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Abstract

AIM: To examine the human hepatic parenchymal and
stromal components in rat liver and the phenotypic
changes of human cells in liver of human-rat chimera (HRC)
generated by /n utero transplantation of human cells during
partial hepatectomy (PHx)-induced liver regeneration.

METHODS: Human hepatic parenchymal and stromal
components and phenotypic changes of human cells

during liver regeneration were examined by flow cytom-
etry, /in situ hybridization and immunohistochemistry.

RESULTS: ISH analysis demonstrated human Alu-
positive cells in hepatic parenchyma and stroma of
recipient liver. Functional human hepatocytes generated
in this model potentially constituted human hepatic
functional units with the presence of donor-derived
human endothelial and biliary duct cells in host liver.
Alpha fetoprotein (AFP)*, CD34" and CD45" cells were
observed in the chimeric liver on day 10 after PHx-
induced liver regeneration and then disappeared in
PHx group, but not in non-PHx group, suggesting that
dynamic phenotypic changes of human cells expressing
AFP, CD34 and CD45 cells may occur during the chimeric
liver regeneration. Additionally, immunostaining for
human proliferating cell nuclear antigen (PCNA) showed
that the number of PCNA-positive cells in the chimeric
liver of PHx group was markedly increased, as compared
to that of control group, indicating that donor-derived
human cells are actively proliferated during PHx-induced
regeneration of HRC liver.

CONCLUSION: HRC liver provides a tool for investi-
gating human liver regeneration in a humanized animal
model.

© 2009 The WIG Press and Baishideng. All rights reserved.
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INTRODUCTION

The complexity of a biologic network can only be
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reproduced using an iz vivo system, and complex
biological and pathological processes often require
an in vivo analysis. However, biomedical researches
in humans are largely performed in 7z vitro models
lacking of the components and complexity of a living
organism because of scientific, technical and ethical
considerations. Since there is a certain level of similarity
between animals and humans, various laboratory
animals including small (e.g. mice and rats) and large
animals (e.g. pigs, dogs and non-human primates) are
instrumental in increasing the understanding of human
biology and disease. However, laboratory animals cannot
fully replicate human physiology and disease because
animal models are enormously limited by the practical
considerations, physiological and genetic diversity, ezz.

Since these findings derived from mice and iz vitro
human models cannot always be extrapolated to precisely
reflect the true situations in humans, a preclinically and/or
clinically relevant human-animal chimera (HAC) carrying
various humanized organs, such as liver, brain, heart,
kidney, ez, constituted by a wide variety of transplanted
donor-derived human cells with different cell phenotypes
engrafted into the recipient organs, has been developed
by performing in utero transplantation or blastocyst
transplantation of various human stem cells (hSCs) during
the preimmune development stage, which can imitate the
in vivo situations in humans, thus greatly facilitating related
researches based on HAC harboring humanized organs
within the xenogeneic competitive settings“'m.

In utero transplantation of hSCs, such as human he-
matopoietic stem cells and mesenchymal stem cells, into
fetal sheep[z’ﬂ, goatsm], rats!™ and mice!™ or blasto-
cyst transplantation of hSCs into mice™, has led to the
establishment of non-injury human-animal xenograft
models carrying humanized liver, in which a significant
number of functional donor-derived human mature he-
patocyte-like cells (HLCs) stained positively for human
albumin (Alb), alpha fetoprotein (AFP) and hepatocyte
nuclear factor-4 can be found. Moteover, such a “HAC
liver” can also produce and secrete human Alb, alanine
aminotransferase (ALT), aspartic acid aminotransferase
(AST) and alkaline phosphatase (ALP) in the circulation
of host mice"” and sheepp’(’] that have undergone trans-
plantation.

Compared with the general laboratory animals
including mice, rats, pigs, dogs, non-human primates,
and immune-deficient mice (/7 vivo injury model)
carrying humanized liver reconstructed with human
hepatocytes[S’ZS’ZS] or hSCs™, such a HAC harboring
humanized liver with a relatively large number of
donor-derived human liver cells clustered to form
functional human liver units in host animal liver is
an /n vivo non-injury human-animal xenograft animal
model with normal physiological conditions, and
will become an ideal 7z vivo system for studies of the
mechanisms underlying human liver development, repair
and regeneration; the pathogenesis of human liver-
related diseases including viral hepatitis, liver cirrhosis,
hepatocellular carcinoma (HCC), e#; and drug discovery

and preclinical assessment of ADME-Tox!"""*?*>1,

From a scientific perspective, human-rat chimera
(HRC) and human-mouse chimera (HMC) carrying
humanized organs are the suitable models for mechanistic
research. Thus, attention has been paid to the new
generation of non-injury models, such as HRC and HMC
(data not shown) carrying humanized liver, and their
potential applicationsm’zm.

Our previous data demonstrate that donor-derived
human liver cells with different cellular phenotypes are
formed in chimeric liver of some animals after iz wutero
transplantation of hSCs, including human liver cells
stained positively for CD34 (matkers for hematopoietic
stem/progenitor cells and oval cells), CD45 (matrkers for
oval cells and nucleated cells of hematopoietic lineage),
AFP (embryonic hepatocyte marker), CK8 and CK18
(hepatocyte markers), CK19 (markers for cholangiocyte
and bile duct cells), and Alb (hepatocyte marker),
suggesting that donor-derived human hepatocyte and

19,20
119201 Moreover,

cholangiocyte lineages exist in host liver
human hepatic cell differentiation in rat liver appears to
partially follow the process of hepatic ontogenym.
Furthermore, donotr-derived functional human
mature HLCs in parenchyma of human-sheep chimeric
liver constitute the “humanized hepatic functional units”
with the presence of donor-derived human hepatic
stromal cells (endothelial and biliary duct cells) integrated

I Wwhich remains to be

into the chimeric liver stroma
confirmed in HRC liver!"*".

Based on the HRC carrying newly developed hu-
manized liver after /n utero transplantation of hSCs!""*",
this study was to further identify the donor-derived
human stromal components of HRC liver by 7 sitn hy-
bridization (ISH) for detecting donor-derived human
cells in HRC liver, and to examine the changes in cel-
lular phenotypes of donor-derived human cells during
partial hepatectomy (PHx)-induced liver regeneration in
the xenogeneic competitive environment, which helps
to establish a solid foundation for the further research
and potential applications based on such a “humanized
liver”.

MATERIALS AND METHODS

HRC generation

Human-rat hybrid animals were produced by in utero
transplanting low-density mononuclear cells (MNCs)
from human umbilical cord blood (hUCB) into fetal rats
at the gestation of 9-11 d. The engraftment and long-
term survival of donor-detived human cells in the HRC
liver were determined by human gene-specific PCR
(Figure 1B) for human Alu repetitive sequence (hAlu)
on genomic DNA prepared from the liver of MNC-
transplanted rats (MTRs) which were positive for human
CDA45 cells in peripheral blood (PB). PCR-positive organs
were subjected to ISH for human Alu sequences and
immunohistochemistry (IHC) using antibodies specific
for human B2-microglobulin (32-M), CK18 and CK19.
Chimerism was accepted if the liver samples wete positive
for B2-M, CK18, CK19 and ISH. Protocols for producing
and identifying HRC have been described elsewhere!”.
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Figure 1 Screening for human-rat chimera (HRC) derived from in utero transplantation of hUCB-MNCs. Human-rat hybrid animals were produced by in utero
transplantation of low-density mononuclear cells (MNCs) from human umbilical cord blood (hUCB) into fetal rats at the gestation of 9-11 d. A: Representative flow
cytometric analysis of human CD45-positive cell engraftment in PB and BM of HRC. After birth, peripheral blood (PB) was collected at the indicated time points.
The collected blood cells were stained with anti-human CD45 and CD3 antibodies and analyzed by flow cytometry. MNC-transplanted rat (MTR) was killed at end of
each experiment, with bone morrow (BM) obtained and assessed for human CD45" cell engraftment by 2-color flow cytometry. Human PB from healthy volunteers
was used as a positive control (PC) and normal rat PB was used a negative control (NC); B: Identification of human genes in liver of MTR by human gene-specific
PCR. To determine the human donor contribution in the liver of MTR, PCR was carried out on genomic DNA with primers specific for hAlu gene"™. The PCR products
were analyzed by agarose gel electrophoresis from positive-control human blood genomic DNA (lane PC), normal/non-transplanted rat genomic DNA (lane NC) and
genomic DNA prepared from liver of one MTR was shown. Rat myogenin (Myo)-specific PCR was carried out for quality and quantity controls of genomic DNA with
primers specific for rat Myo gene™. Data are representative of three independent PCRs yielding similar results. Arrow indicates the position of PCR products amplified
by the primers for hAIL'™. M1: Molecular weight DNA marker (DL2000, TakaRa); C: Immunohistochemical analysis of various human antigens in liver of MTR. In the
receipt liver, donor-derived human cells with different cellular phenotypes were detected by IHC for different human markers, such as B2-microglobulin [32-M (a),
CK18 (b) and CK19 (c)]. Brown staining shows positive human cells in various tissues from MTR and human samples (data not shown), whereas no positive human

cells were found in normal control (NC) rats (data not shown).

All time points referred to the time length after birth.
Animal care and experiment were performed according
to the Ethical Guidelines for Animal Care, Handling and
Termination established by the Subcommittee of Sun Yat-
Sen University. The study was approved by the Ethics
Review Committee of Sun Yat-Sen University. hUCB
samples were obtained from normal full-term deliveries
and informed consent was given by the participants.

ISH for detecting donor-derived human cells in HRC
liver

After evaluation of the donor-derived human cell
distribution in HRC liver by human gene-specific
PCR on genomic DNA, human donor contribution
in the formalin-fixed, paraffin-embedded liver tissues
(from HRC) proved by PCR for hAlu gene prior to
immunohistochemical assessment'” was further
determined by ISH for human DNA Alu sequences.
Digoxigenin (DIG)-labeled Alu probes (DNA probes)
were obtained from PanPath B.V. (Amsterdam,
Netherlands). Hybridization was performed according to
the manufacturer’s instructions. DIG-labeled hybrids were
detected with an anti-DIG-alkaline phosphatase conjugate
and a BCIP/NBT substrate giving a light-blue precipitate,

and counterstained (pink) with nuclear fast red.

Experimental design

Seventy percent of PHx rat liver model provides an ef-
fective medium for study of the transition and regulation
of hepatocytes from quiescent to proliferating phase.
Ten selected rats, at the age of 2 mo, with CK18-positive
and/or CK19-positve hHLC engraftment in the HRC
liver were randomly divided into 70% PHx group (PHx
group) and control group (non-PHx group) (# = 5). Be-
fore (day 0) and after 10 and 20 d of PHx, minimal liver
tissues were dissected from each rat of PHx group and
control group, and used to detect donor-detived human
cells stained positively for CK18, CK19, CD34, CD45
and AFP with IHC.

Immunohistochemical detection of donor-derived human
cells

The minimal chimeric liver samples were immediately
harvested from HRC containing donor-derived human
cells in rat liver at the indicated time points after birth,
fixed in 10% formalin, and paraffin embedded. The sec-
tons (4-um) wete heated in a 10 mmol/L Na-citrate buffer
(pH 6.0) at 95°C for 20 min and cooled at room tempera-
ture for antigen detection. An envision system was used
for immunohistochemical analysis. Human cells with
different cell phenotypes in chimeric liver were detected
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with antibodies to CD45, CD34, CK18, CK19 and AFP
(DAKO), respectively. The complex was visualized with
diaminobenzidinetetrahydrochloride (DAB) and counter-
stained with hematoxylin. Anti-human CD45, CK18 and
AFP antibodies used as primary antibodies could specifi-
cally react with human CD45, CK18 and AFP antigens,
respectively. Data from the Antibody Company indicate
that anti-human CD34 and CK19 antibodies could cross-
react very mildly with rat CD34 and CK19 antigens, re-
spectively. However, our previous study strongly indicated
that CD34 and CK19 antibodies do not cross-react with
their corresponding antigens, CD34 and CK19, in THC™.
Since anti-human CD45, CK18, AFP, CD34 and CK19
antibodies have been confirmed to specifically react with
human CD45, CK18, AFP, CD34 and CK19 antigens,
but not with rat CD45, CK18, AFP, CD34 and CK19
antigens, thus MNC-derived human CD45", CK18",
AFP", CD34" and CK19" cells engrafted into rat liver can
be easily distinguished from rat CD45", CK18", AFP’,
CD34" and CK19" cells, respectively, by THC performed
on chimeric liver sections of HRC. For each staining, tis-
sue sections were prepared from a normal rat as a negative
control (NC). To identify donot-derived human cells in rat
liver sections, we performed IHC on six different sections
from each rat that underwent transplantation. The vari-
ability in percentage of donor-derived human cells was
not significant between sections, but significant between
animals which is consistent with the reported findings"**".

IHC for proliferating cell nuclear antigen (PCNA)

To perform immunostaining for PCNA, liver tissue
sections were autoclaved in a 10 mmol/L citrate buffer
at 121°C for 5 min and cooled to room temperature.
After washed in PBS with 0.05% Tween 20 (PBS-T),
the sections were primarily incubated with anti-PCNA
antibody (Sigma, St. Louis, MO, USA) overnight at 4°C.
After washed three times in PBS-T, the sections were
incubated with secondary HRP-conjugated anti-mouse
antibody (Chemicon, Temecula, CA) for 1 h at room
temperature following its manufacturer’s instructions. The
complex was visualized with DAB and counterstained
with hematoxylin.

RESULTS

Human donor contributions in MTR liver analyzed by ISH
for human Alu sequences
Human donor contribution in recipient liver was
determined by human Alu gene-specific PCR. The
presence of donor-derived human cells in PCR-positive
rat liver was confirmed by IHC using antibodies specific
for human (2-M which is present in almost all cells of
the body except for red blood cells"” (Figure 1B and C).
Moreover, 0.1%-10.7% of B2-M-positive human cells in the
liver sections analyzed at the indicated time points were of
human origin which is consistent with the reported data™”,
Since human Alu (hAlu) repetitive sequence
constitutes 10% of human genomes, the results of this
study, obtained by PCR and IHC for $2-M, were further
confirmed by ISH with a human Alu-specific probe

to detect donor-derived human cells containing Alu
sequences in chimeric liver. ISH analysis indicated that
a large number of human Alu-positive cells with black/
dark brown nuclei were found in the hepatic parenchyma
and stroma of receipts (Figure 2B-D), but not in normal
control rats (NCR) (data not shown). Moreover, all human
cells in human liver samples demonstrated black/dark
brown nuclei (Figure 2A). These findings illustrate that
there are donor-derived cells of human origin in the liver
of host rats.

Formation of humanized liver with donor-derived human
hepatic parenchymal and stromal components in HRC
Mammalian liver is composed of hepatic parenchymal
components, such as stem/progenitor cells including
oval cells, and cells expressing AFP, CK18, CKS8, Alb, ez,
in hepatocyte lineage, and hepatic stromal components
including endothelial and biliary duct cells, er®. Our
previous data fully demonstrate that donor-derived
human cells positive for CD34, CD45, AFP, CKS,
CK18, CK19 and Alb are formed in the chimeric liver
of HRC, suggesting that donor-derived human hepatic
parenchymal components are formed in rat liver*,

To further evaluate the 7 vivo differentiation potential
of transplanted human cells into hepatic stromal cells,
including endothelial and biliary duct cells, e#, in host
liver, we performed ISH on liver sections from rats that
underwent transplantation using a probe specific for the
human Alu sequence. hAlu-positive vein (V) containing
hAlu-positive human endothelial cell-like cells (hECLs),
hAlu-positive artery (R) containing hAlu-positive human
cells, hAlu-positive human hepatocytes, and other
human cells, were found in the same liver section of
human liver samples (Figure 2A). Moreover, no hAlu-
positive human cells with black/dark brown nuclei were
observed in the sections from control group (data not
shown). ISH showed that a large number of cell nuclei
in vein walls containing hAlu-positive hECLs (Figure 2C,
C2 and D3) and biliary ducts containing hAlu-positive
human bile duct epithelial cells (Figure 2C, C1, D1 and
D2) were of human origin, indicating that donor-derived
human hepatic stromal components (i.e. donot-detived
human endothelial and biliary duct cells) are formed in
rat liver. Furthermore, hAlu-positive vein (V) and bile
duct (U) were observed in hepatic stroma and hAlu-
positive human cells in hepatic parenchyma of host rats
(Figure 2C and D), suggesting that humanized liver with
donor-derived human hepatic parenchymal and stromal
components is formed in xenogeneic competitive
settings.

Changes in cellular phenotypes of donor-derived human
cells during PHx-induced liver regeneration in HRC

The well-characterized PHx model of rat liver
regeneration was used to explore the evolvement rules
in cellular phenotypes of donor-derived human cells
participating in PHx-induced chimeric liver regeneration,
and ITHC was used detect the expression of cell markers,
such as AFP, CD34, CD45, CK18 and CK19. IHC
analysis showed phenotypic changes of donor-derived
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Figure 2 Human donor contributions in HRC liver analyzed by in situ hybridization (ISH) for human Alu sequences. Black/dark brown Alu-positive human
cells in nuclei (white arrow) were identified in receipt liver using a probe specific for human DNA Alu sequences, and counterstained (pink) with nuclear fast red.
Black/dark brown hybridization signals (white arrow) shows Alu-positive human cells in liver of MTR and human samples, whereas no Alu-positive human cells were
found in normal control (NC) rats (data not shown). White arrow and black arrow indicate the partially demonstrated Alu-positive and negative human cells in B1-B3,
C1 and C2, respectively. A: Human liver (positive control); B-D: Detection of donor-derived human cells in the chimeric liver of HRC. R: Artery; U: Bile duct; V: Vein.
A: Low-power magnification of hAlu-positive human cells; A1: High-power magnification of the region (1) in the right rectangle of (A) demonstrating hAlu-positive
vein (V) containing hAlu-positive human endothelial cell-like cells (hECLs), hAlu-positive artery (R) containing hAlu-positive human cells, and hAlu-positive human
hepatocytes and other human cells in human liver; A2: High-power magnification of the region (2) in the left rectangle of (A), hAlu-positive human hepatocytes and
other human cells in human liver; B: Low-power magnification of hAlu-positive human cells; B1: High-power magnification of hAlu-positive human cells (white arrow)
of the rectangle region (1) in (B); B2: High-power magnification of hAlu-positive human cells (white arrow) and hAlu-negative cells (white arrowhead) of the rectangle
region (2) in (B); B3: High-power magpnification of hAlu-positive human cells (white arrow) and hAlu-negative cells (white arrowhead) of the rectangle region (3) in (B);
C: Low-power magnification of hAlu-positive human cells; C1: High-power magnification of the rectangle region (1) in (C) showing hAlu-positive human hepatocyte-
like cells (hHLCs) (white arrow), hAlu-positive bile duct (U) epithelial cells and other human cells (white arrow) in chimeric liver; C2: High-power magnification of the
rectangle region (2) in (C) showing hAlu-positive hECLs in vein (V) of chimeric liver; D: Low-power magnification of hAlu-positive small bile ducts (U) and hAlu-positive
vein (V) in chimeric liver; D1, D2: High-power magnification of hAlu-positive small bile ducts (U) in (1, 2) of (D), respectively; D3: High-power magnification of vein (V)
containing hAlu-positive hECLs in (3) of (D).
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Figure 3 Representative inmunohistochemistric analysis of phenotypic changes of donor-derived human cells in HRC liver during PHx-induced liver
regeneration. Seventy percent partial hepatectomy (PHx), a procedure that removes 70% of the liver, is regarded as the preferred in vivo method to study liver growth due
to its synchronized growth response. In the representative chimeric livers of animals 5 and 6 (Table 1), donor-derived human cells with different cellular phenotypes were
detected by IHC for different human markers (AFP, CD34, CD45, CK18 and CK19). Minimal liver tissues used for IHC were collected before PHx, and after 10 and 20 d of
PHx. Additionally, the untransplanted control group was also set up when we performed this experiment (data not shown). The results demonstrate that CD45°, CK18", AFP”,
CD34" and CK19" cells could not be detected in liver sections from untransplanted control rats by human-specific IHC, suggesting that human-specific IHC can show human
specificity of staining (data not shown). PHx: 70% partial hepatectomy, I : Non-PHx group; II': PHx group. A: before PHx; B: 10 d after PHx; C: 20 d after PHx.
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Animals 1-10 at the age of 2 mo with the engraftment of donor-derived hHLCs

in the liver of HRC were screened by human gene-specific PCR for hAlu as

previously described’”*” and ISH for human Alu sequences confirmed by

detecting human B2-M expression using IHC. Animals 2, 4, 6, 8 and 10 at the
age of 2 mo underwent 70% PHx. Age-matched animals 1, 3, 5, 7 and 9 (not
undergone PHx), were used as negative controls. In the human-rat chimeric liver,
donor-derived human cells with different cellular phenotypes were detected by
IHC for different markers (AFP, CD34, CD45, CK18 and CK19). Minimal liver
tissues from PHx (1) and non-PHx (1) groups used for IHC were dissected and
collected before PHx (A), and after 10 d (B) and 20 d (C) of PHx.

human cells during PHx-induced liver regeneration in
HRC (Figure 3). The changes in the cellular phenotypes
of donor-derived human cells during PHx-induced liver
regeneration in five HRCs after PHx are summarized
in Table 1. Donor-derived AFP’, CD34" and CD45"
human cells in the portal area were found in the chimeric
liver of HRC after 10 d of PHx in PHx group but not
in control group (Figure 3 and Table 1), suggesting
that dynamic changes of donor-derived human cells
expressing AFP, CD34 and CD45 may occur during liver

regeneration.

Proliferative activity of hHLCs during PHx-induced liver
regeneration in HRC

Since PCNA is present specifically in nuclei of prolifer-
ating cells, it was employed to indicate the active prolif-
eration of donor-derived human cells during human-rat
chimeric liver regeneration in this study. Immunostaining
for human PCNA showed that the number of PCNA-
positive cells in chimeric liver was significantly higher
in PHx group than in control group after 10 d of PHx
(Figure 4), indicating that donor-derived hHLCs are ac-
tively proliferated during PHx-induced HRC liver regen-
eration.

DISCUSSION

Adult mammalian liver contains different cell types, such
as stem/progenitor cells including oval cells, hepatocytes,
bile duct epithelial cells, vascular endothelial cells, stellate

Non-PHx group (1)

- . G

oup (II)
L0 b Wttty

A(0d)

B (10 d)

C(204) ¢

Figure 4 Proliferative activities of hHLCs during PHx-induced liver
regeneration in HRC. Immunostaining for PCNA, a marker for cell proliferation,
was performed to evaluate the proliferation of hHLCs. An antibody against PCNA
antigen was used to evaluate the percentage of hepatocytes in the regenerative
process after 70% hepatectomy. Ten days after PHx, PCNA staining demonstrated
the active proliferation of hHLCs in the PHx group (1I) compared with the control

group (1).

cells, Kupffer cells (K), fibroblasts and leukocytes,
etz, which constitute the functional units of liver""
Hepatocytes are responsible for most liver functions and
account for 90% of liver weight.

Since in vivo study of human biology is severely
limited by scientific, technical and ethical constraints,
livers of small and large laboratory animals are routinely
used to establish human liver biology and disease
models, which, however, cannot fully replicate the
complex biological and pathological processes of human
liver. It is, therefore, necessary to develop a preclinically
and/or clinically relevant HAC harboring a “humanized
liver” with a relatively large number of different human
liver and bile duct epithelial cells that cluster to form
functional human liver units in host animals, which can
imitate the 7z wvivo situations in humans. Such a HAC
harboring a “humanized liver” can be used in study of
human liver development, repair and regeneration, the
pathogenesis of human hepatitis virus infection, and
human liver-specific metabolic responses to drugs, ef.

Transplantation of human hepatocytes into immuno-
deficient mice can generate humanized mice carrying
a humanized livet, and nearly 80%-90% of which can
be replaced by transplanted human hepatocytes™?"*>*,
Furthermore, functional donot-derived human mature
hepatocytes are positive for Alb, CK18 and CK$ in such
a “humanized liver”. The presence of donor-derived
human hepatic progenitor cells in liver parenchyma and
donor-detived functional human bile canaliculi connected
to mouse canaliculi can form donor-derived human
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hepatic functional units in animal livers, while the plasma
in humanized mice carrying a humanized liver contains
human Alb and additional 21 human proteins®*****,
However, the following significant drawbacks greatly
limit the widespread use of such humanized mice
derived from immunodeficient mice in study of
human liver development, repair and regeneration, and
pathogenesis of human hepatitis virus infection. On the
one hand, transplanted foreign cells migrating into host
liver from host spleen may not develop into all cell types
in human liver required for normal liver function. On
the other hand, immunodeficient mouse recipients have
no normal immune system. In other words, after birth,
this model is lack of a completely normal physiological
environment, but the body immune system is involved in
the pathogenesis of human hepatitis, and in control of
human liver development, repair and regeneration.
Naturally occurring migration patterns of stem cells,
availability of extending homing and engraftment sites,
tissue- and organ-specific signals from niche in early
embryo of animals greatly facilitate the widespread
distribution of human donor cells in the recipient
body, and promote them to home and engraft into
various tissues and organs, in which human donor cells
are actively influenced by the signals from niches to
undergo reprogram, proliferation and differentiation in
specific tissues and organs of recipients'”***!
blastocyst transplantation of hSCs from multiple sources
can form all possible donor-derived human cell types

in the recipient liver, which in turn constitute human
[2,6,18-20,22,24]

. In utero or

hepatic parenchymal and stromal components
In contrast to the immunodeficient mice harboring a
humanized liver, HAC in liver humanization possess and
potential human immune system can be reconstituted
with donor-derived human differentiated cells (data not
shown). Besides the functional donor-derived human
mature HLCs positive for human Alb, AFP, HNF-4, ez,
throughout the host liver parenchyma, an “ideal human-
animal chimeric liver” can also synthesize and sectete
human Alb, ALT, AST and ALP into the circulation of
618202224 Our findings demonstrate that
donor-derived human mature hepatocytes, endothelial and
biliary duct cells in human-rat chimeric liver, constitute the
“humanized hepatic functional units” in animal liver™**",
In addition, other donor-detived human cell types, such as
liver stem/progenitor cells, stellate and Kupffer cells (K),
fibroblasts and leukocytes in human liver, remain to be
further identified in HRC liver.

It has been reported that after in utero transplantation
of hMNCs, the transplanted human stem/progenitor
cells can engraft into the recipient liver, and are actively
influenced by niche signals to participate in organogenesis
of recipients in the xenogeneic competitive settings'*",
indicating that HAC carrying humanized liver cells derived
from in utero or blastocyst transplantation of hSCs is
morte supetior to that in immunodeficient mice harboring

host animals

humanized liver.
Since most of our present knowledge on liver
regeneration is derived from laboratory mice and rats,

but not from human beings due to the lack of an ideal
in vivo model™ HAC harboring a humanized liver will
become an ideal iz vivo system for investigating human
liver regeneration and its mechanism.

Mature hepatocytes, liver stem cells or bone marrow
(BM)-derived stem cells will be mobilized to participate
in liver regeneration and repair, while various liver injury
models, such as PHx, AAF/PHx, and AAF models, can
induce different cell proliferative responses in liver""
In this study, the well-established 70% PHx model
was used to induce acute chimeric liver injury and liver
regeneration was induced with PHx. Donor-derived
AFP", CD34" and CD45" human cells were found in
the chimeric liver on day 10 in PHx group but not in
control group, suggesting that the donor-derived hSCs,
engrafted into the BM of HAC, can be mobilized to
migrate into the chimeric liver from the chimeric BM
of HRC, thus participating in the regeneration and
repair of injured chimeric liver during the acute liver
damage. Additionally, the donor-derived human cells
were engrafted in rat BM (Figure 1A). During chimeric
liver regeneration, the donor-derived CD34" and CD45"
human cells were detected in the portal area of chimeric
liver, indicating that BM-derived hSCs participate in the
regeneration of injured chimeric liver, which needs to
be confirmed by further experiments. Generally, liver
stem cells are not significantly proliferated after mild
liver damage and BM-derived stem cells can directly
enter liver from outside and subsequently develop into
mature hepatic cells, but do not migrate into the portal
area®™. In this study, the markers of various donor-
derived human cells in chimeric liver varied with time,
demonstrating the changing process of surface markers
of BM-derived hSCs, mature hepatocytes or liver stem
cells during the regeneration of damaged chimeric liver.
During liver regeneration after acute liver damage, the
actively mobilized BM-derived hSCs in chimeric BM
migrate into the chimeric liver, and further differentiate
into hepatocytes to support the regeneration of injured
chimeric liver, while donor-derived human mature
hepatocytes and liver stem cells in chimeric liver
participate in the regeneration and repair of injured
chimeric liver™.

Anyway, HAC liver will become a powerful 7z vivo
system for examining human-specific biological processes
of damaged liver regeneration and repai.

Remaining constraints of such a “HAC” containing
humanized liver cells include non-consistent engraftment
of human cells in the same organ of different individuals,
and inadequate human cells engrafted in HAC liver. For
example, the percentage of donor-derived human cells in
the chimeric liver of HRC is 0.1%-10.7%"".

The countermeasures for the elimination of the
above constraints include definite cell components of
human stem/progenitor cells used for transplantation,
standard manipulation of transplantation, the need
for genetic modifications to further humanize the host
P71 and loss of host hepatocytes, ezz.

In summary, humanized liver can show insights into

strain
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in vivo human liver biology, and provide an i vivo powerful
system for more precisely replicating the complex
biological and pathological processes of human liver,
and further allow us to investigate human liver-specific
biological processes and diseases. However, efforts should
be made to develop the optimal and pragmatic humanized
animal models meeting the growing needs for animal
models to carry out i vive studies of human cells, tissues
and organs.
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COMMENTS

Background

Data demonstrate that donor-derived human hepatocyte-like cells with different
cellular phenotypes and of functional human hepatocytes are formed in chimeric
liver of human-rat chimera (HRC) after in utero transplantation of human cells.
Formation of human hepatic parenchymal and stromal components in rat
liver was further examined, and humanized liver harboring HRC was used to
investigate the phenotypic changes of donor-derived human cells engrafted into
rat liver during 70% partial hepatectomy (PHx)-induced liver regeneration.

Research frontiers

HRC carrying humanized liver generated by in utero transplantation of human
cells has been developed by the authors. HRC harboring human-rat chimeric
liver was used to study the human liver-specific biological processes and
human liver-specific diseases.

Innovations and breakthroughs

Humanized liver was employed to investigate the process of human hepatic
ontogeny and to examine the phenotypic changes of donor-derived human cells
engrafted into rat liver during PHx-induced liver regeneration in this study.

Applications

Compared with the general laboratory animals including mice, rats, pigs, dogs
and non-human primates, and immune-deficient mice (in vivo injury model)
carrying humanized liver reconstructed with human hepatocytes or stem cells,
HRC carrying growing humanized liver with a relatively large number of donor-
derived human liver cells clustering to form functional human liver units in host
liver, is the in vivo non-injury human-animal xenograft animal model with normal
physiological conditions, and will become an ideal and suitable in vivo system
for studies of the mechanisms underlying human liver development, repair and
regeneration, the pathogenesis of human liver-related diseases including viral
hepatitis, liver cirrhosis, hepatocellular carcinoma, and drug discovery and drug
preclinical assessment of ADME-Tox.

Terminology

Humanized animals generated by in utero transplantation or blastocyst
transplantation of various human stem cells were defined in this study as
normal animals engrafted with human cells, tissues or organs with normal
physiological conditions.

Peer review

The manuscript describes the successful development of HRC carrying
humanized liver generated by in utero transplantation of human cells. The
findings of this study indicate that donor-derived functional human hepatocytes
generated in this model constitute human hepatic functional units with donor-
derived human endothelial and biliary duct cells in host liver. More importantly,
HRC harboring human-rat chimeric liver was used to preliminarily examine the
phenotypic changes of donor-derived human cells engrafted into rat liver during
PHx-induced liver regeneration.
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