“Small Hepatocytes” in the Liver
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Mature hepatocytes (MHs) in an adult rodent liver are categorized into the following three subpopulations based on their
proliferative capability: type I cells (MH-I), which are committed progenitor cells that possess a high growth capability and
basal hepatocytic functions; type Il cells (MH-II), which possess a limited proliferative capability; and type 11l cells (MH-111),
which lose the ability to divide (replicative senescence) and reach the final differentiated state. These subpopulations may
explain the liver's development and growth after birth. Generally, small-sized hepatocytes emerge in mammal livers. The
cells are characterized by being morphologically identical to hepatocytes except for their size, which is substantially
smaller than that of ordinary MHs. We initially discovered small hepatocytes (SHs) in the primary culture of rat
hepatocytes.
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| 1. SHs In Vitro
1.1. Culture Medium

Rat SHs in a healthy adult liver are enriched by centrifugation at 150x g after eliminating MHs by repeated centrifugation
at 50x g. The colonies appear at 4-5 days after plating, and SHs continue to expand (Figure 1Aa) [L. The colonies that
consist of SHs were also observed in the primary culture of rat hepatocytes in the serum-free chemically defined medium
2, The authors demonstrated that the medium that contains diferric transferrin and arginine, as well as nicotinamide, was
required for the sustained clonal proliferation of rat hepatocytes, resulting in SH expansion. Hepatocyte growth factor
(HGF), transforming growth factor (TGF)-a, and/or EGF were also necessary to stimulate clonal growth. Additionally, the
supplementation of nicotinamide in the medium could allow mouse primary hepatocytes to proliferate and survive for >2
months while maintaining their differentiated functions . The proliferating hepatocytes with near-diploid features were
immortalized after the long-term cultivation.
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Figure 1. Small hepatocytes (SHs) in vitro and in vivo. (A) Photos of SHs isolated from a rat liver (Aa—Ac) and a human
liver tissue (Ad—Af). A photo of an SH colony consisting of small-sized cells showing a flat surface 13 days after plating
(Aa). A colony consisting of piled-up cells is surrounded by NPCs cultured for 27 days (Ab). A colony of rat HPPCs of the
third passage cultured on thin-Matrigel 21 days after replating (Ac). Primary human hepatocytes isolated from a healthy
part of the surgically dissected liver tissue are cultured for 50 days. Many mononuclear SHs are proliferating (Ad). Primary
human hepatocytes proliferate to form a large colony and part of the cells pile up on the colony 31 days after plating (Ae).
Primary human hepatocytes are cultured in the serum-free medium on a hyaluronan-coated dish for 21 days. A colony
consisting of SHs is formed (Af). (B) Cells of an SH fraction isolated from a healthy rat liver are plated on the dishes
coated with rat tail collagen (Ba), collagen type IV (Bb), fibronectin (Bc), thin-Matrigel (Bd), and collagen gel (Be,Bf).
Cells were cultured in the modified Dulbecco’s modified Eagle medium (DMEM)/F12 medium with 10% fetal bovine serum
(FBS) for 20 days. From 4 days after plating, 1% DMSO was added to the medium (Ba—-Bd,Bf). Cells were fixed with
absolute ethanol at day 20 and immunocytochemically stained with Krt8. Nuclei were stained with hematoxylin. SH
colonies show Krt8-positive (Brown). (C) SHs appear in liver tissue (in vivo). (Ca) A cluster of small hepatocyte-like
progenitor cells (SHPCSs) is observed in the rat liver treated with retrorsine (Ret) and 2/3 PH (HE-staining). (Cb) A photo of
the rat liver treated with d-galactosamine at 3 days after administration. (Cc) A focus of SHs observed in the 99-week-old
rat liver. (Cd) Magnified image of the area surrounded by white lines in the photo (Cb). (Ce) A photo of the rat liver treated
with d-galactosamine at 4 days after administration. (Cb,Cd,Ce) White arrowheads may indicate OC-SHs emerging near
elongating bile ductules and yellow arrows may show MH-SHs near resident MHs. Bars show 50 pum.

The emergence of SHs in the primary culture of hepatocytes was observed in the serum-free amino-acid-rich (Leibovitz
15, L-15) medium supplemented with NaHCO3; and EGF in a 5% CO,/95% air incubator, in addition to the condition with
high nicotinamide concentrations 4. SH colonies were often observed in the culture and the SHs continued to proliferate
4-5 days after plating. L-15 is a medium that was originally formulated to make a medium designed for use in a non-



bicarbonate buffer system. The buffer with high concentrations of amino acids, especially arginine, was developed to
culture cells without the use of a CO, incubator . Therefore, the researchers added 20 mM NaHCOj3 in the medium to
culture hepatocytes in a 5% CO,/95% air incubator [4. The L-15 medium contains approximately three times as many
amino acids as Dulbecco’s modified Eagle medium (DMEM). High amino acid and insulin concentrations in hepatocyte
cultures are required for protein synthesis and proteolysis inhibition . Additionally, exogenous arginine may be essential
for maintaining the proliferative capacity of hepatocytes in culture because proliferating hepatocytes lose their hepatic
differentiation function, including arginine production through the urea cycle 2,

The importance of trace elements is well-known in a serum-free hepatocyte culture . The original L-15 medium does not
contain trace elements such as CuSQ,4, FeSO4, MnSOQ4, ZnSO,4, and Na,SeOs. Therefore, these were added into the
serum-free L-15 medium 4!, Cable EE and Isom HC & also reported that trace metals, such as copper, iron, and zinc, are
required for the long-term proliferation of primary hepatocytes cultured in a chemically defined medium. They observed
the growth of both smaller hepatocytes and typical MHs in the medium supplemented with 2% dimethylsulfoxide (DMSO)
for several months. Isom HC et al. [ reported that adult rat hepatocytes that were cultured in the medium supplemented
with 2% DMSO survived longer and maintained the capability of albumin synthesis longer than when cultured in the
commonly used serum-free medium. The addition of 2% DMSO to the culture medium inhibited most hepatocyte
proliferation, while 1% DMSO did not inhibit hepatocyte proliferation but did inhibit nonparenchymal cell (NPC)
proliferation, especially mesenchymal cells that include fibroblasts (Figure 1Bf) [, Fibroblasts (mesenchymal cells) limit
the expansion of SH colonies (Figure 1Be), thus 1% DMSO was added to the medium from day 4 after plating 2.

The growth of SHs also depends on an extracellular matrix (ECM) protein that is used to coat the culture devices. SH
colonies similarly expanded in dishes coated with collagen (Col) types | and IV and fibronectin (FN), but their expansion
was faster in dishes coated with thin-Matrigel or Col-gel. In particular, the expansion of SH colonies was dramatically
enhanced (approximately 1.4 times larger than without DMSO) when SHs were cultured on Col-gel in a medium
supplemented with 1% DMSO (Figure 1Be,f) 1. These results indicate that the culture environment can bring out the
innate potential of individual hepatocytes. They also indicate that SHs have a very high proliferative capacity and that the
extent of their proliferation depends on the composition and three-dimensional ECM structure.

1.2. Purification of SHs

The researchers first used a simple method of low-speed centrifugation with sequential changes in gravity (50 and 150x%
g) and time (1 and 5 min) to isolate SHs A2 This separation protocol contaminated NPCs, such as stellate cells, liver
epithelial cells (LECs), Kupffer cells, and sinusoidal endothelial cells (SECs), as well as MHs, in the cell suspension.
Additionally, both nicotinamide and fetal bovine serum (FBS) were required for seeded SHs to proliferate and form
colonies 12, The addition of FBS, as well as growth factors, was also necessary for SHs not only to proliferate but also to
secrete plasma proteins such as albumin, transferrin, ceruloplasmin, etc. [, However, FBS can be removed from the
culture because the proteins secreted by SHs can support their proliferation once SHs have increased in number [,

SHs start cell division at 2-3 days after plating and proliferate clonally to form colonies when both nicotinamide and
growth factors, such as EGF and HGF, are added to the medium 22, Colony size varies among SHs, with some
continuing to expand and others ceasing to grow after a relatively short incubation period. Most SECs disappear within a
few days, and contaminated MHs divide two or three times at most. Most SHs can survive for more than a month but
never achieve enough confluence to occupy the surface of the dish because many SHs in the colony suddenly die by
apoptosis as the culture continues. However, SHs can be cultured for >5 months with repeated death and neogenesis L1,
Many SHs can spontaneously mature into cells with functions equivalent to those of MHs by interacting with NPCs
(Figure 1Ab,e) B9 or by covering colonies with Engelbreth—-Holm—-Swam gels (EHS gels, Matrigel®, Growth-factor-
reduced, Corning, NY, USA) 3],

Conversely, SHs can continue to proliferate on collagen gel without maturation when NPC proliferation is suppressed by
the addition of 1% DMSO (Figure 1Bf), indicating that basement membrane reconstruction through the SH-NPC
interaction is important for SHs to differentiate into MHs 22231 Additionally, primary hepatocytes have been thought not to

proliferate after cryopreservation, but SHs can proliferate after long-term cryopreservation while maintaining their
properties [141115],

The standard method of preparing an SH-rich fraction uses multistep centrifugations and gives a mixture of SHs and
NPCs, as described above. The comprehensive analysis identified CD44 as a molecule that is specifically expressed on
the surface of SHs but not on MHs I8 The CD44 gene encodes for a family of alternatively spliced multifunctional
molecules, and it plays a role in the adhesion of cells to ECMs such as hyaluronic acid (HA), collagens, and fibronectin
L7, SHs expressed CD44 standard type (CD44s) and variant type 6 (CD44v6) 118 CD44s becomes positive by



immunostaining from day 3 after plating, and CD44v6 expression is delayed compared to CD44s expression, but both
CD44s and CD44v6 expression disappear once SHs mature. CD44-positive hepatocytes cannot be identified in normal rat
liver, but they transiently appear in the periportal region when the rat liver is severely injured by hepatotoxins such as d-
galactosamine (GalN) 16118[19]

SHs that appeared in GalN-treated rat livers could be isolated using anti-CD44 antibodies. CD44 is not expressed on
hepatocytes in the normal adult liver, but it is expressed in cultured SHs forming colonies. Hence, HA, the ligand for
CD44, was thought to be able to selectively isolate SH populations. Among NPCs, only SECs express receptors for HA,
LYVE-1, and stabilin-1/2 [29[21] byt are CD44-negative. Most SECs die within a few days after plating, as mentioned
above.

SHs selectively grow and form colonies in the serum-free DMEM/F12 medium when an SH fraction is plated on HA-
coated dishes (Figure 1Af) 22, The effect of HA does not differ among commercially available forms of HA, but the
combination of nicotinamide and growth factors, as well as transferrin and selenium, are both required for cell growth in a
serum-free culture medium. SHs form colonies that consist of 30—40 cells at 8-10 days after plating. SH colonies
gradually detach more easily from the HA-coated dish after approximately 2 weeks of incubation, and SHs can be
collected and cryopreserved without trypsin 22, Long-term cryopreserved SHs could grow without losing their ability to
proliferate and mature (121,

1.3. Self-Renewal of Hepatic Progenitor Cells

Most SH colonies uniformly consisted of SHs in early culture. Small mononuclear cells proliferated, while some colonies
appeared to have MH-like characteristics with a large cytoplasm and a nucleus, sometimes with binuclei 4. This finding
indicates the existence of parental cells within a population of SHs, a genuine hepatocytic progenitor. Proving that SHs
retain the ability to self-renew themselves generation after generation is necessary to identify the parental SH.

SHs were cultured for 9—10 days in HA-coated dishes using a serum-free culture medium. Cells were detached using
collagenase and hyaluronidase and then sorted using an anti-CD44 antibody to avoid trypsin injury. The sorted CD44-
positive SHs failed to form colonies on either Col-I-coated or HA-coated dishes but proliferated to form colonies on thin-
Matrigel-coated dishes. Furthermore, nicotinamide was crucial for colony formation, and the addition of EGF, insulin, and
dexamethasone promoted parental SH growth 231, However, a large number of the sorted cells seeded on thin-Matrigel-
coated dishes failed to adhere and proliferate. The colonies demonstrated similar characteristics at the beginning of
culture, but two morphologically distinguishable types of colonies emerged with time. One colony was circular and
composed of small mononuclear cells, while the other demonstrated an irregular shape and was composed of cells with a
large cytoplasm. The size of the colonies also varied. Colonies composed of small mononuclear cells, a typical SH,
expanded rapidly to form large colonies, while colonies composed of relatively large cells proliferated slowly. This finding
indicates the presence of a highly proliferative cell population. Only approximately 20% of the plated cells could adhere to
a new dish that was thinly coated with Matrigel, which was small mononucleate cells when the cells were passaged every
4 weeks after the cultivation (Figure 1Ac). The SHs with high proliferative potential divided >50 times in 17 weeks.

The HPPCs that grew on dishes coated with thin-Matrigel indicated that a certain component of Matrigel is crucial for
HPPCs to maintain their ability to self-renew. Matrigel contains components that make up the basement membrane 24,
which consists of laminin (LN), Col-IV, nidogen, and heparan sulfate proteoglycans 2. Among them, LN is the major
adhesion protein and mediates cell adhesion to the basement membrane. LNs are composed of three polypeptide chains,
designated as a, B, and y, and five a(al-5), three B(B1-3), and three y(y1-3) chains are recognized in mammals [28].
Matrigel contains LN111 (a1,81,y1) as major constituents 24, Generally, the LNal-chain is expressed in fetal and
neonatal rat liver lobules but is not found in adults. Instead, the LNa5-chain is present exclusively in the Glisson sheath
271, Conversely, the transient expression of LNal was observed in regenerating liver lobules after 2/3 PH 24, Integrins
play a crucial role in cell adhesion to LNs 28, They are composed of noncovalently associated a and B subunits. At least
24 separate integrins consisting of distinct combinations of a and B subunits have been identified in mammals to date. The
specificity of the LN—integrin interaction is mainly dependent on a chains of LN, and the ligand specificity of the integrin is
primarily determined by the a subunits. Integrin 3 subunits play a crucial role in signal transduction but have an auxiliary
role in the ligand specificity 221261,

Only <20% of SHs could adhere to dishes that were coated with LN111, as observed in thin-Matrigel-coated dishes [28],
The cell adhesion rates were slightly lower on LN111 than on Matrigel, and only <20% of cells adhered to the new dishes
when SHs grown on LN111 were passaged. This rate gradually decreased with each successive passage. This indicates
that the number of HPPCs decreased with passages. Furthermore, many of the cells that failed to attach to LN111
attached to LN511, indicating that HPPCs do not appear on LN511 and that cells growing on LN511 have lost their self-



renewability. Thus, HPPCs generate two distinctive cell populations, which may indicate that HPPCs perform asymmetric
cell divisions: LNal-dependent and LNa5-dependent. HPPCs' self-renewability is LN111-dependent, whereas LNa5,
which is produced by adherent HPPCs, may support the survival and proliferation of LNa5-dependent daughter cells.
Among the integrins that are involved in LN-binding, integrins a3 and 31 were expressed more in SHs that proliferate on
LN111 than in cells on LN511, while integrin B4 was more strongly expressed in cells growing on LN511 28 |ntegrin
a3MighaB1Moh could form HPPC colonies on LN111, but not a6B1'°% cells. Neutralizing antibodies against LN111 and
integrin B1 could inhibit HPPC colony formation on LN111. These results indicate the importance of signaling from LN111
via integrin 1 for HPPC proliferation.

LNol and LNa5 were detected immunohistochemically on the basolateral side of cholangiocytes in fetal mouse liver,
whereas only LNa5 was found in the adult liver 22, Maintaining the self-renewability of LN111 has been reported in
hepatoblast-like cells derived from human-induced pluripotent stem cells (hiPSCs) BY. Conversely, undifferentiated
hiPSCs can be maintained on LN511 but not on LN111 B | N111 not only selectively maintains hepatoblast-like cells,
but also eliminates the remaining undifferentiated cells. Additionally, CD45 TER119 c-Kit c-Met*CD29*CD49f*'o% cells
(321 and CD45"TER1197DIk* cells 23l have been reported to be highly proliferative and bipotential in fetal mouse livers.
Furthermore, CD45"TER1197DIk* cells were named hepatic progenitor cells that proliferate on LN (HPPLs) because they
can maintain high proliferative potential on LN-coated dishes B4, HPPLs are DIk Krt19*albumin*, whereas hepatoblasts
are DIk*Krt19 albumin®*, indicating that HPPLs lose the characteristics of hepatoblasts. However, HPPLs possess not only
high proliferative capability but also the potential to differentiate into both hepatocytes and cholangiocytes. LN is a crucial
factor in maintaining the proliferation and multilineage differentiation potential of HPPLs. Furthermore, HPPLs strongly
expressed integrin a6B1, and signals from LN are transduced through integrin B1 4. Conversely, intercellular cell
adhesion molecule (ICAM)-1-positive liver progenitor cells separated from late fetal and postnatal mouse livers maintained
their self-renewability on LN111 after passaging 2. Furthermore, RT1A0OX18'°"ICAM-1* cells isolated from E13 rat
livers have been reported to express integrin B1, proliferate on LN, and maintain bipotentiality 28l Additionally,
RT1A1*OX18*"ICAM-1* hepatocytes isolated from adult rat livers have also been reported to have a highly proliferative
capability, but these cells must be cultured in a serum-free defined medium that contains EGF using STO embryonic cell
lines as feeder cells. Thus, the self-renewability of cells with hepatocytic features may be maintained in the LNal-
dependent manner.

1.4. Characteristics of HPPCs

Gene expression patterns are also different between cells on LN111 and LN511. The gene expression levels of Alb,
carbamoylphosphate synthetase (Cps) 1, glutamine synthetase (Gs), Keratins (Krts) 8 and 18, hepatocyte nuclear factor
(HNF) 4a (Hnf4a), and CCAAT/enhancer binding protein (C/IEBP) a (Cebpa), as well as Cd44, a-fetoprotein (Afp), and
DIk-1, were found in both LN111-dependent and LN511-dependent cells [28. However, absolute values of the genes
related to hepatic functions, such as Alb, Cpsl, Hnf4a, and Cebpa, were much lower in HPPCs than in MHs.
Cholangiocyte-related genes, such as Krts 7 and 19, Sox9, and epithelial cell adhesion molecule (Epcam), were more
highly expressed in cells cultured on LN511 than on LN111. Conversely, hepatic stem-cell-related genes, such as Thy1, c-
Kit, Ncam1, and Cd24, were more highly expressed in cells cultured on LN111 than on LN511. Additionally, the genes of
Cd34, leucine-rich orphan G-protein-coupled receptors (Lgrs) 4 and 5, Axin2, and telomerase reverse transcriptase (Tert),
were expressed in cells neither in LN111 nor in LN511 28], Recent lineage tracing studies in mouse liver have revealed
the presence of cell populations that regenerate the liver under homeostatic or injury conditions. Periportal hepatocytes
that express Sox9 B4 or Mfsd2a B8], pericentral Axin2* B4 or | gr5* hepatocytes 2L, and broadly distributed Tert"9h [42]
or Lgr4* hepatocytes 43 have been identified as candidates for generating new hepatocytes in homeostasis although they
are strongly debated [44145][46]147][48][49][50]

| 2. SH in Liver Lobules

SHs emerge not only in in vitro but also in vivo in rodents and human livers. Isolated hepatocytes are smaller in size than
typical MHs, of which morphology is closer to SHs, before weaning. The frequency of the small-sized hepatocytes
dramatically decreased with age after weaning . Sigal SH et al. 52 used fluorescence-activated cell sorting (FACS) to
reveal that hepatocytes that were isolated from fetal and suckling rat livers were all mononuclear and possessed
granularity and autofluorescence comparable to hepatoblasts. The presence of small-sized hepatocytes has also been
discovered in adult rat livers. Tateno C et al. 53 revealed that the isolated hepatocytes from male F344 rat livers based on
the granularity and the autofluorescence by FACS were categorized into three subpopulations: SH-R3 (17.1 + 0.2 pm),
SH-R2 (22.6 + 0.5 pm), and PH (24.1 + 0.5 ym). Subsequently, Asahina K et al. 24 showed that >80% of SH-R3 cells
were mononucleate and diploid and possessed high replicative capability.



Conversely, the administration of hepatotoxins, such as [5.1] 2-acetylaminofluorene (2-AAF), [5.2] d-galactosamine
(GalN), and [5.3] retrorsine (Ret), induce the appearance of small-sized cells in rodent livers with or without growth
stimulation such as PH. [5.4] Intermediate hepatocytes (IHs) have been observed in human livers with acute or chronic
liver diseases.

2.1. The 2-AAF/PH Model

Generally, 2-AAF interacts directly with DNA in hepatocytes to produce DNA adducts. It is used to induce a complete
blockage of the proliferative capacity of hepatocytes after PH. This 2-AAF/PH protocol has been used as the most reliable
rat OC model BIBSIETEEISA However, it cannot be applied to the mouse experiment because the mouse liver lacks the
enzyme N-sulfotransferase, which activates 2-AAF [, OCs are known to express markers for membrane proteins, such
as CD34, c-Kit, and Thy1, which are also regarded as hematopoietic stem cell markers 1. Therefore, OCs were thought
to be derived from BM €2, Conversely, Thyl has been reported to be a marker of hepatic myofibroblasts and hepatic
stellate cells rather than specific for OCs 31641 Whether Thy1 is a specific marker for OCs remains controversial, but the
researchers have reported that Thyl* cells that are isolated from GalN-treated rat liver contain an LSPC (liver
stem/progenitor cell) population [L7[18],

Two patterns in the differentiation process of OCs into hepatocytes were reported depending on 2-AAF dosage 231568, The
basic difference between the two doses was recognized a few days after PH. They revealed that OCs were arranged in a
straight tubular pattern in rat livers that were treated with a low 2-AAF dosage, and most OCs synchronously differentiated
into basophilic SHs (bSHs). The few unchanged OCs were located on the periportal side of the duct, whereas the distal
part of the same duct was composed of bSHs. The newly formed hepatocytes maintained their tubular structure during the
early stages of the differentiation process. Recovering normal lobular structure takes 10-12 days after PH. In contrast,
foci that consist of bSHs appeared in livers treated with high doses of 2-AAF, where the basement membrane is
histologically undetectable. Newly formed hepatocytes consisted of foci scattered throughout the livers, not confined in the
periportal regions. Reconstructing the liver structure after PH may take approximately a month. The hepatocytic
differentiation process of OCs was correlated with HNF4a expression and basement membrane disappearance B3, Thus,
the phenotypes were altered from a hybrid type of cells that express markers of hepatoblasts and BECs (AFP, OV-6, and
Cx 43) to hepatocytes (HNF4a, al-AT, Cx32, and BC formation) during OC differentiation into hepatocytes.

2.2. d-Galactosamine (GalN) Model

GalN is a potent hepatotoxic agent, causing hepatocyte death both by necrosis and apoptosis. GalN is metabolized by
hepatocytes mainly in the pericentral region and functions as a transcriptional inhibitor by depleting uridine nucleotides £
(681 Three unusual epithelial cell types, including OCs, bSHs (<16 pm), and hepatocytes, appear on tubular structures
between 3-5 days after the intraperitoneal administration of GalN to rats (Figure 1Cb,d,e) 26768 The number of bSHs
reaches a maximum on day 4 after GalN administration and then decreases. The liver finally regains its normal structure
by day 8. The researchers have reported the appearance of SHs to be different from bSHs in GalN-injured livers 18!,
Thyl-positive cells emerged in the periportal region on day 2 when rats were treated with GalN (Figure 2A). CD44-
positive SHs transiently appeared in the region between Thyl* cells and viable hepatocytes on days 3-5 after GalN
treatment after the appearance of Thyl-positive cells. The number of CD44-positive SHs reached a maximum on day 4,
while Thy1-positive cells rapidly declined and almost disappeared from the lobules by day 4. Thereafter, the number of
CD44-positive SHs declined rapidly, and finding the cells that expressed CD44 was difficult on day 6.
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Figure 2. Origins of small hepatocytes in GalN-treated rat livers. (A) SHs are derived from OCs and MHs. GalN
administration activates portal Thyl* cells and the Canal of Hering to induce OCs, and then OCs differentiate into SHs
and BECs within 3 days after the treatment. Conversely, the slightly damaged MHs are delayed to start their proliferation,
and MH-SHs are derived from MHs. Some OC-SHs and the proliferated MH-SHs are differentiated into MHs. (B) Typical
markers of the specific cell appeared in the process of liver regeneration by GalN administration.

The isolation of the SH fraction, which contains HSCs, SECs, Kupffer cells (KCs), and LECs as well as SHSs, yielded
approximately 1 x 108 cells from the liver of an adult male F344 rat at day 3 after GalN treatment (GalN-D3). The cells
were then divided into Thyl* and CD44" fractions using anti-Thyl and anti-CD44 antibodies, respectively. Thyl-positive
cells that were isolated from GalN-D2 mostly demonstrated the characteristics of fibroblasts, while Thyl-positive cells that
were isolated from GaIN-D3 contained both morphologically polygonal (epithelial-like) and spindle shapes (fibroblast-like)
(281191 Approximately 45% of fibroblasts predominantly showed Thyl*/desmin* whereas approximately 55% of epithelial-
like cells showed Thy1*/Krt19*, Thyl*/aloumin®, or Thyl*/CD44*. In contrast, most of the CD44-positive cells that were
isolated from GalN-D3 were polygonal in shape, and their morphology characterized the epithelial cells. Sorted CD44-
positive cells expressed Krt19, albumin, and Thyl at approximately 60%, 62%, and 65%, respectively 2. Furthermore,
approximately 2.0% + 0.5%, 3.1% + 0.3%, and 3.0% * 0.6% of the SH fraction were Thy1*/CD44", Thy1*/CD44*, and
Thy1™/CD44* cells, respectively (our unpublished data). The size and the characteristics of CD44*/Krt19* cells were
similar to those of the Thy1*/Krt19* ones. Conversely, the colony formation efficiency of Thy17/CD44" cells was five times
higher than that of the Thy1*/CD44~ and Thyl*/CD44" ones. Additionally, the average size of colonies composed of
CD44*/albumin* cells was larger than that of the colony composed of the Thyl*/albumin* ones. Moreover, the average
sizes of colonies derived from CD44* cells (GalN-D4) at day 10 after plating were approximately twice the average size of
colonies derived from the CD44" ones (GalN-D3) 18!,

EGF, HGF, and basic fibroblast growth factor (bFGF) must be added to the culture medium alone or in combination to
induce CD44* SH colonies from the Thy1* cells of GaIN-D2 (18 Conversely, Thyl* cells that were isolated from GalN-D2
could not differentiate into BECs even in collagen-sandwich culture using the BEC-induction medium, while Thy1* (GalN-
D3) cells could form cord- and/or cyst-like structures. These results indicate that cells, among the Thyl-positive cells
isolated from GalN-D3, have acquired the bipotential ability to differentiate into either hepatocytes or BECs. Furthermore,
cells that have lost Thyl expression failed to differentiate into BECs 2. Comprehensive analysis of gene expressions
confirmed that Thyl-positive cells differentiate into hepatocytes, and Thyl-positive epithelial-like cells that appeared in the
periportal region on day 2 after GalN treatment may differentiate into Thy1*/CD44~, Thy1*/CD44*, Thyl /CD44* SHs, and
finally Thy1/CD44~/C/EBPa* (MHs) cells, in that order (Figure 2B) 1819 Transplantation of Thyl* cells into Ret/PH-
treated rat livers verified that the cells possessed bipotentiality 4. Some donor cells were incorporated into the hepatic
cords and differentiated into hepatocytes, with a small number of bile ductules composed of Thyl* cells derived from



donor cells. The relationship between hepatic differentiation and loss of Thyl expression has also been reported in fetal
livers AZUZ273] - A small number of AFP*AIb*™Krt19*Ecad* were in the Thyl* cell fraction isolated from rat E14 fetal liver,
while most cells that expressed hepatic markers (AFP*Alb*Krt19*) were in the Thyl-negative fetal liver cell fraction 23],

CD44-positive cells are hepatocytic progenitors, thus CD44-positive cells with SH-colony-forming ability that appear in
GalN-injured rat livers are thought to have originated from two distinctly different cells: OCs and MHSs. In particular, the
newly arising hepatocytes are derived from both the remaining MHs and OCs, but the majority of them are thought to be
MH-derived cells since OC proliferation is mild in GalN-injured livers (Figure 3).
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Figure 3. The appearance of small hepatocytes in the liver treated with GalN. OC-derived and MH-derived SHs
sequentially appear at approximately 3 days after the treatment. MH-SHs majorly contribute to the reconstruction of the
injured liver structure. A red arrow indicates that d-galactosamine (GalN) is intraperitoneally administered to a healthy rat.
D2, D3, D4, and D6 show the day after GalN administration.

2.3. Retrorsine/PH Model

Ret is a member of the pyrrolizidine alkaloid family of naturally occurring compounds that are toxic to various mammalian
tissues 74, The hepatotoxic effects of Ret are long-lasting, and systemic administration of Ret severely inhibits the
proliferative ability of MHs. Ret-treated hepatocytes can synthesize DNA but are unable to complete cell division when the
liver is subjected to a strong proliferative stimulus such as PH or massive hepatocellular necrosis. Hence, non-
proliferating giant hepatocytes (megalocytes) are formed IIZEIAIEISE Hepatocytes were unable to proliferate in the
liver of rats treated with Ret/PH, thus small-sized hepatocytes appeared instead, actively proliferating in clusters within the
liver lobule 8], The cluster-forming cells were considered endogenous hepatocyte progenitor cells and were named small
hepatocyte-like progenitor cells (SHPCs) 78, SHPCs are morphologically distinct from the surrounding hepatocytes and
are observed from approximately 3 days post-PH, proliferating and forming clusters (Figure 1Ca). SHPC clusters are
found in all lobular zones (31%, 43%, and 26% in zones 1, 2, and 3, respectively) /3. The researchers examined the
location of SHPC clusters at 14 days post-PH by measuring their distance from CV and PV and revealed that
approximately 55% and 45% of the clusters were localized in zones 1 and 2, respectively. However, no clusters were
found in zone 3 (our unpublished data). Conversely, Gordon GJ et al. 8 reported that >90% of cells forming clusters
were positive for Ki-67 at 14 days post-PH, while <20% of SHPCs were Ki-67* in the researchers' experiments 1. SHPC
proliferation was reduced and liver mass was fully restored by 30 days after PH 22, TUNEL-positive nuclei are often found
in the Ret-damaged MHSs, typically in megalocytes surrounding SHPC clusters, but rarely in SHPCs. The number of
apoptotic cells in Ret-treated livers peaked at 1 day after PH (approximately 6%) and then decreased (Y. OC proliferation



was moderate in this model, peaking 7 days after PH 22, The emergence and expansion of SHPCs may compensate for
the lost liver mass by PH instead of MHs receiving the growth suppression by Ret, considering that OC differentiation into
bSH was rarely observed. Thus, the Ret/PH-treated livers regained their original mass after approximately 1 month,
whereas healthy rat livers recovered in 7-10 days (Figure 4).
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Figure 4. The emergence of small hepatocyte-like progenitor cells (SHPCs) in Ret/PH rat livers. Ret is intraperitoneally
injected into rats at 2-week intervals, and 2/3 PH is performed 4 weeks after the second injection. SHPCs proliferate to
form clusters, and SHPCs gradually differentiate into MHs 30 days later, and the liver mass is recovered. Thereafter, the
number of replicative senescent hepatocytes increases. BD, bile duct; CV, central vein.

The cells of origin of SHPCs remained unknown and hotly debated (8283, Several possible cells of origin for SHPCs have
been indicated, including OCs B4l retrorsine-resistant hepatocytes 81871 and a novel progenitor cell population in the
lobules 751881 The morphological features of SHPCs observed early after PH are similar to those of MH, except for size
[73l, SHPCs share some phenotypes in common with hepatoblasts, OCs, and MHs, making them more like SHs than MHs.
A subset of SHPCs express the OC/BEC/hepatoblast markers (OC.2 and OC.5) through 5 days after PH 283 Gene and
protein expression analyses in the earliest SHPCs revealed that all of the major liver-enriched transcription factors, Wilms’
tumor 1, AFP, and P-glycoprotein were expressed, whereas the expressions of tyrosine aminotransferase and al-AT were
reduced compared to surrounding MHs B2, Cytochrome P450 (CYP) 2E1 and CYP3AL in the rat liver are known to be
undetectable until near or at birth 2UELI82] Ret administration to rat livers has induced Cyp2el and Cyp3al expression
193] hut those expressions were absent 2, The researchers' comprehensive analysis of SHPC gene expression revealed
that many genes related to differentiation functions returned to the MH levels around the SHPC cluster, except for



Cyp2b1, in rat liver 14 days after PH 24l The lack of significant CYP reduction may give SHPCs resistance to the mito-
inhibitory effect of Ret, which is required to metabolize Ret to its toxic derivative. SHPCs have reduced the expression of
many CYP genes and the differentiation-function-related genes compared to MHs 24 thus, they are considered
hepatocyte-derived and SH-equivalent cells, not OC-derived cells. Additionally, a novel progenitor cell population, as
proposed by Gordon GJ et al. 5, is unlikely to exist within the Ret/PH-treated lobules (Figure 4).

Examining whether isolated SHPCs could proliferate in culture is important. Gordon GJ et al. 22! revealed that isolated
SHPCs from Ret/PH-treated rat livers at 6-8 days and 13-15 days post-PH did not proliferate or form colonies. The
researchers also examined whether isolated SHs from Ret-treated rat livers could proliferate and revealed that no
colonies formed when SHPCs were isolated and cultured from Ret-treated livers, but many SH colonies were formed
when isolated cells immediately after PH from Ret-treated livers were plated onto thin-Matrigel- or LN-coated dishes (our
unpublished data). These results indicate that the cells must be exposed to growth stimuli in vivo for SHPCs to proliferate
in vitro.

2.4. Appearance of Intermediate Cells in the Human Liver

Generally, small-sized hepatocytes are present in the human liver. These cells exhibit traits that are intermediate between
MHs and BECs. Intermediate hepatobiliary cells (IHBCs) were defined as >6 microns in diameter (the approximate size of
normal CoH cells, i.e., the smallest cholangiocytes) but <40 microns (the typical size of a hepatocyte) at a consensus
meeting of researchers in liver diseases, with other features indicating dual characteristics of both MHs and BECs 28],
IHBCs are predominantly found in the liver with moderate to severe inflammation. The number of IHBCs gradually
increased as inflammation progressed to more severe levels and hepatocyte necrosis expanded in the advanced stages
of necrotizing hepatitis and (non)alcoholic steatohepatitis 27981199 The most widely used markers of IHBC are anti-Krt
antibodies that target biliary-type keratins (Krt7 and Krt19), and Krt7-positive hepatocytes are recognized in liver cell
rosettes and even as single cells or subpopulations distributed heterogeneously throughout the liver lobule 199, Desmet
vJ 194 revealed that the differentiation stage of IHBCs can be recognized by the expression gradient of Krt7 and Krt19,
and the differentiation of LSPCs into hepatocytes can be found from Krt19* LSPCs to Krt197Krt7* IHBCs, and finally Krt
7~ hepatocytes (ductular hepatopoiesis). In contrast, MH dedifferentiation progresses from Krt7~ hepatocytes through
Krt7* IHBCs, and finally, to Krt19*Krt7~ ductular reaction (DRs). Rodent OCs and human IHBCs share important
physiological roles despite the marked morphological and phenotypic differences. They simultaneously express biliary
antigens (Krt7, Krt19, and OV-6) and hepatocyte antigens (HepPar1, albumin, al-AT, and sometimes AFP) 28],

Massive hepatic necrosis (MHN) is associated with fulminant hepatic failure (FHF) and is a rare but very serious
complication caused by a variety of etiologies 192, This condition frequently causes death in patients, but 10-20% are
known to recover spontaneously without liver transplantation 2231, MHN in FHF exhibits unique pathophysiologic features,
including rapid hepatocyte death and regeneration. The initial regenerative response in FHF is primarily caused by
surviving hepatocytes. LSPCs begin to proliferate vigorously to compensate for the massive loss of hepatocytes when the

injury persists or most hepatocytes are impaired 1241,

The most commonly recognized tissue reaction is the appearance of a tubular response called DR, which corroborates
the presence of LSPCs in the human liver. The degree of LSPC activation in acute or subacute liver injury correlates with
histopathologic and clinical disease severity [L05I[106] | SPC activation and differentiation were more prominent in areas
with more severe hepatocyte loss than in areas with less severe hepatocyte loss, and a threshold of 50% loss of
hepatocytes (marked reduction in proliferative potential of remaining hepatocytes) was required for extensive LSPC
activation. This finding is similar to the dose-dependent differentiation of rat OCs that appeared after 2-AAF treatment 221,
Thus, IHs were already fully differentiated in surviving patients, while this differentiation process (LSPCs-IHs-MHs) was
inhibited in deceased patients 2051,
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