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Compared with the widely used rodents, pigs are anatomically, physiologically, and genetically more
similar to humans, making them high-quality models for the study of liver diseases. Here, we review the
latest research progress on pigs as a model of human liver disease, including methods for establishing
them and their advantages in studying cystic fibrosis liver disease, acute liver failure, liver regeneration,
non-alcoholic fatty liver disease, liver tumors, and xenotransplantation. We also emphasize the impor-
tance of genetic engineering techniques, mainly the CRISPR/Cas9 system, which has greatly enhanced the
utility of porcine models as a tool for substantially advancing liver disease research. Genetic engineering
is expected to propel the pig as one of the irreplaceable animal models for future biomedical research.
© 2024 The Third Affiliated Hospital of Sun Yat-sen University. Publishing services by Elsevier B. V. on
behalf of KeAi Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Pigs are anatomically, physiologically, immunologically, and
genomically similar to humans. They have been used as represen-
tative models for experimental studies in the fields of ophthal-
mology, locomotor systems, reproduction and development,
microbial research, brain and neurodegenerative diseases, cardiac
diseases, pulmonary diseases, and tumors.1e7 Pigs have a short
gestation period, high reproductive capacity, and can be induced to
exhibit a wide range of phenotypes through domestication and
artificial genetic selection.8 Furthermore, the use of pigs raises
fewer ethical concerns compared to the use of nonhuman primates
(NHPs). Consequently, pigs are now considered high-quality tools
for biomedical research.9
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China has among the highest burdens of liver disease glob-
ally.10 According to recent epidemiological reports, more than
one-fifth of the Chinese population is affected by some form of
liver disease.11 Viral hepatitis remains the main cause of the high
burden of end-stage liver disease.12 The rate of metabolic liver
disease, mainly metabolic dysfunction-associated steatotic liver
disease (MASLD), is increasing annually, and it is becoming
increasingly prevalent in younger age groups.13 This serious
epidemiological background and the heterogeneity of liver dis-
eases provide important ideas for model animal research.
Although classical model organisms, such as Drosophila, zebrafish,
and rodents, have well-established systems of scientific output in
related fields, they do not closely reflect human biology. Thus,
there is an urgent need to use porcine models as the main plat-
form for model design and experiments in research on liver dis-
eases. By using genetic engineering techniques, pig models with
particular gene mutations that resemble the genetic background
of liver disease in humans can be created. These models can then
be used to test new medications or treatments, assisting in the
assessment of their safety and efficacy. This offers researchers
studying liver disease an effective tool and resource.
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In this paper, we review the latest research progress on pigs as
models for human liver diseases, including cystic fibrosis liver
disease (CFLD), acute liver failure (ALF), MASLD, and liver tumors, as
well as liver regeneration and xenotransplantation, for which they
offer significant advantages. The introduction of genetic engineer-
ing has popularized the use of porcine models, and we hope that
our effort of combining currently available technologies with
porcine models in liver disease research will be thought-provoking
and provide researchers with some practical paradigms for their
work.

2. Rationale for using pig as liver disease models

2.1. Liver features are similar in pigs and humans

Certain strains of pigs, such as Duroc, Large White, and minia-
ture pigs, are highly suitable for preclinical studies because of some
similarities between their liver and adult human livers
(Table 1).14e17 Despite differences among these pig strains, all of
their livers present well-defined lobes, segments, a complete
Glisson system, and polygonal lobules that constitute the basic
functional unit. Unlike humans, liver lobules in pigs are irregularly
pentagonal and have connective tissue intervals. In terms of liver
weight, liver lobes, liver segments, liver enzymes, serum albumin
and other physiological parameters, pig and human were basically
similar. The porcine portal vein has substantial supplies of blood
and oxygen and is crucial for testing vascular occlusion and ther-
apeutic efficacy of drugs.14,15 Regarding the feasibility of porcine
liver xenotransplantation, it has been observed that the liver of
certain strains of pigs has the capacity to synthesize proteins that
are essentially equivalent to those of humans. In addition, the
serum concentration of albumin in pigs is lower than that in
humans, and the amino acid sequences identity of the two can be
up to 65%.18,19

Such consistency is also reflected in the liver enzyme studies.
The cytochrome P450 superfamily (CYP) has been shown to play an
important role in drug metabolism and elimination, and the main
P450 enzyme isoform expressed in the human liver is CYP3A4. Four
isoforms, namely, CYP3A22, CYP3A29, CYP3A39, and CYP3A46,
from pigs do not differ significantly from CYP3A in humans in terms
of qualitative function and expression, and their amino acid se-
quences converge significantly.20e23 Van Peer et al.24 investigated
the changes in CYP3A expression in neonatal pigs, suggesting that
the pig is a suitable model for assessing the development of liver
enzyme profiles in neonates.16

However, there are some clear differences between pigs and
humans that should not be overlooked, especially in terms of the
complement and coagulation systems, which exhibit significant
Table 1
Liver general features comparing pigs and humans.

Attributes Pig

Liver weight (kg) 1.2e2.5
Liver weight to body weight (%) 2e3
Liver lobes and liver segments 4e6 lobes, 8 segments
Hepatic lobules Irregularly pentagonal hepatic lobules
Serum albumin concentration (g/L) 19e29
Serum globulin concentration (g/L) 28e41
Serum cholesterol concentration (mmol/L) 2.0e4.2
Aspartate aminotransferase (U/L) 0e125
Alanine aminotransferase (U/L) 0e103
Alkaline phosphatase (U/L) 0e300
g-Glutamyltransferase (U/L) 0e82
Total bilirubin (mmol/L) 0e1.0

All data presented in this table are based on the findings reported in References 14e17.
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species-specificity. Indeed, this is one of the main obstacles to the
use of porcine models for xenotransplantation. Genome editing
currently represents a promising approach for solving this problem
and can be applied in multiple fields.

2.2. Advances in genetic engineering technology enhance the
usefulness of pig models

Gene editing has become a rudder for human beings to change
the trajectory of life. Since the establishment of the Swine Genome
Sequencing Consortium in 2003, exhaustive whole-genome se-
quences and functional whole-genome annotation systems have
been established,1,25e27 which have greatly improved the utility of
pigs as models. Pigs also have chromosomes homologous to those
of humans,28,29 and the size and composition of their genomes are
comparable to those of humans. It has also been highlighted that
the brain, liver, and lymphoid tissues have gene classifications that
are highly similar between these two species.27

In fact, pigs have long served as one of the primary models for
genetic engineering. In 1985, Hammer et al.30 produced the world’s
first transgenic pig via microinjection. In recent years, somatic cell
nuclear transfer (SCNT) technology has been applied in various
large animals,31 providing a reproductive basis for the establish-
ment of transgenic animal models. Programmable nucleases,
including zinc-finger nucleases (ZFNs), transcription activator-like
effector nucleases (TALENs), and the clustered regularly inter-
spaced short palindromic repeats (CRISPR)/Cas9 system, are among
the core elements of gene editing. Among these programmable
nucleases, the CRISPR/Cas9 system introduces specific genomic
sites for targeted modification through simple pairing with guide
RNA sequences and has basically replaced ZFNs and TALENs as the
main tool for gene editing since its mechanismwas elaborated and
implemented, lifting the bottleneck of human manipulation of the
genome.32 The synergistic use of the CRISPR/Cas9 system with
SCNT allows rapid and efficient generation of target models in large
animals, including NHPs.31 The CRISPR/Cas9 system is a bacterial
immune system that has evolved to combat exogenous genetic
material as well as provide acquired immunity. The CRISPR/Cas9
system consists of two key components: a Cas9 protein that cleaves
double-stranded DNA and a gRNA (guide RNA) that serves as a
guiding signal. The CRISPR/Cas9 technology uses a gRNA comple-
mentary to the target sequence to direct the Cas9 nuclease to
recognize and cut the specific target DNA, resulting in double-
stranded or single-stranded DNA breaks that are then repaired
using two DNA repair mechanisms, namely, nonhomologous end
joining and homology-directed repair, which can achieve gene
insertion and knockout.33 Combined with a referenceable high-
quality porcine genome database,25 the CRISPR/Cas9 system has
Adult human

1.0e2.3
Approximately 2
4 lobes, 8 segments

with connective tissue septa Hexagonal liver lobules without leaflet intervals
40e55
20e30
2.9e6.0
8e40
5e40
45e125
11e50
3.4e17.1
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been used to accurately edit a variety of human disease models,
such as those of cardiovascular diseases, neurodegenerative dis-
eases, immunodeficiencies, cystic fibrosis (CF), and tumors.2,5 It has
also achieved breakthroughs in xenotransplantation through target
gene knockdown and humanized gene transfer, such as the recent
landmark practice of transplanting porcine hearts and livers into
human beings.34 Against this background, genome editing in pigs
has great potential in liver research and is expected to compensate
for the lack of hepatology models and the distortion of information
when small animals mimic humans (Table 2).35e48

3. Porcine models of nontumorigenic liver diseases

Non-neoplastic liver diseases often present as liver injury of
varying degrees of severity, leading to a poor prognosis. Liver injury
is a broad concept, referring to all kinds of liver inflammatory
diseases caused by infection, immunity, drugs, metabolism, and
other factors. Experimental porcine liver disease models hold sig-
nificant promise for research on the pathophysiological mecha-
nisms of liver injury, surgical technique selection, drug screening,
and more. This is supported by the systematic establishment of
relevant models.

3.1. CFLD

CF is an autosomal recessive disorder caused bymutations in the
gene encoding CF transmembrane conductance regulator (CFTR),
leading to abnormal function and chronic inflammation in organs
such as the lung, pancreas, liver, and gastrointestinal tract.49 More
than two-thirds of CF cases are attributed to the deletion of the
phenylalanine residue in CFTR due to theDF508mutation.50 CFLD, a
serious complication of CF, manifests as focal biliary cirrhosis in the
early stage and can gradually develop into irreversible portal hy-
pertension,51 which is the third most common cause of death in CF
cases.52

Mice are widely used as model animals for studying CF. Indeed,
numerous heterogeneous phenotypes have been generated by
targeting CFTR knockdown. However, most of these phenotypes do
not show significant hepatic pathomorphology,53 thereby limiting
the use of mice as a model for CFLD. In 2008, Rogers et al.54 used
recombinant adeno-associated virus (rAAV) to disrupt CFTR in
porcine fibroblasts and generated two piglet models through SCNT:
CFTR�/� model with complete allelic deletion and DF508 mutation
Table 2
Summary of gene-edited porcine liver models.

Model Gene target Characteri

Cystic fibrosis liver disease CFTR knockout Focal bilia
Liver tumor TP53R167H/KRASG12D transgene Hepatocel

AXIN1/ARID1A knockout Enhancem
Hepatocyte autophagy PIK3C3 transgene Hepatocyt
Immunodeficiency or

hereditary tyrosinemia
type 1

RAG2/IL2Rg/FAH knockout Severe imm
humanizedFAH/RAG1 knockout

FAH knockout
FAH/HPD knockout HPD knock

Humanized liver protein
expression model

hF7/hALB transgene Expression

Non-alcoholic steatohepatitis ALOX12 knockout Delaying t
PNPLA3I148M/GIPRdn/hIAPP transgene Liver infla
MC4R knockout Hyperphag

Hepatic developmental defects HHEX knockout HHEX knoc
compleme

Abbreviations: ALB, albumin; ALOX12, arachidonate 12-lipoxygenase; ARID1A, AT-rich i
FAH, fumarylacetoacetate hydrolase; GIPR, glucose-dependent insulinotropic polypeptide
dioxygenase; KRAS, Kirsten rat sarcoma viral oncogene homologue; MC4R, melanocortin
patatin like phospholipase domain-containing protein 3; RAG, recombination activating
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model with the highest population prevalence, which ensured the
degree of phenotypic reversion and population representation of
CFLD, respectively. Thesemodel pigs have abnormal manifestations
of focal cirrhosis, cholestasis, and biliary hyperplasia similar to
those of neonatal patients.55 Over time, inflammation spreads at
the level of the portal vein and the liver disease progresses with
bridging fibrosis and steatosis, which is consistent with the findings
in humans.35 In addition to effectively simulating the actual disease
conditions, the CF pig models facilitate the acquisition of secretions
such as pancreatic juice and bile. They also mimic the impact of
nutritional differences after birth on changes in liver function,56

playing a prominent role in alternative research aimed at devel-
oping treatments for CFLD.
3.2. ALF

In 1991, Terblanche et al.57 proposed criteria for an ideal animal
model of ALF; these criteria were as follows: reversibility, repro-
ducibility, availability of a therapeutic window, a large animal
model, and safety for practitioners. The large animals most
commonly used as ALF models are pigs and dogs,58 and the supe-
riority of pigs in terms of liver anatomy and physiologymakes them
an important option for ALF modeling. Models are generally
developed through surgery or drugs. Surgical modeling includes a
total hepatectomy model,59 partial hepatectomy model,60 and he-
patic ischemia model formed by occlusion of the hepatic artery
after portal vena cava shunt surgery.61 Meanwhile, commonly used
hepatotoxic drugs include acetaminophen and galactosamine62e64;
the use of carbon tetrachloride has also been reported.65,66 There is
also a trend for the establishment of models produced by the
combination of surgery and drugs.58

Owing to the rapid progression and high mortality associated
with ALF, models established to date have varying degrees of lim-
itations. Although pigs are superior to other animals, the models
still need to be optimized because of the difficulty of surgery,
laboriousness and high cost of operation, and inability to recapit-
ulate the inflammatory environment in ALF.67 Other problems
include the extrahepatic toxicity of drug-forming molds, poor
reproducibility, and toxicity and damage to the human body.
Recently, a method to induce ischemia-reperfusion injury after
liver-directed radiation therapy on NHPs for the modeling of ALF
was reported.68 The model generated using this method was reli-
able, reproducible, and suitable for the establishment of ALF pigs.
stic phenotype Reference(s)

ry cirrhosis 35,36
lular carcinoma 37
ent of hepatocellular carcinoma proliferation and migration 38
e apoptosis and inflammatory cell infiltration 39
unodeficiency or hereditary tyrosinemia type 1, or as a
liver donor

40
41
42

out attenuates liver injury due to hereditary tyrosinemia type 1 43
of human coagulation factor VII and ALB 44

he progression of non-alcoholic steatohepatitis 45
mmation, lipid infiltration, and metabolic disorders 46
ia, dyslipidemia, and hepatic steatosis 47
kout causes hepatic developmental defects rescued by blastocyst
ntation

48

nteraction domain 1A; CFTR, cystic fibrosis transmembrane conductance regulator;
receptor; hIAPP, human islet amyloid polypeptide; HPD, 4-hydroxyphenylpyruvate
4 receptor; PIK3C3, phosphatidylinositol 3-kinase catalytic subunit type 3; PNPLA3,
gene.
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Though sophisticated constructs are still lacking, we believe that
genetic engineering might offer a time-switching effect to trigger
liver injury at the appropriate moment, as in the mouse model of
the CreERT system.

3.3. Liver regeneration models

Liver regeneration is a process that enables successful regional
resection of diseased liver and partial liver transplantation.69 In
models of induced liver injury, partial hepatectomy is more
controllable to perform on large animals than the administration of
hepatotoxic drugs and is considered to be the event conferring the
strongest stimulation of liver regeneration.70 The possible extent of
resection of porcine liver has been widely discussed, with 85%
resection being highlighted as an extreme proportion, at which
point the serious clinical problem of posthepatectomy liver failure
(PHLF) can be easily triggered.70,71 In contrast to that in other large
animals, the regenerative response after partial hepatectomy in
pigs is completely predictable,72 with differential expression of
genes involved in cell proliferation, inflammatory regulation, and
molecular metabolism with increasing resection extent and
elevated portal pressure.73 Inomata et al.74 reported the use of al-
kaloids to construct the first porcine model of hepatic regeneration
inhibition, which may be used for assessing the success of liver
transplantation. Recently, a potent and highly selective small-
molecule liver regeneration-promoting drug, HRX215, was devel-
oped.75 In a porcine 85% hepatectomy model, HRX215 effectively
prevented the onset of ALF and maintained normal liver functions,
such as metabolism and synthesis of coagulation-related proteins.
HRX215-mediated hepatic regeneration effectively prevented 85%
of the lethal PHLF after hepatectomy.

A better model of liver regeneration can be constructed using
target gene knockout. Hereditary tyrosinemia type 1 (HT1) is a
metabolic liver disease caused by loss of fumarylacetoacetate
hydrolase (FAH) activity, which can lead to lethal liver injury.43 In
2011, Hickey et al.42 generated FAH�/� pigs through chimeric
adeno-associated virus-mediated knockout for the expansion of
high-quality human hepatocytes. Subsequently, in 2016, they
successfully implemented HT1, an ex vivo liver-targeted gene
therapy based on liver regeneration.76 They isolated hepatocytes
after partial hepatectomy in FAH�/� pigs and transduced cor-
rected hepatocytes through lentiviral vectors to express thera-
peutic FAH. Almost complete hepatic regeneration was achieved
and tyrosine metabolism was corrected after autologous re-
infusion of FAHþ hepatocytes via the portal vein. Recently, Ren
et al.41 combined CRISPR/Cas9 with SCNT to generate a severely
immunodeficient FAH�/� porcine model, which expressed high
levels of human albumin 1 week after colonization of human
hepatocytes.

These porcine models serve as excellent alternatives for
studying human liver regeneration. They offer a liver microenvi-
ronment rich in complex signaling pathways essential for liver
regeneration, closely resembling the primary hepatocyte prolifer-
ation observed in humans. This is challenging to replicate in
artificial in vitro cultures and organoid constructs. Porcine models
have significantly contributed to our understanding of the mech-
anisms through which the liver regenerates and to the advance-
ment of clinical procedures. Moreover, the concept of using pigs as
donors for large-scale production of humanized livers is gradually
gaining traction.

3.4. MASLD

MASLD is the most common metabolic liver disease. In recent
years, the global prevalence of MASLD has continuously increased,
134
and this condition directly affects approximately 300 million peo-
ple in China.11 Metabolic dysfunction-associated steatohepatitis
(MASH), the inflammatory subtype of MASLD, is clinically insidious
and has become a major cause of progressive liver fibrosis and end-
stage liver disease.77 Ideal animal models of MASH possess disease
phenotypes similar to those of humans, including obesity; insulin
resistance; and histological features of the liver, such as macro-
vesicular steatosis, with varying degrees of lobular inflammation
and fibrosis.78 Pigs, although not as widely used as mice, can cover
most of the clinical signs of MASH progression and have been
increasingly employed experimentally.

Disease induction via dietary manipulation is a common and
effective means of modeling MASH. When fed a high-fat/fructose/
cholesterol diet, model pigs steadily develop a metabolic syn-
drome characterized by obesity, insulin resistance, and dyslipide-
mia, which then reverts to the hepatic manifestations of
MASH.79e81 However, this approach does not achieve consistent
effects; for example, some Ossabaw pigs or those with MASH
resistance show only microvesicular steatosis and do not develop
hepatic fibrosis.79,80 Furthermore, a high-fructose diet may not
induce MASLD in pigs.82,83 Unlike in humans and mice, adipose
tissue is the main target tissue for fructose-induced lipogenesis in
pigs, and it is often difficult to form hepatic macrovesicular stea-
tosis via a cumulative effect.

In metabolic diseases, sex selection has a profound effect on
modeling outcomes. Studies have revealed protective effects of
high levels of testosterone and estradiol in metabolic male piglet
models. In contrast, female piglets, with higher visceral fat mass
and greater insulin resistance, may have greater potential than
male piglets for diet-dependent metabolic modeling.84,85 In
contrast, in model mice, males are more sensitive to diet-induced
MASH than females due to differences in estrogen levels between
the two sexes.86

Although modeling using a high-fat diet has been reported, the
modeling period is as long as 6e12 months and the outcome is
unstable; therefore, the value of such models for the high-
throughput, rapid, and accurate screening of drugs cannot be
guaranteed. With the breakthrough provided by the establishment
of the CRISPR/Cas9 system, the mining and editing of metabolism-
related genes can hopefully resolve this issue. In China, Zhang
et al.45 used a pig model with knockout of the arachidonate 12-
lipoxygenase gene (ALOX12) to confirm that ALOX12 is a key
target to promote steatohepatitis and thus developed a new ther-
apeutic drug targeting it. In a porcine model, ALOX12 deficiency
ameliorated high-fat-diet-induced hepatic lipid deposition, in-
flammatory cell infiltration, and hepatic fibrosis, resulting in a
broad protective effect againstMASH progression. Furthermore, the
transfer of the humanizedmetabolic disease risk gene PNPLA3I148M-
GIPRdn-hIAPP was found to increase the risk of hepatic inflamma-
tion, lipid infiltration, and metabolic disorders,46 and the knockout
of the melanocortin 4 receptor gene (MC4R) led to hyperphagia and
dyslipidemia.47 Both of these approaches can be used to establish a
porcine model of hepatic steatosis.

3.5. Others

In recent years, various porcine models of liver disease have
been developed. In addition to the above models, viral hepatitis can
be induced in pigs through static injection of viral strains and oral
administration of immunosuppressive agents.87 Meanwhile, folate-
deficient porcine models have been shown to exhibit abnormal
methionine metabolism, which promotes the progression of alco-
holic liver disease.88 Finally, the experimental use of pigs for
parasitological purposes, such as hepatic schistosomiasis, has been
reported.89
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4. Porcine models of hepatic tumor

There is a significant attrition rate in the development of anti-
tumor drugs, as only approximately 5% of new medications show
sufficient efficacy in phase III clinical trials for them to be
approved.90 This is partly attributable to the absence of suitable
preclinical animal models. Pigs serve as an ideal model for oncology
and related drug research. In addition to the similarities in
anatomical and physiological characteristics, hepatic drug enzyme
metabolism, and body size between pigs and humans, the longevity
of pigs permits the monitoring of preclinical drug treatment re-
sponses over longer spans and allows multistage simulation of
tumorigenesis, invasion, and metastasis.

Drug induction is a conventional method of constructing
models. For example, intraperitoneally injected N-nitrosodiethyl-
amine (DENA) induces hepatocellular carcinoma (HCC) combined
with cirrhosis in pigs, but the latency period of the tumors is up to
10 months or more.91 The carcinogen-induced formation of HCC
can be accelerated by combiningwith phenobarbital (PB).92 Despite
the shortening of the latency period to 5e11 months, a small pro-
portion of pigs did not develop tumors; moreover, a valid com-
parison of the timeline of tumor formation was difficult due to the
limitation of the number of modeled pigs.

The Oncopig Cancer Model (OCM) is a targeted model designed
to study tumorigenesis at specific tissue sites and during specific
timeframes through Cre recombinase-induced expression of the
TP53R167H and KRASG12D transgenes.93 The isolation of hepatocytes
from OCM livers and their exposure to an adenovirus vector
encoding the Cre recombinase gene (AdCre) in vitro resulted in cell
transformation, generating HCC cell lines that recapitulated human
HCC features in terms of pathology and gene expression.94 The
obtained cell lines were injected percutaneously into porcine livers
to establish a reproducible Oncopig HCC model, allowing the
execution of artificial spatiotemporal regulation.95 The Oncopig
HCC cell lines were genetically manipulable, which provided the
opportunity to introduce targetedmutational profiles into OCM; for
example, the knockdown of AXIN1 and/or ARID1A in the cell lines
using the CRISPR/Cas9 system strengthened the ability of HCC to
proliferate and migrate.38 Although OCM demonstrates significant
advantages in modeling, it does not generate spontaneous tumors
and may not be characterized by tumor tropism and dependence
on conditional vasculature. Therefore, drug induction cannot
completely be replaced. Porcine oncology is a novel and promising
field, and as modeling methods are refined and updated, more
transferable medical value will be discovered.

5. Pigs are the protagonists in xenogeneic liver
transplantation

5.1. Molecular basis of xenotransplantation

Liver transplantation is an effective treatment for end-stage
liver disease. Despite the maturity and widespread availability of
modern allogeneic liver transplantation,96 there has always been a
serious imbalance between the available liver supply and the
number of patients awaiting transplantation. In the United States,
more than 52,000 patients have died awaiting a donated liver over
the last 20 years.97 Pigs are high-quality donors for human organs,
and exploration of the use of their livers for transplantation into
humans has been ongoing to improve the availability of liver
sources. However, one of the main obstacles in this approach is
transplant rejection. Owing to interspecies differences, the pres-
ence of antibodies against donor tissue antigens in the recipient
triggers activation of the complement system when these anti-
bodies bind to antigenic epitopes on porcine endothelial cells,
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causing hyperacute rejection (HAR), which results in graft dam-
age.98 The CRISPR/Cas9 technology has overcome the limitations of
genetic engineering in xenotransplantation research. The CRISPR/
Cas9 system is based on a repair mechanism for double-stranded
DNA breaks, and cells use repair pathways to process these
breaks, leading to insertion, deletion, or precise integration of the
target DNA fragment. This enables us to intervene based on effec-
tive gene editing strategies.99 Using a porcine model as an organ
repository, CRISPR/Cas9 constructs were introduced to counteract
various adverse reactions, such as HAR induced by human natural
anti-pig Abs and complement, as well as platelet coagulation and
cellular immune response.100,101 Fig. 1 depicts the workflow for
obtaining gene-edited pigs for xenotransplantation using the
CRISPR/Cas9 technology.

The major antigenic epitope that mediates HAR is alpha-
galactose (aGal), which is widely present in nonhuman mam-
mals.102 Because of loss of function of alpha-1,3-
galactosyltransferase (a-1,3GT), humans and some nonhuman pri-
mates lack the a-Gal epitope, but approximately 70%e90% of the
antibodies against HAR produced in these species specifically target
the a-Gal epitope.103 In addition, two other non-Gal epitopes have
been demonstrated: N-glycolylneuraminic acid (Neu5Gc) and SDa
glycans,104,105 corresponding to the key genes cytidine
monophosphate-N-acetylneuraminic acid hydroxylase (CMAH) and
beta-1,4-N-acetylg alactosaminyltransferase 2 (b-4GALNT2),
respectively. The discovery of these antigenic epitopes is the mo-
lecular basis for prolonging graft survival. Currently, two ap-
proaches are generally used to prevent rejection: one involves
targeting the removal of genes for the above antigenic epitopes to
form a triple-gene-knockout (TKO) pig model and the other in-
volves inhibiting complement activation by transducing human
genes and inducing the expression of human complement-
regulating proteins (hCD46 and hCD55).106 The CRISPR/Cas9 tech-
nology has enabled advancement of the above gene editing stra-
tegies. Triple gene disruption was shown to minimize IgM and IgG
binding in over 90% of humans.107 The same results were obtained
in another porcine model with the triple knockout of a-1,3GT,
CMAH, and iGb3S, but the disruption of iGb3S was shown to be of
little significance in later studies.108,109 Currently, single, double, or
triple knockout of a-1,3GT, CMAH, and b-4GALNT2 has been recog-
nized by multiple research teams and used as the basis for gene-
edited pig models. Cells from transgenic piglets expressing the
human complement binding inhibitors CD46, CD55, and CD59,
human HO1, and A20 were completely protected against human
complement-mediated cleavage and were effective in preventing
damage from HAR.110 Porcine endogenous retrovirus (PERV) can be
transmitted and integrated into the genome of human cells and is a
potential barrier to xenotransplantation. To reduce the risk of cross-
species infection, PERV also needs to be knocked out in donor
pigs.111 Table 3 demonstrates common genetic modifications in
xenograft pig models.

5.2. Advances in porcine xenogeneic liver transplantation

After more than 70 years of refinements since Joseph Murray’s
first successful kidney transplant in 1954 to today’s practice of
using pig hearts for human transplantation,112 breakthroughs
have been made with pig heart and kidney transplants, leading
to graft survival times of up to hundreds of days.113,114 However,
efforts in liver transplantation have not led to such significant
advances. In addition to innate rejection, lethal thrombocyto-
penia and severe coagulation disorders represent challenges. The
first in situ transplantation of unmodified wild-type porcine liver
into baboons was performed by Calne et al.115 in 1968, but most
baboons developed uncontrollable hemorrhage after the



Fig. 1. The workflow for obtaining gene-edited pigs for xenotransplantation using the CRISPR/Cas9 technology. Abbreviations: a-1,3GT, alpha-1,3-galactosyltransferase; aGal,
alpha-galactose; b-4GALNT2, beta-1,4-N-acetylg alactosaminyltransferase 2; CMAH, cytidine monophosphate-N-acetylneuraminic acid hydroxylase; MAC, membrane attack
complex; NK, natural killer; NKG2D, natural killer group 2 member D; sgRNA, single-guide RNA.

Table 3
Common genetic modifications in xenograft porcine models.

Gene editing method Gene target Key gene

Knockout alpha-1,3-galactosyltransferase a-1,3GT
N-glycolylneuraminic acid hydroxylase CMAH
The key enzyme for SDa synthesis b-4GALNT2
Porcine endogenous retrovirus PERV

Knock-in Complement regulatory protein Human membrane cofactor protein hCD46
Human decay accelerating factor hCD55
Human membrane attack complex inhibitory factor hCD59

Coagulation regulatory protein Human endothelial protein C receptor hEPCR
Human ectonucleoside triphosphate diphosphohydrolase-1 hCD39
Thrombomodulin TBM
Human tissue factor pathway inhibitor hTFPI

Anti-inflammatory factor Heme oxygenase-1 HO-1
Protein A20 A20
Human integrin-associated protein hCD47

Immune regulation Human cytotoxic T lymphocyte-associated antigen 4 immunoglobulin hCTLA4-Ig
Human programmed cell death receptor ligand 1 hPD-L1
Human leukocyte antigen E HLA-E

All data presented in this table are based on the findings reported in References 97 and 106.
Abbreviations: b-4GALNT2, beta-1,4-N-acetylg alactosaminyltransferase 2; CMAH, cytidine monophosphate-N-acetylneuraminic acid hydroxylase.
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procedure, with maximum survival of 3.5 days. For almost 30
years thereafter, whether rhesus monkeys or gorillas were cho-
sen, the survival time of recipients did not improve due to the
lack of methods to appropriately prevent rejection. However, the
value of using gene editing to overcome interspecies rejection
was gradually emphasized. In 2000, Ramirez et al.116 first used
porcine livers transgenically expressing human complement
regulator decay accelerating factor (hCD55) for transplantation
into baboons, which survived up to 4 and 8 days, with no hy-
peracute rejection being detected. Although they eventually died
of sepsis and coagulation disorders, unmodified livers survived
only 12 h after transplantation, showing the huge benefit of this
approach.
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In 2010, Ekser et al.117 knocked down porcine a-1,3GT (GTKO)
and transgenically expressed hCD46, which resulted in liver grafts
with robust detoxification, protein synthesis, and coagulation but
led to secondary severe thrombocytopenia. In 2012, Kim et al.118

used Amicar to maintain post-transplant recipient platelet counts
and prolong survival to 9 days. Meanwhile, in 2017, Shah et al.119

continuously infused human plasminogen concentrate complex
and costimulation blockers after GTKO liver transplantation to
avoid coagulation disorders and achieve spontaneous platelet re-
covery, but this increased the risk of thrombosis. The maximum
survival of this regimen reached 29 days. Encouragingly, some
research teams from China have recently made major break-
throughs in clinical research on xenogeneic liver transplantation.



Fig. 2. Summary of liver disease models in pigs. Abbreviations: a-1,3GT, alpha-1,3-galactosyltransferase; ALB, albumin; ALOX12, arachidonate 12-lipoxygenase; ARID1A, AT-rich
interaction domain 1A; b-4GALNT2, beta-1,4-N-acetylg alactosaminyltransferase 2; CFTR, cystic fibrosis transmembrane conductance regulator; CMAH, cytidine monophosphate-N-
acetylneuraminic acid hydroxylase; FAH, fumarylacetoacetate hydrolase; GIPR, glucose-dependent insulinotropic polypeptide receptor; hIAPP, human islet amyloid polypeptide;
KRAS, Kirsten rat sarcoma viral oncogene homologue; MASH, metabolic dysfunction-associated steatohepatitis; MC4R, melanocortin 4 receptor; PERV, porcine endogenous
retrovirus; PNPLA3, patatin like phospholipase domain-containing protein 3.
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For example, Kefeng Dou’s team successfully transplanted a whole
liver from a multigene-edited pig in an assisted manner into a
brain-dead patient. During the operation, the transplanted liver
secreted bile immediately after blood flow was restored without
hyperacute rejection and maintained its function for 10 days. These
exciting findings demonstrate that xenotransplantation using
gene-edited pigs as donors is a promising way to address the
shortage of transplantable organs. In addition to living organs, liver
cell xenotransplantation from genetically engineered pigs has been
conducted.120

Currently, several limitations exist in xenotransplantation, and
substantial efforts are still needed in the discovery and optimal
combination of genetic modifications, screening of immunosup-
pressive agents, and improvement of post-transplantation adjuvant
supportive therapy.
6. Summary and outlook

This article summarizes recent research progress on pigs as a
model for human liver disease (Fig. 2). Biological similarities be-
tween pigs and humans provide significant advantages in using
pigs for treating CFLD, ALF, MASLD, and liver tumors as well as for
liver regeneration and xenotransplantation. Genetic engineering
has greatly enhanced the utility of porcine models, providing more
opportunities to customize target forms while broadening the
spectrum of model-forming diseases. However, pigs require more
space and involve higher maintenance costs than rodents. In
addition, some operationsmay require separate housing. Moreover,
to avoid stress, operators need to be highly trained to perform
treatments, such as injections.4 Considering their long reproductive
cycle, pigs are also not suitable for large-scale experiments.
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Furthermore, some porcine models have not developed stable
disease phenotypes. A wide variation exists in modeling results
across strains, and most experimental results are difficult to
translate to a clinical context. These factors are both limiting and
promising, and they show potential avenues for future exploration.
In the future, it is anticipated that porcine models will be increas-
ingly accepted as a model of choice for biomedical research.
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