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Abstract
Background: Mice with humanized livers are important models to study drug toxicology testing, development of
hepatitis virus treatments, and hepatocyte transplantation therapy. However, the huge difference between mouse
and human in size and anatomy limited the application of humanized mice in investigating human diseases. There‑
fore, it is urgent to construct humanized livers in pigs to precisely investigate hepatocyte regeneration and human
hepatocyte therapy. CRISPR/Cas9 system and somatic cell cloning technology were used to generate two pig models
with FAH deficiency and exhibiting severe immunodeficiency (FAH/RAG1 and FAH/RAG1/IL2RG deficiency). Human pri‑
mary hepatocytes were then successfully transplanted into the FG pig model and constructed two pigs with human
liver.
Results: The constructed FAH/RAG1/IL2RG triple-knockout pig models were characterized by chronic liver injury and
severe immunodeficiency. Importantly, the FG pigs transplanted with primary human hepatocytes produced human
albumin in a time dependent manner as early as 1 week after transplantation. Furthermore, the colonization of
human hepatocytes was confirmed by immunochemistry staining.
Conclusions: We successfully generated pig models with severe immunodeficiency that could construct human
liver tissues.
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Introduction
Liver can regenerate itself after injury. Regeneration of
human livers in animal models can yield a substantial
number of human hepatocytes, which could be used for
subsequent liver transplantation [7, 17, 18, 34]. Replacement of diseased mouse liver by allogenic hepatocyte
transplantation has been shown to be feasible in a urokinase-type plasminogen-activator (uPA) transgenic mouse
model [29]. The transplanted woodchuck hepatocytes
could reconstitute up to 90% of the uPA with depletion
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of the recombination activating gene 2 (RAG2) in mouse
liver [27]. Using the same model and a similar method,
human hepatocytes were estimated to constitute up to
15% in the uPA/RAG2 mouse liver [5]. Further study
indicated that human hepatocytes repopulated in the
uPA+/+-SCID mouse liver, preserved normal HBVinfected function [20]. Depletion of fumarylacetoacetate
hydrolase (FAH), an enzyme that catalyzes the last step of
tyrosine metabolism, led to a hereditary tyrosinemia type
I (HT1). FAH-deficiency caused a lethal defect in utero
in human and after birth in animal model of mice. The
defect can be corrected by administration of 2-(2-nitro4-trifluoromethylbenzoyl)-1,3
cyclohexanedione
(NTBC). The humanized liver mouse model with FAH
deficiency provided a reliable model of liver repopulation
using transplanted cells [8, 23, 24]. The triple-knockout
(KO) mouse model (FRG), generated by crossing double
KO FAH−/−RAG2−/− mice with IL2RG−/− mice with deficiency in the common γ-chain of the interleukin receptor,
can be efficiently repopulated with human hepatocytes
[3]. The animals pretreated by urokinase-expressing adenovirus showed a high capability for engraft (up to 90%)
with human hepatocytes from multiple sources [1, 9, 11,
15].
Due to small body size of mice, it is difficult to obtain
large numbers of human hepatocytes in the mouse models. Therefore, it is necessary to generate a large animal
model for humanized liver, and intrauterine methods
were employed to solve immune-related problems. Piglets postnatally engrafted with human hepatocytes produced significant levels of human albumin in their serum,
but the efficiency was far to satisfied [22]. FAH pigs were
also produced [12, 14]. Besides, RAG1-knockout pigs
were confirmed to lack mature T-cells and B-cells, but
contained a substantial number of cells which appeared
to be T-cell or B-cell progenitors caused by animal T/B
cell developmental disorder as well as NK-cells [16, 19,
31].
In this study, we characterized the humanized liver pigs
generated based on the severely immunodeficient FAHdeficient cloned pigs using CRISPR/CRISPR-associated
protein 9 (Cas9) and somatic-cell nuclear transplantation
(SCNT). The FRG pigs transplanted with primary human
hepatocytes produced human albumin and exhibited
colonization of human hepatocytes confirmed by immunochemistry staining. Therefore, our pig models offer
valuable evidences for the usage of pigs in the field of
hepatocyte transplantation and liver regeneration.

Results

Generation of FAH−/−IL2RG−/Y(FG) pigs

The FG pig models were generated by CRISPR/Cas9
system and SCNT techniques. The methods used to
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construct the animal models are illustrated in Fig. 1a.
Briefly, the sgRNAs targeting pig FAH and IL2RG were
designed and their cutting efficiencies were tested
(Fig. 1b). The sgRNA sequences with high cutting efficiency were selected for targeting each gene (Fig. 1b).
The PFF of Bama miniature pigs were then transfected by
electroporation with the appropriate vectors. More than
ten FG single cell colonies were obtained following flow
cytometry filtering. Sanger sequencing was used to genotype the cell colonies and some of the genotyping results
are listed in Additional file 1: Fig. S1. The cell line FG7-2
was used to generate 2,897 cloned embryos, which were
then transferred into 11 surrogates. After 28–32 days,
five surrogates were detected pregnancy by B-ultrasound,
one of which aborted in late pregnancy. Finally, 15 piglets were born from four surrogates (Fig. 1c). FG piglets
were kept in a clean conventional housing environment
(Fig. 1d). At birth, the umbilical cord tissues of each
piglet were collected and genotyped. DNA sequencing
results revealed that all piglets were consistent with their
corresponding cell-line genotype (Fig. 1e). Furthermore,
the birth weight of piglets was measured and there was
no significant difference between FG and wild-type piglets (Fig. 1f ).
Phenotypic identification of FG pig models

To further confirm the phenotype of the FG pigs, liver,
kidney, and other tissues of piglets were dissected for
pathological examination (Fig. 2). The liver and kidney
tissue were subjected to immunohistochemical staining
and western blotting with FAH antibody. No signal can
be detected by FAH antibody in either model (Fig. 2a, c).
The immune system tissues, thymus and spleen of all FG
piglets were dissected at the endpoint for further immunological phenotype characterization. Six of fifteen FG
pigs had no thymus and the remaining nine FG pigs displayed severe thymus atrophies phenotype. The model
pigs were absent for spleen tissue structure and showed
fewer lymphocytes than that of normal pigs (Fig. 2b).
Peripheral blood collected from the model pigs was analyzed by flow cytometry (Fig. 2d and e). In detail, the
proportion of CD3-positive T cells in the wild-type pigs
was 51%, but was only 1.1% in FG model pigs. The proportion of CD16 and CD335a double-positive NK cells in
the wild-type pigs was 15.8%, while that in FG model pigs
was only 0.05%. A combined analysis of CD3-negative
and CD45RA-positive cells in the peripheral blood was
performed and the results showed a proportion of 30% in
wild-type and 23% in FG pigs. Therefore, we observed an
absence of T cells and NK cells in FG model pigs which is
consistent with previous reports. Furthermore, the basic
blood routine and blood biochemistry between the pig
models was analyzed (Additional file 3: Tables S1 and S2).
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Fig. 1 a Experimental procedures for FG pig model generation. b Schematic diagram of sgRNA-targeting exons of porcine FAH and IL2RG. c
Summary of embryo transfer data from SCNT of FG knockout cell-line to generate mutant pig models. d Appearance of a 15-day-old FG model pig.
e The birth weight between model and wild-type piglets. f Genomic PCR results of the FAH/ IL2RG knockout pig.

Human hepatocyte transplantation in FG pigs

Five healthy FG pigs were selected for human hepatocyte transplantation to generate humanized livers in
them. The transplantation process were performed as
previously described [2] (Fig. 3a). Human hepatocytes
(1 × 107/mL) were transplanted into the spleen tissue of
FG pigs at 3–5 days after birth (Fig. 3b). However, one of

the piglets died 3 days following hepatocyte transplantation, and the remaining piglets survived for more than
21 days. The survival curves after transplantation are
shown in Fig. 3c. To evaluate the survival and regeneration of human hepatocytes in the pigs, peripheral blood
was collected from the piglets every 7 days. In the first
7 days, human albumin was detected in the peripheral
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Fig. 2 Phenotypic analysis of FG pigs. a Immunohistochemical staining of wild-type and FG pig liver and kidney tissues with FAH antibodies. Scale
bar = 100 μm. b Western blotting results showed that FAH protein is missing in the liver tissue of FG model pigs. c HE staining of the WT and FRG pig
spleen tissue. Scale bar = 200 μm. d Schematic diagram of separation and analysis of immune cells compositions in the pig peripheral blood. e Flow
cytometric analysis of T-cells, B-cells, and NK-cells in the peripheral blood of FG-knockout pigs

blood of all four piglets and their concentrations were
ranging from 85.4 to 266.3 ng/µL. On the fourteenth
day after transplantation, this concentration of human
albumin was decreased to 12.7–129.6 ng/mL. At the day
of 21, human albumin in the peripheral blood was only
28.8–45.5 ng/mL. The concentration of human albumin
was further decreased to 2–3 ng mL−1 at day 28 after
transplantation (Fig. 3d). Importantly, FAH-positive

cells can be detected in the hilum and blood vessels by
immunohistochemical staining on the liver tissue with
FAH antibody which indicating that a small number of
human hepatocytes had entered and implanted in the
liver of the two FG pigs (Fig. 3e). Pig liver tissues transplanted with human hepatocytes were subjected to PCR
analysis and the presence of human-specific genes was
confirmed by the identification of human DNA (Fig. 3f ).
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Fig. 3 Preliminary results of human hepatocyte transplantation in FG pigs. a Diagrammatic sketch of human hepatocyte transplantation. b Surgical
injection of human hepatocytes into pig spleen. c Survival curve of pigs after human hepatocyte transplantation. d Changes of human albumin
concentration in pig peripheral blood following human hepatocyte transplantation. e Detection of human hepatocytes in the liver sections of pigs
after death. f PCR detection of human ALU gene in pig liver tissue after human hepatocyte transplantation

Generation of FAH−/−RAG−/−IL2RG−/Y(FRG) pigs

Furthermore, the FRG triple-knockout pig models were
generated by the same method used in establishing FG
pig models. The strategy of RAG1 and FRG genes knockout is shown in Fig. 4a and 4b, respectively. Three cell
lines with best growth status, named FRG-9, FRG-15 and
FRG-20, were selected from the 16 screened cell lines
with correct genotype. 5,624, 615, and 1,044 embryos
were constructed from these cell lines, and were transplanted into 20, 2 and 4 surrogates, respectively. However, only two surrogates which were transplanted with
FRG-9 cell constructed embryos maintained pregnancy

to term, and finally gave birth to four piglets (Fig. 4c).
DNA analysis results of umbilical cord tissues indicated
that their genotypes were consistent with the donor cell
line which confirmed both of the pigs were FRG tripleknockouts (Fig. 4d). Importantly, their spleens were
significantly atrophied and H&E staining results also
showed that the spleen were not developed completely
(Fig. 4e). Consistently, the peripheral blood, spleen and
bone marrow of FRG piglets were further analyzed by
FACS and the T, B, or NK cells in these tissues were rarely
detected (Fig. 4f ). However, the body weight at birth of
FRG pigs was significantly lower than that of the FG and
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wild-type pigs (Additional file 2: Fig. S2a). Although these
FRG pigs were reared in a bacteria-free environment, the
longest survival time for the four piglets was only 13 days
(Additional file 2: Fig. S2) for some undefined reasons
which need further in deep investigation.

Discussion
It was reported that FAH−/−RAG2−/−IL2RG−/Y (FRG)
mice can be used to efficiently repopulated human
hepatocytes [1]. This model is widely used in toxicological testing of drug metabolites and exploring experimental gene- and cell-based therapies [13, 30, 33]. However,
given their smaller body size, FRG mice only produce
a relatively low number of human hepatocytes. Porcine liver is a realistic alternative model for human liver
regeneration because their organ size and anatomical
structure which are more resemble to human [21]. This
similarity in size and anatomy between porcine and
human benefits the evaluation of cell therapy techniques
and their adverse effects [23]. Therefore, FRG pigs may
be utilized as bioreactors for large-scale production of
human hepatocytes and as liver donors for human.
In this study, we successfully generated a severely
immunodeficient FAH−/− pigs which survived for 3 days
to 6 weeks in conventional settings. FG pig transplanted
with human hepatocyte exhibited the highest expression of human albumin at 1 week after transplantation.
The human albumin concentration gradually decreased,
possibly because (1) a proportion of B-lymphocytes were
remained in the FG model pigs. (2) The shorter survival
time of the pig leave no enough time for growth of the
human liver cells. (3) The number of transplanted human
hepatocytes (107) is a relatively low cell volume for pig. It
was reported that, to achieve a best efficiency, 350 to 864
million live cells are required when performing allogeneic
hepatocyte transplantation in pigs [13].
Furthermore, to set up a suitable environment for
human hepatocyte colonization, any residual immune
cells in model pigs should be removed using antibodies
or other methods before the transplantation of human
hepatocytes. Alternatively, we may also need to first
construct a humanized immune system in pigs and then
perform human hepatocyte transplantation which will
improve the survivability of human hepatocyte in the
porcine model. A study that described an experiment
for the transplantation of human hepatocytes into the
RAG2/FAH double knockout pigs, indicated that immature human hepatocytes successfully engrafted in FR
swine after IUCT. But the presented NK cells are significant barrier to the expansion of hepatocytes [22]. This
report provides us with some new methods and ideas to
optimize our model.
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The environment in which the pigs live, might be an
important factor for the shorter survival of the model
pigs. The FRG pigs survived for only a short period in the
SPF environment in which period the pigs lack enough
time to facilitate transplantation of the primary human
hepatocytes which only can be detected in a short time.
Many researchers [4] encountered problems for the survival of immunodeficient pigs, which highlighting the
importance of the improvement of rearing environment.
Furthermore, some SCNT-produced animals may be
subject to early death, due to incomplete reprogramming
during early embryonic development, or other problems
caused by cloning techniques itself [10, 25, 26]. However,
currently FRG pigs could survive for more than 5 months
in our optimized conditions (data not shown).
Altogether, we generated a porcine model with colonized human hepatocytes which can produce the human
albumin. Our research could offers a useful experimental evidence to further improve the method of generation
of such pig models in a high colonization efficiency for
human hepatocytes.

Materials and methods
Animals and ethics statement

All pigs were raised under the Guidelines for the Care
and Use of Laboratory Animals Committee of the Institute of Zoology, Chinese Academy of Sciences. Pigs were
raised at the Beijing Farm Animal Research Center.
Design and construction of the sgRNAs

Single-guide RNAs (sgRNAs) targeting the relevant porcine genes were designed online (http://crispor.tefor.
net/). sgRNA oligonucleotide sequences complementary
to the FAH, IL2RG, and RAG1 genes were annealed and
cloned into the BsaI site of the U6-sgRNA vector. The
U6-sgRNA and Cas9-eGFP vectors were gifts of Qi Zhou
(Institute of Zoology, Chinese Academy of Sciences).
Generation of FAH−/−IL2RG−/Y and FAH−/−RAG1−/−IL2RG−/Y
PFF cell lines

The porcine fetal fibroblast (PFF) cells were isolated
and cultured as described previously [6]. Cas9-GFP and
sgRNA plasmids were then co-transfected into PFF cells
using the 4D-Nucleofector™ system (Lonza, Germany).
The transfected cells were harvested after 48 h, and single
cell were prepared via flow cytometry, and cultured for
7–10 days in DMEM (Gibco, USA) supplemented with
15% fetal bovine serum (Gibco, USA) at 37 °C, 5% CO2.
The culture medium was replaced every 3 days. PCR and
sequencing analyses were used to determine the propagation and genotypes of the single cell colonies.
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Oocytes maturation, SCNT and embryo transfer

Pig ovaries were collected from local slaughterhouses and
kept in 0.9% NaCl supplemented with 200 IU/mL penicillin and streptomycin at 35–37 °C and transported to
the laboratory. Cumulus oocyte complexes (COCs) were
aspirated from ovarian follicles using an 18-gauge needle connected to a 10 mL syringe. The collected cumulus-oocyte complexes (COCs) were rinsed three times
by HEPES-buffered Tyrode’s medium with 0.01% PVA.
Groups of 50 COCs were cultured at 39 °C, 5% CO2 for
42–44 h in the wells of 24-well culture plates for maturation and each well contained 500 μL in vitro maturation
medium and 400 μL mineral oil. The cumulus cells were
removed using 0.1% hyaluronidase in HEPES-buffered
Tyrode’s medium. SCNT was performed as described
previously [28]. Briefly, matured oocytes and PFFs were
placed into manipulation medium supplemented with
7.5 mg/mL cytochalasin B. After enucleation, PFFs were
placed into the perivitelline space. The reconstructed
embryos were fused in fusion medium using two direct
pulses of 1.2 kV cm−1 each for 30 microseconds. The
reconstructed embryos were cultured in 500 μL porcine
zygote medium 3 (PZM3) at 5% CO2, 38 °C for 20–24 h
prior to embryos transfer. Embryos were surgically transferred into the oviduct of a surrogate the day after estrus
was observed. Pregnancy was diagnosed 30 days after
embryo transfer. At the day of birth, cloned piglets were
natural birth or removed for the surrogates by caesarean
section in bacteria free equipment.
Genotyping of FG and FRG piglets

The ear tips of newborn fetuses and piglets were collected
into 1.5-mL centrifuge tubes. MicroElute® Genomic
DNA Kits (Omega, USA) were used to extract genomic
DNA. DNA samples were analyzed using PCR with specific primers for the FAH, RAG1, or IL2RG genes. The
PCR reaction program was: 95 °C for 5 min, 35 cycles
of 95 °C for 30 s, 60 °C for 30 s, and 72 °C for 45 s and
finally 72 °C for 10 min. Primers are listed in Additional
file 3: Table S2. The PCR product (5 µL) was subjected
to 2% agarose gel electrophoresis in the presence of ethidium bromide solution, and visualized using the iBright
CL1000 imaging system (Invitrogen, USA).
Western blotting

Adipose tissue was dissected and frozen immediately in
liquid nitrogen, and stored at − 80 °C until further usage.
Total protein was extracted from the tissue samples using
RIPA lysis and extraction buffer (Thermo Scientific,
USA). Anti-FAH antibody (ab83770) and anti-GAPDH
antibody (ab131602) were purchased from Abcam.
Equal amounts of tissue sample lysates were resolved by
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SDS-PAGE and immunoblotted with indicated antibodies. The blots were developed using HRP-conjugated secondary antibodies and an ECL Plus system. All signals
were visualized and analyzed using the iBright CL1000
imaging system (Invitrogen, USA).
Immunohistochemical staining

Dissected tissues were fixed in 10% neutral formalin
solution (Sangon Biotech, China) for 24–36 h, then were
embedded in paraffin and further sectioned, and stained
with hematoxylin and eosin (Thermo, USA). Liver samples were prepared according to the protocol previously
reported [35], and immunohistochemical analysis was
performed using SP Rabbit & Mouse HRP Kits (CWBIO,
China).
Flow cytometry

Cell suspensions of spleen and bone marrow for FG/FRGknockout pigs and age-matched control pigs were prepared. Porcine peripheral blood lymphocyte isolation kits
(Solarbio, China) were used to enrich lymphocytes from
blood. The erythrocytes in the spleen and bone marrow
were removed by erythrocyte lysate (BD, USA). To identify the porcine C
 D3+ T-cells, C
 D45Ra+CD3−B-cells,
+
+
−
and CD16 CD335a CD3 NK-cells [32], samples were
analyzed by MoFlo XDP (Beckman Coulter, USA).
Intrasplenic transplantation of primary human
hepatocytes

Cryopreserved human hepatocytes were provided by
Celsis In Vitro Technologies (Baltimore, MD, USA) and
the information of this cell donor is listed in detail in
Additional file 3: Table S1. The cryopreserved primary
human hepatocytes were suspended in DMEM supplemented with 10% fetal bovine serum, and trypan blue
was used to quantify cell viability and the percentage of
viable cells are usually more than 90%. Human hepatocytes were suspended in normal saline and injected into
the spleen of 3 to 5-day-old FG pigs [35].
ELISA for detecting human albumin

Tubes containing EDTA as an anticoagulant were used to
collect the peripheral blood from pigs. Serum was centrifuged at 2000g. The concentration of human albumin was
detected by Human Albumin ELISA Quantitation Kits
(Bethyl, USA) according to the manufacturer’s protocol.
Statistical analyses

All statistical data reported in this article represent at
least three biological replicates. P < 0.05 was considered
as a significant difference between treatment groups.

Ren et al. Cell & Bioscience

(2022) 12:26

Abbreviations
Cas9: CRISPR-associated protein 9; FAH: Fumarylacetoacetate hydro‑
lase; IL2RG: Interleukin 2 receptor γ; KO: Knockout; NTBC: 2-(2-Nitro4-trifluoromethylbenzoyl)-1,3-cyclohexanedione; RAG1: Recombination acti‑
vating gene 1; SCNT: Somatic-cell nuclear transfer; sgRNA: Single-guide RNA.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s13578-022-00760-3.
Additional file 1: Figure S1. DNA sequences of FG and FRG cell lines. TA
clones from PCR products were analyzed by DNA sequencing. Targeted
sequences are colored in blue; deletions (-). N/N indicates positive colo‑
nies out of total sequenced.
Additional file 2: Figure S2. Characteristics of FG and FRG pigs. (a) The
birth weight of wild-type, FG and FRG pigs. (b) The survival times of wild
type, FG and FRG models. (c) HE staining of liver and kidney tissues of
FG/FRG and wild-type pigs at the same age. (d) The appearance of the
thymus of wild type, FG, and FRG models. (e) Immunohistochemical
staining of FRG pig liver and kidney tissues with FAH antibodies. Scale
bar = 100 μm. (f ) Transcriptomic analysis of the FRG pig liver tissue. Orange
boxes indicate up-regulated genes, blue boxes indicate down-regulated
genes.
Additional file 3: Table S1. Blood biochemical examination between
WT and KO pigs. Table S2. Blood routine examination between WT and
KO pigs. Table S3. Primer sequences for identify PCR. Table S4. The back‑
ground information of hepatocyte donors.
Acknowledgements
We thank the W.L. laboratory members for helpful discussions and comments
on the manuscript. We thank Qing Meng and Xia Yang from the Institute of
Zoology of the Chinese Academy of Sciences for their help with cell sorting.
We also thank the staff of the Beijing Farm Animal Research Center of the
Institute of Zoology, Chinese Academy of Sciences for their careful raising of
our experimental pigs.
Authors’ contributions
WL and TH conceived and supervised the study. TH, J-LR and D-WY designed
and performed most of the experiments. TH, J-LR and D-WY analyzed and
discussed the data. TH, J-LR and D-WY wrote the manuscript, and WL, ZH
and X-PD revised the manuscript. All authors read and approved the final
manuscript.
Funding
This work was supported by the Strategic Priority Research Program of
the Chinese Academy of Sciences (XDA16030000 to W.L.,and H.T.), the
National Key Research and Development Program (2017YFA0104401 and
2016YFA0100202 to H.T.), the National Natural Science Foundation of China
(31621004 to W.L.),and the CAS Project for Young Scientists in Basic Research
(YSBR-012 to W.L.).
Availability of data and materials
All data analyzed during this study are included in this published article and its
supplementary information files.

Declarations
Ethics approval and consent to participate
All pigs were reared under the Guidelines for the Care and Use of Laboratory
Animals Committee of the Institute of Zoology. All experiments using pigs
were approved by Ethical Committee on Animal Experiments of Institute of
Zoology, Chinese Academy of Sciences.
Consent for publication
Not applicable.

Page 9 of 10

Competing interests
All authors declare that they have no conflict of interest.
Author details
1
State Key Laboratory of Stem Cell and Reproductive Biology, Institute
of Zoology, Chinese Academy of Sciences, Beijing 100101, China. 2 Institute
for Stem Cell and Regenerative Medicine, Chinese Academy of Sciences, Bei‑
jing 100101, China. 3 Beijing Institute for Stem Cell and Regenerative Medicine,
Beijing 100101, China. 4 Beijing Farm Animal Research Center, Institute of Zool‑
ogy, Chinese Academy of Sciences, Beijing 100101, China. 5 Key Laboratory
of Organ Regeneration and Transplantation of the Ministry of Education, First
Hospital, Jilin University, Changchun 130062, China. 6 Institute of Animal Sci‑
ences (IAS), Chinese Academy of Agricultural Sciences (CAAS), Beijing 100193,
China. 7 University of Chinese Academy of Sciences, Beijing 100049, China.
8
Chongqing Academy of Animal Sciences, Chongqing 402460, China.
9
Key Laboratory of Pig Industry Sciences, Ministry of Agriculture, Chong‑
qing 402460, China. 10 Chongqing Key Laboratory of Pig Industry Sciences,
Chongqing 402460, China. 11 Technical Engineering Center for the Develop‑
ment and Utilization of Medical Animal Resources, Chongqing 402460, China.
12
State Key Laboratory for Conservation and Utilization of Bio‑Resources
in Yunnan, Yunnan Agricultural University, Kunming 650201, China. 13 Center
of Reproductive Medicine and Center of Prenatal Diagnosis, First Hospital, Jilin
University, Changchun 130021, China.
Received: 25 August 2021 Accepted: 8 February 2022

References
1. Azuma H, Paulk N, Ranade A, Dorrell C, Al-Dhalimy M, Ellis E, Strom S, Kay
MA, Finegold M, Grompe M. Robust expansion of human hepatocytes in
Fah-/-/Rag2-/-/Il2rg-/- mice. Nat Biotechnol. 2007;25:903–10.
2. Azuma H, Paulk N, Ranade A, Dorrell C, Al-Dhalimy M, Ellis E, Strom S, Kay
MA, Finegold M, Grompe M. Robust expansion of human hepatocytes in
Fah(-/-)/Rag2(-/-)/Il2rg(-/-) mice. Nat Biotechnol. 2007;25:903–10.
3. Bissig KD, Le TT, Woods NB, Verma IM. Repopulation of adult and neonatal
mice with human hepatocytes: a chimeric animal model. Proc Natl Acad
Sci USA. 2007;104:20507–11.
4. Boettcher AN, Loving CL, Cunnick JE, Tuggle CK. Development of Severe
Combined Immunodeficient (SCID) pig models for translational cancer
modeling: future insights on how humanized SCID pigs can improve
preclinical cancer research. Front Oncol. 2018;8:559.
5. Dandri M, Burda MR, Torok E, Pollok JM, Iwanska A, Sommer G, Rogiers X,
Rogler CE, Gupta S, Will H, et al. Repopulation of mouse liver with human
hepatocytes and in vivo infection with hepatitis B virus. Hepatology.
2001;33:981–8.
6. Fu R, Fang M, Xu K, Ren J, Zou J, Su L, Chen X, An P, Yu D, Ka M, et al.
Generation of GGTA1-/-beta2M-/-CIITA-/- pigs using CRISPR/Cas9
technology to alleviate xenogeneic immune reactions. Transplantation.
2020;104(8):1566–73.
7. Gramignoli R, Vosough M, Kannisto K, Srinivasan RC, Strom SC. Clinical
hepatocyte transplantation: practical limits and possible solutions. Eur
Surg Res. 2015;54:162–77.
8. Grompe M, Lindstedt S, Al-Dhalimy M, Kennaway NG, Papaconstantinou
J, Torres-Ramos CA, Ou CN, Finegold M. Pharmacological correction of
neonatal lethal hepatic dysfunction in a murine model of hereditary
tyrosinaemia type I. Nat Genet. 1995;10:453–60.
9. Grompe M, Strom S. Mice with human livers. Gastroenterology.
2013;145:1209–14.
10. Han YM, Kang YK, Koo DB, Lee KK. Nuclear reprogramming of cloned
embryos produced in vitro. Theriogenology. 2003;59:33–44.
11. Hasegawa M, Kawai K, Mitsui T, Taniguchi K, Monnai M, Wakui M, Ito M,
Suematsu M, Peltz G, Nakamura M, et al. The reconstituted “humanized
liver” in TK-NOG mice is mature and functional. Biochem Biophys Res
Commun. 2011;405:405–10.
12. Hickey RD, Lillegard JB, Fisher JE, McKenzie TJ, Hofherr SE, Finegold MJ,
Nyberg SL, Grompe M. Efficient production of Fah-null heterozygote
pigs by chimeric adeno-associated virus-mediated gene knockout and
somatic cell nuclear transfer. Hepatology. 2011;54:1351–9.

Ren et al. Cell & Bioscience

(2022) 12:26

13. Hickey RD, Mao SA, Glorioso J, Elgilani F, Amiot B, Chen H, Rinaldo P,
Marler R, Jiang H, DeGrado TR, et al. Curative ex vivo liver-directed gene
therapy in a pig model of hereditary tyrosinemia type 1. Sci Transl Med.
2016;8:349ra399.
14. Hickey RD, Mao SA, Glorioso J, Lillegard JB, Fisher JE, Amiot B, Rinaldo P,
Harding CO, Marler R, Finegold MJ, et al. Fumarylacetoacetate hydrolase
deficient pigs are a novel large animal model of metabolic liver disease.
Stem Cell Res. 2014;13:144–53.
15. Hu Y, Wu M, Nishimura T, Zheng M, Peltz G. Human pharmacogenetic
analysis in chimeric mice with “humanized livers.” Pharmacogenet
Genomics. 2013;23:78–83.
16. Huang J, Guo X, Fan N, Song J, Zhao B, Ouyang Z, Liu Z, Zhao Y, Yan Q, Yi
X, et al. RAG1/2 knockout pigs with severe combined immunodeficiency.
J Immunol. 2014;193:1496–503.
17. Iansante V, Mitry RR, Filippi C, Fitzpatrick E, Dhawan A. Human hepatocyte
transplantation for liver disease: current status and future perspectives.
Pediatr Res. 2018;83:232–40.
18. Ibars EP, Cortes M, Tolosa L, Gomez-Lechon MJ, Lopez S, Castell JV, Mir J.
Hepatocyte transplantation program: lessons learned and future strate‑
gies. World J Gastroenterol. 2016;22:874–86.
19. Lee K, Kwon DN, Ezashi T, Choi YJ, Park C, Ericsson AC, Brown AN, Samuel
MS, Park KW, Walters EM, et al. Engraftment of human iPS cells and
allogeneic porcine cells into pigs with inactivated RAG2 and accom‑
panying severe combined immunodeficiency. Proc Natl Acad Sci USA.
2014;111:7260–5.
20. Meuleman P, Libbrecht L, De Vos R, de Hemptinne B, Gevaert K, Vande‑
kerckhove J, Roskams T, Leroux-Roels G. Morphological and biochemical
characterization of a human liver in a uPA-SCID mouse chimera. Hepatol‑
ogy. 2005;41:847–56.
21. Nagashima H, Matsunari H, Nakano K, Watanabe M, Umeyama K, Nagaya
M. Advancing pig cloning technologies towards application in regenera‑
tive medicine. Reprod Domest Anim. 2012;47(suppl 4):120–6.
22. Nelson ED, Larson E, Joo DJ, Mao S, Glorioso J, Abu Rmilah A, Zhou W, Jia
Y, Mounajjed T, Shi M, et al. Limited expansion of human hepatocytes in
FAH/RAG2-deficient swine. Tissue Eng Part A. 2021. https://doi.org/10.
1089/ten.TEA.2021.0057.
23. Nussler A, Konig S, Ott M, Sokal E, Christ B, Thasler W, Brulport M, Gabelein
G, Schormann W, Schulze M, et al. Present status and perspectives of cellbased therapies for liver diseases. J Hepatol. 2006;45:144–59.
24. Overturf K, Al-Dhalimy M, Tanguay R, Brantly M, Ou CN, Finegold M,
Grompe M. Hepatocytes corrected by gene therapy are selected
in vivo in a murine model of hereditary tyrosinaemia type I. Nat Genet.
1996;12:266–73.
25. Park JY, Kim JH, Choi YJ, Hwang KC, Cho SK, Park HH, Paik SS, Kim T, Park
C, Lee HT, et al. Comparative proteomic analysis of malformed umbilical
cords from somatic cell nuclear transfer-derived piglets: implications for
early postnatal death. BMC Genomics. 2009;10:511.
26. Park MR, Im GS, Kim SW, Hwang S, Park JH, Kim H, Do YJ, Park SB, Yang
BS, Song YM, et al. Aberrant gene expression patterns in extraembryonic
tissue from cloned porcine embryos. Res Vet Sci. 2013;94:531–8.
27. Petersen J, Dandri M, Gupta S, Rogler CE. Liver repopulation with
xenogenic hepatocytes in B and T cell-deficient mice leads to chronic
hepadnavirus infection and clonal growth of hepatocellular carcinoma.
Proc Natl Acad Sci USA. 1998;95:310–5.
28. Ren J, Yu D, Fu R, An P, Sun R, Wang Z, Guo R, Li H, Zhang Y, Li Z, et al.
IL2RG-deficient minipigs generated via CRISPR/Cas9 technology sup‑
port the growth of human melanoma-derived tumours. Cell Prolif.
2020;53:e12863.
29. Rhim JA, Sandgren EP, Degen JL, Palmiter RD, Brinster RL. Replace‑
ment of diseased mouse liver by hepatic cell transplantation. Science.
1994;263:1149–52.
30. Sanoh S, Horiguchi A, Sugihara K, Kotake Y, Tayama Y, Ohshita H, Tateno
C, Horie T, Kitamura S, Ohta S. Prediction of in vivo hepatic clearance and
half-life of drug candidates in human using chimeric mice with human‑
ized liver. Drug Metab Dispos. 2012;40:322–8.
31. Suzuki S, Iwamoto M, Hashimoto M, Suzuki M, Nakai M, Fuchimoto D,
Sembon S, Eguchi-Ogawa T, Uenishi H, Onishi A. Generation and charac‑
terization of RAG2 knockout pigs as animal model for severe combined
immunodeficiency. Vet Immunol Immunopathol. 2016;178:37–49.

Page 10 of 10

32. Suzuki S, Iwamoto M, Saito Y, Fuchimoto D, Sembon S, Suzuki M, Mikawa
S, Hashimoto M, Aoki Y, Najima Y, et al. Il2rg gene-targeted severe com‑
bined immunodeficiency pigs. Cell Stem Cell. 2012;10:753–8.
33. Tanoue C, Sugihara K, Uramaru N, Tayama Y, Watanabe Y, Horie T, Ohta S,
Kitamura S. Prediction of human metabolism of the sedative-hypnotic
zaleplon using chimeric mice transplanted with human hepatocytes.
Xenobiotica. 2013;43:956–62.
34. Tolosa L, Pareja-Ibars E, Donato MT, Cortes M, Lopez S, Jimenez N, Mir J,
Castell JV, Gomez-Lechon MJ. Neonatal livers: a source for the isolation
of good-performing hepatocytes for cell transplantation. Cell Transpl.
2014;23:1229–42.
35. Zhang K, Zhang L, Liu W, Ma X, Cen J, Sun Z, Wang C, Feng S, Zhang
Z, Yue L, et al. In vitro expansion of primary human hepatocytes with
efficient liver repopulation capacity. Cell Stem Cell. 2018;23:806–19.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

Ready to submit your research ? Choose BMC and benefit from:

• fast, convenient online submission
• thorough peer review by experienced researchers in your field
• rapid publication on acceptance
• support for research data, including large and complex data types
• gold Open Access which fosters wider collaboration and increased citations
• maximum visibility for your research: over 100M website views per year
At BMC, research is always in progress.
Learn more biomedcentral.com/submissions

