°
Colorectal reverse electroporation assessment Rugivarodom 20245
Renal microwave ablation Sommer 20125
theranostic treatment Rice 2024
Pancreatic safety and efficacy in vivo of a yttrium-90 | Govindarajan 202553
resin microspheres glue formulation
induction and characterization Boas 2020%, Mondal 2023
Induction of pancreatic ductal | Principe 20186¢
adenocarcinoma
Bladder recapitulate human  bladder cancer | Segatto 2024
treatment responses in vitro
development of epithelial and intramuscular | Aulitzky 2023¢7
humanized pig models Segatto 202168
Glioblastoma imaging and characterization Selek 2014
Implantation and intratumoral isotope | Khoshnevis 20177, 2020™
delivery
high-grade spinal cord Tora 20207
Sarcomas ablation of IM and retroperitoneal sarcomas | Rund 20187
Immune responses Overgaard 2018747®
Melanoma Conditional genetic engineering Oh 20257
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Disease and comorbidity models account for
complex effects of cancer in relation to systemic
disease on efficacy and toxicity. A major obstacle
to advancing promising interventional oncology
(I0) approaches is the lack of suitable tumor-
bearing large animal models for preclinical
evaluation of therapeutic dosing, delivery, safety,
and efficacy. While many tumor-bearing small
animal models benefit from availability of species-
specific reagents, their small size limits applicability
for 10 studies. Large animal models, such as rabbits
and pigs are better suited for 10 research due to
their size and anatomical similarities to humans. A
commonly used model for 1O research is the rabbit
VX2 tumor implantation model, utilized to test
locoregional therapeutic (LRT) approaches for
tumors in various organs, including liver, kidney,
breast, head and neck, uterus, lung, bowel, bone,
and pancreas'’. However, limitations including its
small size, squamous cell carcinoma tumor biology,
varying tumor kinetics, and spontaneous necrosis
reduce the translational relevance and highlights
the need for more representative preclinical
models to advance IO research.

Lung cancer is the leading cause of cancer-related
mortality worldwide®®. First line therapies for early-
stage lung adenocarcinoma include surgical
resection and stereotactic body radiation therapy
(SBRT); however, only 25% of patients are treated
surgically’” and toxicity limits SBRT for
central/ultracentral tumors®™ and stage |l
NSCLC?. These limitations have sparked interest in
locoregional therapies, including transarterial
radioembolization (TARE) with *Yttrium (°°Y)
microspheres®®®!, Niemeyer et. al. demonstrated
feasibility of intra-tracheal AdCre infusion for lung
tumor induction in Oncopigs, and then used the
platform to assess biodistribution of *"Technetium
(**™Tc) macroaggregated albumin (MAA) as a
surrogate for Y to investigate the optimal infusion
route for safe and predicable pulmonary TARE®.
First, three Oncopigs underwent intratracheal
infusion of 1x10% PFU of AdCre activated in 5 ml of
0.01M CacCl, in PBS. This resulted in tumors visible

on CT within 2-weeks post inoculation (mean size
2.9x2.2cm, range 0.5 - 4 cm). Histological analysis
confirmed presence of undifferentiated neoplasms
without  typical histological pattern  of
adenocarcinoma and KRAS®?  expression
indicating successful transgene activation.

After histologic and radiographic tumor
characterization, four additional = Oncopigs
underwent nonspecific lung tumor induction via
intratracheal infusion of AdCre. After tumor
formation, angiography and selective *"Tc-MAA
infusions were performed from pulmonary and
bronchial arteries, attempting to target the same
tumor, with procedures separated by 7 days.
Digital subtraction angiography (DSA) and cone
beam computed tomography (CBCT) confirmed
appropriate tumor perfusion from the selected
pulmonary or bronchial artery. 5 mCi of *"Tc-MAA
was infused from these locations, and SPECT/CT
was performed. The mean tumor-to-normal ratio
(TNR) after bronchial arterial infusion of *"Tc-MAA
was significantly higher than after pulmonary
arterial infusion of %°"Tc-MAA (8.10+4.30 vs.
2.40+2.15, p=0.032). Off target esophageal
(0.79+£0.80 vs. 0.20+0.16, p=0.20), pericardial
(8.83+5.34 vs. 5.87%5.15, p=0.43), spinal cord
(0.08+0.09 vs. 0.08+0.08, p=1.0), renal (1.21+0.11
vs 2.07+0.36, p=0.04), and brain (0.01+0.01 vs.
0.00+0.01, p=1.0) biodistribution was low in both
pulmonary and bronchial infusions.

Considerable investigations have confirmed the
translational Oncopig
hepatocellular cancer (HCC) cells. Like human
HCC, the Oncopig HCCs express the HCC
diagnostic marker arginase-1, have similar cell

relevance of these

cycle lengths and migration rates. Additionally,
Oncopig HCC cells secrete alpha fetoprotein (AFP)
consistent with most human HCCs. Furthermore,
the Oncopig HCC cells were used to performed
chemotherapeutic susceptibility assays!’ and the
results compared between Oncopig, human, and
mouse HCC lines. This study compared 5 Oncopig
and 5 different human HCC lines. Significant was
that the Oncopig HCC responses were more like

© 2026 European Society of Medicine 9



human responses for all 5 comparisons whereas the
murine results varied. These findings further
support the translational relevance of the model.
Another example is a study by Chen (personal
communication) of an directed
therapeutic study in the liver model. Their study
focused on the local delivery of an NK cell-based
immunotherapy for treatment of liver cancer. Using
the Oncopig they were able to confirm significantly
increased tumor regression in treated tumors
compared to untreated.

arterially

To address how the Oncopig could be
complementary to NAM efforts, we introduced
PTEN, AXIN1, and ARID1A knockout (KO)
mutations into Oncopig HCC cells. We
demonstrated that PTEN and AXIN1 Kos
significantly increased cell proliferation, while
PTEN KO also results in increased cell migration.
These mutated cells also were evaluated by
therapeutic screening assays and confirmed that
the PTEN KO mutations increase susceptibility to
PI3K inhibitors consistent with human HCC. Such
an approach further illustrates the power of the
Oncopig Cancer Platform to provide a transitional
model for in vitro (cell lines) to ex vivo (organoids)
to in vivo (Oncopigs) to validate assays and
prediction of in vivo outcomes. Both the Bay and
GSK Pi3K inhibitors tested, demonstrated
significantly more cell death in PTEN KO compared
to AXIN1, ARID1A, and unedited cell lines.
Importantly, both inhibitors have been shown to be
effective against PTEN null human cells. However,
increased susceptibility was not observed for the
BKM inhibitor tested, which is also consistent with
results from humans where this inhibitor has been
shown to be ineffective for PTEN null cells®*.

Focus: Drugs and Biologicals.

Sus Clinicals is also developing and validating new
mini-pig Oncopig models. One is using the
Wisconsin (WMS) as a
background (Figure 3). The WMS was chosen
based on its reduced size and predisposition to
clinically relevant comorbidities including obesity,

Miniature Swine™

cardiovascular disease, and other metabolic
syndromes. The inducible Oncopig construct was
used to create a cloned mini-Oncopig line. The
WMS® was selected as the background genome
since this line provides not only a lower body mass
essential for drug and biological in vivo analyses
but also has a genetic predisposition to obesity
and metabolic disorders (e.g., fatty liver disease).
These animals range from 32 kg (70 Ibs.) at 6
months and 60 kg (130 Ibs.) at 12 months of age
and thus conducive to drug and biological studies.

A second mini-pig model was developed by
crossing the Oncopig with the Specipig mini-pig
hybrid cross. The goal is to develop mini-Oncopig
models with inherited co-morbidities and size
better suited for pharmaceutical studies.

Figure 3: Models Available Based on Size and
Phenotypic Requirements

Addressing size requirements

Z Y

Testing devices Testing therapeutics

] e O
Oncoplg Mini-Oncopig

v Human size # Metabolism

v Anatomy + co-morbidites

Emerging challenges and opportunities.

Historically, = oncology drug development
prioritized dosing to the maximum tolerated dose
(MTD), often resulting in toxicity outweighing
efficacy because of the urgent need to treat life-
threatening cancers. With the emergence of novel
and combinatorial therapies and interventions, it is
now essential to adopt a more strategic
approach—defining the optimal dose, schedule,
and treatment window preclinically to ensure safer
and more effective translation into clinical trials-
including combination therapies (multiple drugs,
beads with isotopes, and antibody targeted
conjugates). MTD as been historically linked to
murine toxicity studies rather than defining the
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Most Efficacious Dose (MED). Important to note is
that mouse tumor cell lines only require a single
driver mutation whereas human and pigs require
two driver mutations. Thus, as stated earlier,
human tumors from the same tissue can have

different mutations and thus
transitional testing models. Also, as presented the
Oncopig Cancer Platform (Figure 4) provides such
a transitional platform that could support MED

studies.

require new

Figure 4: Proposed Path for Drug and Biologicals Development.
Proposed path for drug and biologicals development
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Locoregional therapy (LRT) continues to be a
clinical intersection between Oncologists and
Interventional  Radiologists provides
targeted delivery to tumors increasing treatment
efficacy as well as decreasing systemic side effects.

which

Metastasis (Mets) is another opportunity for a new
dimension of the Oncopig Cancer Platform.
Through the ability to perform in vitro genome
editing and to introduction of oncogenic cells
through intervascular delivery allows seeding of
organs with disparate tumorigenic cells and
support efficacy studies of novel therapies in
animals exhibiting metastatic disease.

Robotic surgery with respect to cancer will require
pigs serve as a promising preclinical model for
surgical applications given their similar physiology,
size, genetics, immunity, and metabolism
compared to humans. While pigs are frequently
utilized in surgical studies, the inclusion of tumor-
bearing pigs would enhance the translatability and
clinical significance of these investigations. Here,
we propose the Oncopig Cancer Platform as a
valuable option for preclinical assessment and
training on innovative Al and robotic surgery
approaches. Oncopig

successfully achieved across all models within two

tumor formation is

weeks, demonstrating the efficacy of the

.
>

established protocols. Tumor sizes vary by organ
type, with notable dimensions as
pancreatic tumors range from 0.5 to 5.1 cm, liver
tumors from 0.5 to 4 cm, and lung tumors from 0.5
to 4 cm. Following tumor induction, Oncopigs can
be utilized to test novel oncolytic robotic surgery
devices and techniques in the context of real-world
conditions,

follows:

surgical movement,
bleeding, tissue responses, and defined tumor
targets. In addition, reproducible induction of
tumors in defined locations enables use for Al
model training through generation of varied and
realistic datasets. Finally, Oncopigs can be utilized
to train surgeons on advanced Al and robotic
surgery techniques in a controlled setting, allowing
for development of skills and confidence prior to
use in clinical practice. Use of organ-specific
represents  an

preclinical

including

Oncopig tumor  models

advancement in the evaluation
landscape for Al and robotic surgical oncology. By
mimicking human anatomy and physiology, these
models provide a robust platform for assessing
novel surgical techniques and training Al models
and surgeons prior to translation into clinical

practice.

Training model for interventional delivery such as
catheters and endoscope. Pigs are commonly used
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as training models since they provide real-world
conditions (movement, bleeding, tissue responses)
for training residents and fellows on established
devices and techniques. An added benefit is that
the Oncopigs provide reproducible induction of
tumors in defined locations enables use for Al
model training through generation of varied and
realistic datasets.

Pigs offer an essential bridge between lab
experiments and human testing allowing cancer
therapies to be developed and approved faster,
safer, and more responsibly. As presented here, we
advocate a cooperative framework, blending
human-relevant non-animal methods with high-
fidelity animal models like the Oncopig platform,
to advance oncology research and regulatory
science in the next decade. The current reliance on
traditional animal models, especially rodents, in
cancer research poses significant hurdles to
successful translation of preclinical findings to
human treatments. The vast biological differences,
methodological limitations, and systemic biases
contribute to high failure rates in clinical trials and
an overestimation of treatment efficacy. While
animal models remain valuable for basic research,
a paradigm shift towards more human-relevant
models is critical. Pigs, particularly the Oncopig
and mini-Oncopigs (WMS-Oncopig and Specipig-
Oncopig), models offer a promising pre-clinical
bridge due to their closer biological similarities to
humans. These models provide more accurate
insights into drug metabolism, tumor progression,
and therapeutic Complementary
human-centric approaches such as 3D organoids,
systems, and
models are

responses.
micro-physiological advanced
computational
overcoming the current translational gap and

essential  for

accelerating the development of effective cancer
therapies.

This review was designed to demonstrate that the
obtainment of safe and efficacious therapies
requires the integration of NAMs with refined

animal technology platforms that address the need
to reduce, replace and refine animal models.
Simplistically it is not an either-or but the insertion
of these approaches that will reduce risk of
therapeutic discovery and regulatory trials while
increasing the speed at which new solutions can be
provided to the clinic; including rare and orphan
therapies. The proposed NAMs-based process
needs to ensure that they are robust and indicative
of what is observed in healthy and sick individuals
will require extensive efforts. Critical will be further
demonstration in vivo (animals) studies of shared
metabolic and mechanistic NAM-based
predictions of what is observed in humans;
especially with varying stages of disease(s) and co-
morbidities. Workshops to test, train, and
knowledge transfer (intellectual property licenses)
will  be translational
implementation from academic, governmental
(both investigative and regulatory) and industry to
support unmet clinical needs.

essential to ensure

Reardon provides strong arguments for the value
of NAMs based on their relevance to human
medicine, addressing mounting ethical concerns
and development of technology platforms®®3°. As
also stated, we have provided further support that
additional standardization and validation of such
platforms with respect to their robustness with
regards to sensitivity and specificity. Reardon
states that “NAMs provide human-relevant,
ethical, and innovative models but face challenges
in biological completeness, validation, predictive
scope, data availability, and regulatory
acceptance”®. As stated by the German
Toxicology Congress, the use of animal testing
remains the international standard and requires its
translation into NAMs to support Al applications
and will require strong validation of NAMs®3. The
growing consensus is that a hybrid complimentary
model is essential. Where NAMs are used to screen
drug and biological candidates and that the in vivo
platform ensures full safety and efficacy prior to
initiating clinical trials. Finally, Reardon provides a
paradigm shift in biomedical research and
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regulatory science and further motivates the
community to transition away from animal testing.
Successful  transition is dependent upon
international validation and alignment of NAMSs
outputs that supports the 3Rs while not putting

humans at risk.
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