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Abstract Cellular compensation from extrahepatic resources is expected to
improve the prognosis of liver diseases. Currently, liver dysfunction is treated by a
variety of modalities including drugs, cytokines, vascular interventions, energy
devices, surgery, and liver transplantation; however, in recent years there have been
few significant advancements in treatment efficacy. A next-generation therapeutic
strategy for liver disease, cellular compensatory therapy (i.e., cell therapy), is now
being considered for clinical practice. Liver dysfunction is attributed to a lack of
sufficient functional cells. However, processes involved in recovery of liver function
are not fully elucidated, which has complicated the interpretation of treatment
effects at the cellular level. Our genotyping study of living donor liver transplanta-
tion revealed that a variety of graft liver tissues contained the donor genotype, indi-
cating that extrahepatic cells had differentiated into liver component cells during
liver regeneration. Multilineage-differentiating stress-enduring (Muse) cells appear
to be a strong candidate for extrahepatic resources that can contribute to liver regen-
eration. Muse cells are defined as stage-specific embryonic antigen 3-expressing
cells that contribute to tissue regeneration and have the potential to differentiate into
three germ layers. The significant advantage of Muse cells over other “pluripotent
cells” is that Muse cells are present in bone marrow/blood as well as a variety of
connective tissues, which provides safety and ethical advantages for clinical appli-
cations. Here, we review current therapeutic topics in liver diseases and discuss the
potential for cell therapy using Muse cells based on our recent studies of Muse cell
administration in a mouse model of physical partial hepatectomy.
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12.1 Introduction

The legend of Prometheus describes the liver as an organ that has the power to
recover from acute loss of physiological mass. Although probable, yet not fully
realistic in a practical sense, “organ regeneration” requires differentiation into the
multiple cell types that comprise the organ. Liver regeneration after resection (i.e.,
hepatectomy) generally implies “volume gain” after reduction of liver volume in
clinical practice, but how volume loss is compensated is unclear. Notably, hepato-
cyte hypertrophy is reported to play a central role in “volume gain” in response to
liver volume loss, particularly in the acute stages of liver damage [1, 2]. We recently
demonstrated that liver regeneration is a multistep process in which the size of hepa-
tocytes increases in the acute phase, followed by cellular proliferation and subse-
quent differentiation [3]. These observations suggest that “organ regeneration” of
the liver requires cells that can differentiate into multiple distinct cell types such as
hepatocytes and cholangiocytes. Thus, therapies for liver disease would be pre-
dicted to require either fully differentiated cells that can compensate for loss of
cellular function and volume or an enriched cell population with proliferative poten-
tial to differentiate into multiple cell types.

Current modalities for liver diseases are roughly divided into three major catego-
ries: (i) drugs, (ii) cytokines, and (iii) vascular/surgical interventions. Drugs and
cytokines generally target the entire liver to treat diffuse types of liver disease, such
as hepatitis and nonalcoholic fatty liver disease [4, 5], whereas interventions are
mostly performed to treat local lesions such as neoplasms and injury [6]. Although
these statuses are distinct, structure reconstruction and volume compensation of the
liver are mandatory for both diffuse and local liver diseases. Some of these modali-
ties are established as “standard therapy,” but none were based on the concept of
tissue-level regeneration.

As one candidate for assisting current therapies for liver disease, cell therapy has
been discussed for decades as an alternative for patients for whom no other modali-
ties were effective. Cell therapies for liver diseases can be roughly divided into two
groups that involve hepatocytes or mesenchymal stem cells (MSCs). Hepatocyte
transplantation was developed for patients with metabolic disorders that have a
hepatic basis and acute or chronic liver failure. However, due to difficulties in
acquiring good quality “donor” hepatocytes, the number of hepatocyte transplanta-
tion cases was approximately 80 worldwide as of 2011 [7]. Although hepatocyte
transplantation reportedly can be performed safely and improve disease status [8—
10], practical constrains such as a shortage of donors, limited success of hepatocyte
engraftment in a severely damaged liver, and difficulties in obtaining high-quality
hepatocytes remain before this approach can be applicable in a routine fashion [11].
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Because MSCs are fractions generally isolated from the bone marrow or adipose
tissue and lack genetic or biochemical modifications, the risk of tumor formation
following treatment with these cells is extremely low despite their ability to display
multiple germ layer differentiation markers in vitro [12, 13]. Recent observations
suggest that paracrine-mediated functions of MSCs attenuate acute liver failure
[14]. However, which cell populations present in crude MSCs isolates make signifi-
cant contributions to biological activities that encourage tissue repair is unclear [12,
15]. Based on the estimation that only a very small fraction of cells in MSCs actu-
ally contribute to liver regeneration, we found that Muse cells directly committed to
the replacement of multiple liver component cells [3]. Muse cells exist in bone mar-
row/blood as well as a variety of connective tissues and have demonstrated a dif-
ferentiating ability in various tissue types in the context of tissue repair and
regeneration [16]. We examined whether “extrahepatic” Muse cells were involved
in liver regeneration processes that occur after physical partial hepatectomy (PPHXx).
Using a mouse PPHx as a model of human living donor liver transplantation (LDLT),
we demonstrated how Muse cells were integrated into the damaged liver during
liver regeneration and participated in the tissue reconstruction [3].

The human LDLT procedure uses a healthy donor graft explanted with a portion
of liver that is physically removed from the healthy organ, namely, hepatectomy.
This unique feature of LDLT provides an opportunity to trace what types of cells are
involved in liver tissue repair and regeneration. Cells in the liver, post-engraftment
of liver transplantation, have been shown to possess the recipient genotype, which
suggests that extrahepatic cells are indeed integrated in the graft liver [17-21].
Interestingly, among the cells engrafted, cholangiocytes were reported to possess
multipotency as evidenced by their expression of both hepatocyte and cholangio-
cyte lineage markers [20].

In this chapter, we will first review current therapies for liver diseases and then
discuss possibilities for cellular therapy, with a special focus on Muse cells. Based
on our current findings that suggest a substantial role for Muse cells in post PPHx
liver regeneration, we will discuss the biology and potential applications for cell
therapy using Muse cells.

12.2 Hepatectomy

Hepatectomy involves surgical resection for localized liver disease and LDLT
donors. In humans, hepatectomy has been performed to treat various liver neoplas-
tic diseases including hepatocellular carcinoma [22] and metastatic liver tumors
[23, 24], as well as for the acquisition of graft liver for LDLT [25, 26]. At 1 year
post-operation, the percentage of liver growth of the remnant left liver of LDLT
donors has been reported to be 146% in average, whereas the “simple” right liver
graft becomes 152% of the original graft volume in average [27, 28]. However, the
detailed mechanism of liver volume recovery in humans remains unclear because of
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the difficulties in acquiring multiple biopsy samples from the injury front.
Additionally, no markers exist to trace the lineage of cells participating in regenera-
tion. Therefore, to study liver regeneration mechanisms at a cellular level, partial
hepatectomy (PHx) of rodents has been widely used. Most PHx procedures for
rodents use a 2/3 PHx because, in contrast to the human liver, the rodent liver is
divided into distinct four lobes [29, 30]. Also in contrast to the human liver, in
rodents, a simple ligation of the lobe stem is sufficient to accurately remove the liver
and leave an intended volume. In fact, ligation of the base of the left lateral lobe and
the median lobes corresponds to a 2/3 volume reduction [31, 32]. However, there is
no “injury” region in the remnant liver resulting from the “hepatectomy” mimicked
by the ligation technique. PHx in humans is almost always concomitant with an
injury caused by transection, where acute inflammatory reactions and wound-
healing processes actively occur. Thus, to assess liver regeneration mechanism after
an injury at the cellular level, we recently introduced the PPHx technique, which
involves a transection line made in the middle of the left lobe of the rodent liver that
results in approximately a 30% hepatectomy. The PPHx also retains a long transec-
tion (i.e., injured) line, such that the procedure is relatively similar to that of a hepa-
tectomy in humans in terms of the degree of invasiveness and the recovery process
from the local liver injury. This model is thus particularly useful for studying host
reactions in acute local liver regeneration.

12.3 LDLT

Whether extrahepatic factors (i.e., cytokines or extrahepatic cells) are involved in
human liver repair regeneration has long been controversial. Examination of the
involvement of such factors has been extremely difficult to investigate directly in
humans because it requires cellular labeling in patients undergoing hepatectomy.
The only example from which insight can be gained into cellular involvement in
graft liver is human LDLT genotyping [33]. For LDLT, a section of liver (i.e., graft)
transected out from a healthy donor is transplanted into a patient from whom the
entire malfunctioning liver has been removed (Fig. 12.1). Therefore, at a histologi-
cal level, the graft liver has a transection line equivalent to the liver injury created
by discontinuation of the hepatic parenchyma and vessels [34]. The transplanted
graft liver appears to undergo three important steps in the recovery process: (a)
acute inflammatory reactions, particularly in the area of injury; (b) semi-acute vol-
ume recovery via hepatocyte hypertrophy; and (c) liver vascular regeneration.

All three steps require cellular resources for local tissue repair and liver volume
compensation. To clarify how the liver acquires volume through these steps, we
must first evaluate hepatocytes in LDLT grafts in terms of liver volume rendering
and histological examinations. Among 13 available LDLT graft liver cases treated at
Iwate Medical University Hospital that were examined at three time points, 8 cases
showed liver volume gains (range, 108—169% of initial graft volume), whereas the
other 5 cases had reduced volume (range, 82-99%; Fig. 12.2A). However,
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Fig. 12.1 Schematic illustration of LDLT. The right lobe of the donor is removed by hepatectomy
(D) and transplanted into the recipient (R) as a graft (G). During liver regeneration, including tis-
sue repair processes in the graft, two genotypes, from donor and recipient, are present in the graft
liver. D donor, R recipient, and G graft liver. (The data are reproduced from Katagiri et al. [3])

Fig. 12.2 Changes in A
volume and hepatocyte o Y%
number in graft liver E 18 5
tissue. (A) Change in the Q
LDLT graft liver volume in s 16 +
recipients, relative to the _5) 14 4
initial “zero-point” graft S
volume, represented as € 12
100%. A horizontal dashed 2
line indicates 80% relative o 101
to the initial volume. ©
(B) The number of '% 8
hepatocytes counted in ©
needle biopsy specimens N T N ) s .
at three different time Zero-point  Early time-point Late time-point
points. The view area is B
200 x 200 pm?. (The data %
are reproduced from 1404
Katagiri et al. [35]) - 03)
o Z 1201
Qg
£ 21004
cs
23 80
35
Xc 604
40 T T T

Zero-point  Early time-point  Late time-point



224 S. S. Nishizuka et al.

chronologic traces of cellular density revealed that all cases had reduced hepatocyte
density at early time points that recovered by late time points, indicating that hepa-
tocytes were hypertrophic during the engraftment process (Fig. 12.2B) [35].
Although the final liver volume may be affected by various other factors in the clini-
cal course [36—40], these results suggest that hepatocyte hypertrophy plays a role in
liver volume gains during the acute phase and that liver volume may later be com-
pensated by a recovery in cell number.

Notably, Miyaoka et al. reported that liver volume recovery after a 30% partial
hepatectomy in a murine model could be fully achieved solely through hypertro-
phy of the remnant liver without cell division [2]. Furthermore, their 70% partial
hepatectomy model demonstrated that most of the liver volume recovery process
is primarily due to hepatocyte hypertrophy and subsequent cell division. However,
putative “liver progenitor cells (LPCs)” could emerge and contribute to liver
regeneration in circumstances when the liver is severely injured and hepatocyte
proliferation process is disrupted [41]. Although the origin of the LPCs remains to
be identified, one source for LPCs could be the Canals of Hering, where hepato-
cytes and cholangiocytes are connected, which implies the potential for structural
development into hepatocytes and cholangiocytes [42]. Our observations on LDLT
show the presence of cytokeratin (CK)19*/alpha-fetoprotein (AFP)* cells in the
periportal area, suggesting that cells with bipotential play certain roles in liver
regeneration [3]. We also performed genotyping using extracted DNA from laser
microdissection to determine whether hepatocytes and cholangiocytes comprise
donor- and/or recipient-derived cells (Fig. 12.3A—C). Genotyping analysis of
human polymorphic short tandem repeat (STR) markers for hepatocytes revealed
that 35.3% of LDLT patients exhibited chimeric genotypes (i.e., donor and recipi-
ent), although in most cases the allele fraction appeared to be small. Conversely,
70.6% of recipient cholangiocytes showed a chimeric genotype (Fig. 12.3D). In
addition, using female-to-male LDLT samples, our fluorescence in situ hybridiza-
tion (FISH) analysis also revealed the chimeric genotype (i.e., XY chromosomes
in the graft liver) in hepatocytes and cholangiocytes (Fig. 12.3E-F). These results
collectively suggest that hepatocyte hypertrophy plays an important role in
response to hepatectomy and some fraction of extrahepatic cells may contribute to
liver regeneration.

LDLT is often performed under complicated conditions, and the recovery pro-
cess can have substantial limitations. Biopsy of postoperative LDLT is performed
only when necessary, and for safety reasons, samples must be taken at site distant
from the “damaged area” instead of the active regeneration front. Despite these
practical limitations, chimeric genotypes are still seen in substantial fractions of the
LDLT graft liver. These results suggest that extrahepatic cells capable of differenti-
ating into liver component cells can originate from the blood flow, most likely from
the recipient’s bone marrow.
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12.4 Extrahepatic Resources for Liver Regeneration

One of the demands for liver disease treatment using extrahepatic cells is the sup-
port for hepatic local injury. In fact, hepatectomy in humans is one of the most
invasive and advanced surgical procedures currently performed. Extrahepatic cell
support of liver regeneration at the tissue level for postoperative patients has been
reported on human hematopoietic stem cells (HSCs), MSCs, hepatocytes, and oth-
ers; however, no practical example standards have been established [9, 11, 14, 43].
One major difficulty has been due to the fact that the pathological liver regeneration
process has not been fully clarified. It is indeed difficult to see the entire process of
liver regeneration after hepatectomy in humans because multiple pathological and
imaging examinations are required, such as biopsy from the injury front, where the
most active histological liver regeneration takes place. Yet, this area must be avoided
due to the risk of bleeding. Using a time axis observation of the injury front after
PPHx in a mouse, we were able to chronologically observe the events at the tissue
level [3]. In the first 24-48 h after PPHX, a substantial number of neutrophils and
monocytes infiltrated along the injury front. The cellular infiltration decreased by
72 h, but bile duct-like structures occasionally emerged in the injury front, particu-
larly in the periportal area [44]. These observations established the baseline for
steps that are adoptable for any type of support by extrahepatic cells for liver regen-
eration. Taken together with LDLT genotyping findings, we prioritized exploration
of the potential of extrahepatic cells to support liver regeneration, particularly for
such a liver injury.

One of the most “intuitive” extrahepatic cell applications to treat liver failure
may be hepatocyte transplantation [45]. In principle, hepatocyte transplantation
involves a collagenase perfusion technique that does not require special cell separa-
tion by fractionation [46, 47]. The route for hepatocyte infusion can be via the portal
vein or intrasplenic or intraperitoneal areas [8]. Though limited, the life expectancy
of some patients was extended by hepatocyte transplantation, and a few patients
fully recovered [8]. Although most previous reports suggested the feasibility and
safety of this procedure, obtaining high-quality donor cells and characterization of
mechanisms associated with cellular engraftment remain uncertain [11].

The application of MSCs, also known as “mesenchymal stromal cells,” has
been established and is gaining broad acceptance as an approach to achieve
cell-mediated recovery from liver failure [48]. MSCs have no associated ethical
issues due to their derivation from bone marrow or adipose tissue. In a clinical
setting, HSC transplantation of BM transplants likely containing a small number of
BM-MSCs has already been performed and demonstrated to be safe [48, 49].
Indeed, the therapeutic effect of BM-MSCs for liver diseases has been demon-
strated in humans [50, 51].

As one of the extrahepatic resources for liver regeneration, Muse cells have few
ethical concerns and show low tumorigenicity in comparison with induced pluripo-
tent stem (iPS) and embryonic stem (ES) cells [16]. The natural application of Muse
cell administration is to treat liver failure by supporting tissue-level development at
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liver damage sites. A previous study already demonstrated that Muse cells can
contribute to liver regeneration in response to carbon tetrachloride-induced acute
liver failure, and our more recent study showed that Muse cells are meaningful con-
tributors to liver damage induced by a local injury in the context of liver regenera-
tion at the tissue level [3, 16].

12.5 Differentiation of Muse Cells that Are Integrated
into the Liver

Muse cells were first reported in 2010 as a distinct population of pluripotent stem
cells that account for a small percentage of MSCs [16]. The functional identification
of Muse cells was reported as a stress-tolerant fraction of MSCs that survived in the
presence of trypsin or in the presence of limited nutrients [52]. Although Muse cells
share properties with MSCs and express mesenchymal markers such as CD105,
CD90, and CD29, Muse cells can be specifically characterized by the expression of
the glycolipid, stage-specific embryonic antigen-3 (SSEA-3), which is a well-
known marker of undifferentiated ESs and other pluripotent cells in humans. The
SSEA-3* fraction comprises ~1% of BM-MSCs in human BM aspirates and repre-
sents ~0.03% of BM-mononucleated cells [16]. Recent studies have revealed that
Muse cells could be found in peripheral blood and in a wide range of connective
tissues [53-55]. In addition, Muse cells have been reported to be a primary source
of iPS cells [56, 57].

The PPHx model, in contrast to postoperative human specimens, provides oppor-
tunities to continually trace chronological changes in the liver, particularly in areas
close to physical damage sites. From results of our LDLT genotyping studies, we
speculated that extrahepatic cells such as Muse cells play certain roles in liver
regeneration [3]. Moreover, accumulated findings implied that extrahepatic cells
could contribute to recovery from various hepatic failures [45]. Thus, we combined
the PPHx model and Muse cell administration so that the process of Muse cell inte-
gration could be observed in the context of liver regeneration.

We showed that intravenous infusion of GFP-labeled human Muse cells into the
SICD mouse xenograft model demonstrated the integration of Muse cells in the
damaged area adjacent to the transection line wherein GFP-labeled Muse cells
appeared in the periportal regions adjacent to the actual injury at 1 week post-
hepatectomy (Fig. 12.4). However, at that point, those cells did not appear to be
immediately differentiated into any tissue components and were difficult to distin-
guish from cells that had simply proliferated around the injury as part of the inflam-
mation process. At 2 weeks after infusion, some of the Muse cells began to form bile
duct-like structures. Muse cells were also found in the sinusoid area. Integration of
the Muse cells traced up to 4 weeks showed that the population of Muse cells that
had integrated into the liver composed of cholangiocytes (17.7%), hepatocytes
(74.3%), Kupffer cells (6.0%), and sinusoidal endothelial cells (2.0%). Importantly,
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Fig. 12.4 (A-G) Immunohistochemical images of the liver from a GFP-labeled Muse cell-
transplanted mouse. (A) GFP-labeled cells at the transection border of the liver. (B) An intact peri-
portal area close to the transection border, where GFP-positive cells are occasionally seen. (C)
GFP-positive bile ducts along the transection border. (D) GFP-positive cells in sinusoids. (E) GFP-
positive cells form a duct-like structure. (F) GFP-positive hepatocytes. (G) GFP-positive sinusoidal
cells. (H-J) No GFP-positive cells were seen in livers from the non-Muse cell-transplanted group.
Dashed lines indicate the transection border. (The data are reproduced from Katagiri et al. [3])

these differentiation and functional markers were completely absent in all GFP*
non-Muse cells, namely, cells other than Muse cells in BM-MSCs as control.

We also assessed the molecular and morphological features of these integrated
cells. In the early phases (i.e., 1 week) after hepatectomy and Muse cell adminis-
tration, the small number of Muse cells expressed human liver progenitor markers,
such as CK19, delta-like protein (DLK), OV-6 (an oval cell marker), and AFP, in
the periportal area adjacent to the transection line, suggesting that Muse cells may
be integrated into each functional structure of the liver through the appropriate
progenitor forms (Fig. 12.5). A chronological tracing of the integrated Muse cells
revealed that, at 1 week, the Muse cells still expressed the liver progenitor markers.
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Fig. 12.5 Expression of human CK19, DLK, OV6, and AFP 1 week after GFP-labeled Muse cell
administration. Arrowheads indicate staining-positive cells. Insets show high-power magnification
of the region. PV portal vein. Scale bar, 50 pm. (The data are reproduced from Katagiri et al. [3])

At 2 weeks, the Muse cells integrated into appropriate tissue structures expressed
additional markers of differentiation, such as human-specific HepPar-1, albumin,
alpha-1-antitrypsin, CK7, and Lyve-1, but the majority no longer expressed liver
progenitor markers (Fig. 12.6 and Table 12.1). At 4 weeks, the specificity of pro-
tein expression by the integrated Muse cells was clearly supported by species-
specific RT-PCR, discriminating human Muse cells from host mouse liver cells,
indicating that integrated cells expressed these markers were derived from human
Muse cells [3].
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Fig. 12.6 Human HepPar-1, CK7, Lyve-1, and CD68 expression 8 weeks after GFP-labeled Muse
cell administration. Insets show high-power magnification of the region. Scale bar, 20 pm (The
data are reproduced from Katagiri et al. [3])
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Table 12.1 Hepatoblast/hepatocyte marker expression profile at 2 days, 1 week, 2 weeks, and
4 weeks post-human Muse cell administration

Marker 2 days 1 week 2 weeks 4 weeks
Liver progenitor CK19 + + — -
DLK + + - -
OV-6 + + - -
AFP + + - —
Hepatocyte Hep Par-1 - - + +
Albumin - - + +
o-1-antitrypsin - - + +
Cholangiocyte CK7 - - + +
SEC Lyve-1 - - + +
Kupffer cell CD68 - - + +

SEC sinusoidal endothelial cells. (Reproduced from Katagiri et al. [3])

12.6 The Role of Cell Fusion in Extrahepatic Cell
Integration into the Liver

Despite these accumulated findings for Muse cell integration, these phenomena
could simply be due to cell fusion that occurs during liver regeneration [58].
Extrahepatic stem cell plasticity in the context of liver regeneration has been exten-
sively studied using fumarylacetoacetate hydrolase (Fah) knockout mice and dis-
cussed in a series of publications by Grompe et al. and others [59-65]. The
Fah-deficient mice developed severe liver malfunctions following withdrawal of
2-(2-nitro-4-trifluoromethylbenzoyl)-1,3-cyclohexanedione (NTBC), which is used
to treat tyrosinemia in humans via inhibition of p-OH phenylpyruvate dioxygenase
[66, 67]. A Fah knockout mouse transplanted with sex- and genotype-mismatched
bone marrow cells exhibited “repopulation” of bone marrow-derived hepatocytes in
the liver through the bloodstream, which was explained by stem cell plasticity
through cell fusion [68]. With these knockout and bone marrow transplant systems,
the repopulation of BM cells to the damaged liver may have at least partially
occurred at low frequency by fusion instead of BM-derived stem cell transdifferen-
tiation [69, 70]. Although BM-derived cells undergo spontaneous cell fusion at very
low frequencies (2—11 clones per 10° BM cells), fused cells could nonetheless be a
dominant population if they were to acquire growth or survival advantages by com-
pensating organ dysfunction [71]. However, an experiment involving transplanta-
tion of human hepatocytes into Fah-deficient mice revealed that the majority of
repopulated hepatocytes were purely of human origin that had not undergone fusion
[66]. With respect to the therapeutic potential for BM-derived stem cells, studies
have shown that the plasticity of these cells allows conversion to liver cells without
fusion [72, 73]. More recently, fusion-derived polyploidy hepatocytes are suggested
not to be predisposed to convert phenotypes but instead give rise to the genetic
variations that form the broad background of hepatocyte ploidy variations in the
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liver [74-76]. Although these studies provided substantial information on how
extrahepatic cellular resources integrate into damaged liver tissue under extreme
situations, these findings may not be immediately relevant for patients with poten-
tially curable liver diseases. Thus, investigation of clinically applicable models
using retrospective human materials is needed in order for clinical applications to be
realistic.

To investigate whether fusion plays a role in Muse cell integration into the injured
liver, we performed a FISH experiment in the Muse-transplanted hepatectomy
model [3]. Using serial sections of liver samples adjacent to the transection line, we
could approximate protein expression and genotyping at the cellular level. This
combinational technique allowed us to examine whether GFP-labeled Muse cells
that express liver markers also carry mouse chromosome markers that are indicative
of fusion. Interestingly, at day 2 post-PPHx, CK19-expressing Muse cells (i.e.,
cholangiocytes) possessed only human chromosomes, whereas other GFP-negative
CK19-expressing cells (presumably endogenous mouse cholangiocytes participat-
ing in liver regeneration) possessed only mouse chromosomes (Fig. 12.7A). This
finding seems to suggest that fusion does not occur, at least immediately, in response
to liver injury. Subsequent follow-up FISH analysis at 4 weeks post-PPHx revealed
that a small percentage (1.9%) of hepatocytes derived from Muse cells showed
mouse chromosomes, suggesting that fusion is an infrequent event (Fig. 12.7B).
Our quantitative analysis of hepatocyte-differentiated Muse cells counted 74.3% of
all integrated Muse cells, again suggesting that the fraction of cells that underwent
fusion during liver regeneration was extremely small.

We also used FISH to investigate the possibility of fusion in humans in long-term
liver regeneration using sex-mismatched (female-to-male) LDLT patient samples
[21]. Liver grafts from these cases exhibited chimerism at the tissue level, indicating
that extrahepatic cells differentiated into liver components. There were no cells that
showed evidence of cell fusion between endogenous liver component cells and
extrahepatic cells. Polyploid cells were present, but they all carried only X chromo-
somes (i.e., derived from only the donor liver). Interestingly, cholangiocytes carry-
ing Y chromosomes were more frequent than other cell types, suggesting that
extrahepatic cells were integrated with preference during bile duct formation. This
finding, together with that for AFP*/CK19* double-positive cholangiocytes, could
imply that extrahepatic cells contribute to liver regeneration via progenitor cells.
Thus, we conclude that fusion is unlikely to be a predominant mechanism in liver
regeneration, and extrahepatic cells, particularly cholangiocytes, substantially con-
tribute to the formation of liver structures as multipotent LPCs.

12.7 Potential of Muse Cells for Treating Liver Disease

Cellular transplantation of extrahepatic origin (including hepatocyte transplanta-
tion) has provided evidence that cellular support is somewhat effective for treating
liver disease [45]. Development of such approaches would have higher priority if
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Fig. 12.7 Muse cell marker expression following transplantation. (A) Two days posttransplantation
with human GFP-positive Muse cells, *1 cell is positive for GFP/CK19 and possesses only human
chromosomes, where *2-*8 cells are negative for both GFP and CK19 and possess only mouse
chromosomes. (B) At 4 weeks after transplantation of human GFP-positive Muse cells, among cells
positive for both GFP and HepPar-1, *1 and *2 cells possess only human chromosomes, whereas *4
cell has both human and mouse chromosomes, *3 cell that has only human chromosomes is not
reflected in the GFP/HepPar-1 section, and the *5 cell is negative for both GFP and HepPar-1 and
has only mouse chromosomes. Mouse and human chromosomes are indicated by green and red
signals, respectively. Scale bar, 20 pm. (The data are reproduced from Katagiri et al. [3])
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the mechanism associated with cellular integration was fully elucidated and the
method efficacy was guaranteed. Our study showed that the closer the injury front,
Muse cells could preferentially accumulated to the damaged site. The finding that
more than 70% of the integrated Muse cells in the injury front differentiated spon-
taneously into hepatocytes would support that this approach could have high thera-
peutic efficacy.

Similar to other stem cell resources, techniques to enrich Muse cell populations
from BM-MSC:s or, more practically, from BM cells are needed. Indeed, Muse cells
represent only 2-3% of the BM-MSC population, meaning that a large number of
BM cells are required to obtain Muse cells for treatment. Nonetheless, the high
efficacy achieved by this approach implied that cell transplantation has good thera-
peutic potential. In practice, administration of Muse cells should be performed
through the portal vein in patients who undergo hepatectomy. The challenge for
therapeutic use of Muse cells is illustrated by the suggestion that “hepatocyte trans-
plantation” for engraftment of extrahepatic cells to a damaged liver would require
2.5% of the entire liver weight [9].

Another important issue is what kind of liver diseases are indicated for cell ther-
apy with Muse cells. The liver failure involved in our PPHx model was a local
injury. In this model, Muse cells proliferated selectively at the liver transection line
in the early time period after integration, but whether such proliferation would occur
for other types of injuries, or in various liver diseases, remains to be clarified. Thus,
potential applications of Muse cells for other liver diseases should be identified.

12.8 The Origin of Liver Stem Cells

The LDLT genotyping suggested that extrahepatic cells capable of differentiating
into multiple cells could contribute in part to liver regeneration. However, the iden-
tity of these cells, how they initiate regenerative processes, and from where they
ultimately originated in the liver microenvironment remains unclear. Under physi-
ological conditions, new hepatocytes were shown to arise by simple replication
from a small portion of existing hepatocytes during homeostatic renewal of the liver
[77-79] (Fig. 12.8A). In contrast, in situations involving severe injury, such as ful-
minant hepatic failure [80], chronic viral hepatitis [81], alcoholic hepatitis [82], or
murine PPHx induced with a harmonic scalpel [44], cells with intermediate
hepatocyte-cholangiocyte phenotypes emerge and expand in the liver parenchyma
[44, 80-84]. These cell populations are referred to by various terms, including
“ductular hepatocytes,” “atypical ductal cells,” “intermediate hepatobiliary cells,”
or perhaps the most frequently called “LPCs” [85] (Fig. 12.8B). In rodent models,
such cells were historically known as “oval cells,” a term first coined by Farber et al.
to describe non-parenchymal cells in the periportal region that could be observed
after 2-acetylaminofluorene treatment followed by two-thirds partial hepatectomy
(2-AAF/PH) in rats [86, 87]. After 2-AAF/PH, oval cells in rat models are induced,
whereas in mouse models the oval cell equivalent emerged more effectively
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Fig. 12.8 Stem cells for liver regeneration. (A) Under physiological conditions, both new hepato-
cytes and cholangiocytes arise by simple replication from a small portion of existing hepatocytes
and cholangiocyte, respectively, during the homeostatic renewal of the liver. (B) Upon severe liver
injury, “liver progenitor cells (LPCs),” which have an intermediate hepatocyte-cholangiocyte phe-
notype, emerge and differentiate into new hepatocytes and cholangiocytes to compensate for the
damaged tissues. (C) Muse cells can be mobilized upon liver injury from peripheral blood, bone
marrow, and connective tissues. The mobilized Muse cells differentiate into liver component cells,
including hepatocytes, cholangiocytes, and sinusoidal cells. Note that Muse cells differentiate into
hepatocytes or cholangiocytes via “LPC”-like cells, whereas Muse cells can directly differentiate
into sinusoidal endothelial cells. CoH Canals of Hering

following treatment with 3,5-diethoxycarbonyl-1,4-dihydrocollidine (known as
DDC) or feeding of a choline-deficient, ethionine-supplemented (CDE) diet [88,
89]. The emergence of oval cells in the portal field suggests that these cells origi-
nated in the terminal branches of the intrahepatic biliary system, the Canals of
Hering [90], and then expanded into the parenchyma to form duct-like structures
known as “ductular reactions” [44, 91]. Indeed, an extended biliary duct remodeling
has been shown for liver regeneration in response to various liver injuries because it
provides a niche for LPCs [92]. In periportal area, Thy1* cells have been shown to
constitute the niche for LPCs by producing FGF7 that can regulate the spread of
LPCs [93].

Using inducible Cre recombinase, Furuyama et al. demonstrated that hepatocyte
differentiation could be activated almost exclusively by “Sox9-positive precursors”
in the duct during liver regeneration induced by carbon tetrachloride or bile duct
ligation [62]. These Sox9-positive cells afforded near-complete turnover of
hepatocyte mass within 6 months. Whereas these Sox9-positive cells can be consid-
ered as LPCs, their terminal differentiation into functional hepatocytes is dependent
on the degree of liver damage and composition of the neighboring extracellular
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matrix [94]. These observations suggest that when severe injuries cannot be repaired
by simple replication of existing hepatocytes, extrahepatic cells can play a role in
liver regeneration. Thus, our observation that donor and recipient genotypes were
mixed in LDLT grafts might be an indicator of the degree of operational invasive-
ness of the liver injury [3]. Recently, Raven et al. demonstrated that loss of
B1-integrin in hepatocytes with liver injury induced a ductular reaction wherein
25% of cells had a non-hepatocyte derivation. In contrast, inhibition of hepatocyte
proliferation by f1-integrin knockdown and p21 overexpression induced dominant
proliferation of cholangiocyte-derived hepatocytes. Although these data were from
short-term injury mouse models and may not be immediately applicable to humans,
we do note that in LDLT cholangiocytes exhibited the highest frequency of extrahe-
patic (i.e., recipient) genotypes.

If extrahepatic cells do play a role in liver regeneration, then an intriguing ques-
tion is what extrahepatic cell types participate. Katsuda et al. reported a new
approach to generate LPCs that involved incubating mature hepatocytes ex vivo
with three combinations of compounds to produce chemically induced liver pro-
genitor cells (CLiPs) that can proliferate, differentiate, and form ductal structures
[95]. The CLiPs study revealed that diploid hepatocytes that represent a minor frac-
tion of mature hepatocytes become dominant during CLiP selection, suggesting
that diploid cells are the major source for CLiPs. Since aneuploidy is a common
characteristic of mature hepatocytes, the fact that diploid cells could play a major
role in potential hepatocyte replacement led us to consider whether extrahepatic
stem cells are a source for LPCs. Diploid stem cells, particularly HSCs, MSCs, or
other stem cells, may be delivered via the blood stream from other normal tissues.
In this situation, some dedicated cell fractions in the blood should increase in
response to physical stress. Supporting this hypothesis, increased numbers of Muse
cells were observed within 24 h after ischemic stroke of the brain and acute myo-
cardial infarction (AMI) [54, 55]. Although ischemic stroke or AMI may not
directly damage the liver, these studies indicate that in response to physical stress,
the numbers of diploid Muse cells increase, as does the likelihood that these cells
will localize in a damaged area where they could aid differentiation of diploid cells
into needed cell types. Our genotyping of LDLT showing diploid cell-dominant
potential for LPCs and circulating Muse cells in stressed conditions strongly sup-
ports the possibility that extrahepatic Muse cells are an important resource for liver
regeneration (Fig. 12.8C).

12.9 Conclusion

Following transplantation of Muse cells into mice with damaged livers, only Muse
cells contributed to liver regeneration. Although several issues, including enrich-
ment method, administration pathway, and recommended indications, must be
addressed before clinical application, Muse cells may be a practical candidate for
cell therapy for a wide range of liver diseases.
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