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EXPANSION AND MAINTENANCE OF
ADULT PRIMARY HUMAN HEPATOCYTES
IN CULTURE

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority to U.S. Provisional
Patent Application No. 62/725,481 filed Aug. 31, 2018 and

U.S. Provisional Patent Application No. 62/815,606 filed
Mar. 8, 2019, each of which 1s incorporated herein by
reference in 1ts entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

[0002] This invention was made with government support
under 83573701 awarded by the Environmental Protection
Agency. The government has certain rights 1n the invention.

BACKGROUND

[0003] In vitro model systems employing explanted pri-
mary human hepatocytes (PHHs) 1n culture provide an
essential tool for study of liver diseases, hepatotoxicity,
hepatotropic viruses, and drug and antiviral development.
However, the lack of availability, significant donor-to-donor
variability, and rapid de-differentiation of PHHs 1n culture
severely hinders their use 1n research. PHHs lose their
mature phenotype shortly after i1solation or removal from
their 1n vivo environment. Efforts to maintain mature PHHs
in long-term culture, or to mature fetal hepatic cells 1n
culture, have shown limited success. Sandwich and aggre-
gate culture systems, designed to mimic the 1n vivo microen-
vironment ol hepatocytes, and methods for co-culturing
hepatocytes with non-parenchymal liver cells have not sig-
nificantly enhanced the viability or maintained the maturity
of cultured PHHs and have also failed to mature fetal
hepatocytes.

[0004] A healthy human liver has an enormous capacity to
regenerate. In rodent models, small hepatocyte progenitor
cells (SHPCs) rapidly proliferate upon injury to restore liver
mass. Rodent small hepatocytes proliferate in culture, but
the art has not successiully 1solated human small hepato-
cytes 1n culture.

[0005] Thus, there 1s a need 1n the art for methods for
growing and expanding human SHPCs 1n culture.

SUMMARY OF THE INVENTION

[0006] In a first aspect, provided herein 1s a method for
obtaining small hepatocyte progenitor cells, the method
comprising culturing human hepatocytes in the presence of
embryonic fibroblasts 1n a culture medium that comprises
N2 and B27, whereby a cell population comprising CD44™
small hepatocyte progenitor cells 1s obtained. In some
embodiments, the culture medium further comprises dex-
amethasone and epidermal growth factor. In some embodi-
ments, the human hepatocytes are selected from the group
consisting of primary human hepatocytes and pluripotent
stem cell-derived human hepatocytes. In some embodi-
ments, the plurnipotent stem cell-derived hepatocytes are
selected from the group consisting of embryonic stem cell-
derived hepatocytes or induced pluripotent stem cell-derived
hepatocytes. In some embodiments, the embryonic {ibro-
blasts are mouse embryonic fibroblasts or human embryonic
fibroblasts. In some embodiments, the human hepatocytes
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are cultured for about 6 days to obtain a cell population
comprising CD44™ small hepatocyte progenitor cells.
[0007] In a second aspect, provided herein 1s a substan-
tially pure, 1solated population of CD44™ small hepatocyte
progenitor cells obtained according to the methods described
herein. In some embodiments, the CD44™ small hepatocyte
progenitor cells proliferate 1n culture for at least 3 passages.
In some embodiments, after 3 passages, the SHPCs retain at
least 95% metabolic enzyme activity compared to metabolic
enzyme activity of the starting human hepatocyte popula-
tion. In some embodiments, the SHPCs are genetically
engineered and comprise a heterologous nucleic acid.
[0008] In a third aspect, provided herein 1s a pharmaceu-
tical composition comprising a small hepatocyte progenitor
cell population obtained according to the methods described
herein and a pharmaceutically acceptable carrier.

[0009] In a fourth aspect, provided herein 1s a method for
treating a liver disease or injury in a patient, comprising
administering to the patient a therapeutic dose of CD44™
small hepatocyte progenitor cells obtained according to the
methods described herein. In some embodiments, the dis-
case or injury 1s selected from the group consisting of
hepatitis, liver infection, cirrhosis of the liver, alpha-1-
antitrypsin deficiency, Wilson’s disease, iherited liver dis-
case, chronic liver disease and acute liver damage.

[0010] In a fifth aspect, provided herein 1s a method for
obtaining a population of mature human hepatocytes, the
method comprising culturing the population of small hepa-
tocyte progenitor cells obtained according to the method of
claim 1 1n the presence of sinusoidal endothelial cells 1n a
culture medium that supports survival of sinusoidal endothe-
lial cells and under conditions suitable for generation of
mature human hepatocytes, whereby a cell population com-
prising mature hepatocytes i1s obtamned. In some embodi-
ments, the sinusoidal endothelial cells are human liver
sinusoidal endothelial cells. In some embodiments, the cul-
ture medium comprises N2 and B27. In some embodiments,
the culture medium comprising N2 and B27 further com-
prises dexamethasone and epidermal growth factor.

[0011] In a sixth aspect, provided herein 1s a method of
obtaining a population of mature human hepatocytes, the
method comprising culturing the population of small hepa-
tocyte progenitor cells obtained according to the methods
described herein 1n a culture medium comprising a MAPK
inhibitor, whereby a cell population comprising mature
hepatocytes 1s obtained. In some embodiments, the popula-
tion of small hepatocyte progenitor cells 1s cultured in the
presence of mouse embryonic fibroblasts or human embry-
onic fibroblasts. In some embodiments, the population of
small hepatocyte progenitor cells 1s cultured in the presence
of human sinusoidal endothelial cells. In some embodi-
ments, the MAPK 1nhibitor 1s U0126. In some embodi-
ments, the culture medium comprising a MAPK 1nhibitor
additionally comprises N2 and B27/7. In some embodiments,
the culture medium additionally comprises dexamethasone
and epidermal growth factor.

[0012] In a seventh aspect, provided herein 1s a substan-
tially pure, 1solated population of genetically engineered
mature hepatocytes derived from a genetically engineered
small hepatocyte progenitor cell population obtained by the
methods described herein.

[0013] In an eighth aspect, a cell culture medium com-
prises epidermal growth factor, Y27632, AO83, CHIR99021,
N2, and B27. In some embodiments, the cell culture medium
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comprises between about 10 ng/ml and about 200 ng/ml
epidermal growth factor, between about 0.5 uM and about
50 uM Y27632, between about 0.05 uM and about 10 uM
AO83, between about 0.1 uM and about 20 uM CHIR99021,
1X N2, and 1X B27. In some embodiments, the cell culture
medium additionally comprises dexamethasone, Oncostatin
M, fetal bovine serum, insulin, nicotinamide, or combina-
tions thereof. In some embodiments, the cell culture medium
comprises 1 uM dexamethasone, 100 ng/ml epidermal
growth factor, 10 ug/ml Oncostatin M, 20% fetal bovine
serum, 2 ug/ml insulin, 100 nM nicotinamide, 10 uM
Y27632, 0.5 uM A083, 3 uM CHIR99021, 1X N2 and 1X
B27.

INCORPORAITION BY REFERENCE

[0014] All publications, patents, and patent applications
mentioned 1n this specification are herein incorporated by
reference to the same extent as 1f each individual publica-
tion, patent, and patent application was specifically and
individually indicated to be incorporated by reference.

BRIEF DESCRIPTION OF DRAWINGS

[0015] The patent or patent application file contains at
least one drawing 1n color. Copies of this patent or patent
application publication with color drawings will be provided
by the Oflice upon request and payment of the necessary fee.

[0016] FIG. 1 shows maintenance of small hepatocyte
progenitor cells (SHPCs). SHPCs developing from mature
hepatocytes (MHs) (derived from a 19 year old male donor,
batch HU82935) on day 6 following plating on mouse embry-
onic fibroblasts (MEFs) in SHPC medium (left) whereas
those same cells plated on MATRIGEL™ 1n hepatocyte
growth medium de-differentiate completely (right).

[0017] FIG. 2 shows SHPCs obtained from a dual reporter
(expressing GFP and TdTomato from albumin and alpha
feto-protein promoters respectively) H9 clone embryonic
stem cell-derived hepatocytes (ESC -hepatocytes) plated on
MEFs 1n SHPC medium. Their orlgm from mature hepato-
cytes 1s confirmed by GFP expression from the albumin
reporter.

[0018] FIG. 3 shows SHPCs passaged on MEFs in SHPC
medium (Passage 1 (P1), top, dernived from a 19 year old
male donor, batch HU8295). SHPCs derived from dual
reporter clone, passage 2 (P2). Phase contrast (bottom left)
and albumin reporter (bottom right).

[0019] FIG. 4 shows SHPCs obtained from ESC-hepato-
cytes passaged on sinusoidal endothelial cells (sECs) display
extensive bile canalicular structures between one to two
cells as seen 1n vivo 1n hepatic chords.

[0020] FIG. 5 shows co-culture of SHPCs derived from

ESC-hepatocytes with sECs produces mature hepatocytes as
evidenced by an increase in the relative quantity (RQ) of
albumin (left) and CYP3A (right) expression.

[0021] FIG. 6 shows U0126 treatment of ESC-hepatocyte
derived SHPCs produces mature hepatocytes as evidenced
by increase 1n the RQ of albumin (left) and CYP3A (right).

[0022] FIG. 7 shows SHPCs derived from Hul962 hepa-
tocytes cultured on MATRIGEL ™., Cells in the middle show

good hepatocyte morphology (small with clear nucle1) and
the cells on the edges are de-differentiated with morphology
that 1s visibly bigger and flatter than mature adult hepato-

cytes.
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[0023] FIG. 8 shows growth of primary human hepato-
cytes (PHH) 1n the YAC medium described by Katsuda et al.

(Katsuda et al., Cell Stem Cell, 2017). The YAC medium of
Katsuda does not support human hepatocyte culture. While
YAC treatment gave rise to a few colonies of hepatocytes
(one such colony pictured on the lett), they rapidly dedii-
ferentiated (pictured on right) and died o
[0024] FIG. 9 shows SHPC derwatlon matures ESC-
hepatocytes. Top: negative control showing duel reporter
(expressing GFP and TdTomato from albumin and alpha
teto-protein (AFP) respectively) H9 clone ESC-hepatocytes
have high AFP and low albumin reporter expression. Bot-
tom: SHPCs derived from ESC-hepatocytes display more
maturity, with high albumin and low AFP reporter expres-

S101.
[0025] FIG. 10 shows PHH derived SHPCs engraft in

Tk-NOG mice. PHH-SHPC transplanted mice show human
albumin 1n their blood at levels close to the levels in control
PHH transplanted mice.

[0026] FIG. 11 shows ESC-hepatocyte derived SHPCs
engrait in Tk-NOG mice. ESC-hepatocyte transplanted mice
do not show human albumin 1n blood, but ESC-hepatocyte
derived SHPCs do show human albumin in blood, which
increases over time to levels comparable to PHH-SHPC
transplanted mice.

[0027] FIG. 12 shows expression of phase I and phase 11
gene 1n PHH SHPCs from donor HUS295, a 19-year-old
male.

[0028] FIG. 13 shows expression of phase I and phase 11
gene 1n PHH SHPCs from donor HUS290, a 23-year-old
female.

[0029] FIG. 14 shows expression of phase I and phase 11
gene 1 ESC-hepatocyte derived SHPCs.

[0030] FIG. 15 shows HU8290 SHPC:s.

[0031] FIG. 16 shows acetaminophen glucuronide (APAP-
gluc) production mm HU1962 PHH, HU1962 SHPCs,
HUS8295 PHH, and HU8295 SHPCs, and control HepG2
cells. APAP-gluc production 1s measured 1n pg per hour per
10° cells.

[0032] FIG. 17 shows acetaminophen glutathione (APAP-
GSH) production n HU1962 PHH, HU1962 SHPCs,
HUS295 PHH, and HU8295 SHPCs, and control HepGZ
cells. APAP-GSH production 1s measured in pg per hour per
10° cells.

[0033] FIG. 18 shows acetaminophen sulfate (APAP-Sul)
production 1n HU1962 PHH, HU1962 SHPCs, HU8295
PHH, and HU8295 SHPCs, and control HepG?2 cells. APAP-

Sul production is measured in pg per hour per 10° cells.

DETAILED DESCRIPTION OF TH.
INVENTION

L1l

[0034] The present disclosure 1s based, at least 1n part, on
the Inventors’ development of protocols for derniving and
culturing small hepatocyte progenitor cells (SHPCs) from
mature primary human hepatocytes. In particular, when
mature human hepatocytes are plated on embryonic fibro-
blasts and cultured in the presence of N2 and B27/, popula-
tions of SHPCs can be generated. Based on these discover-
ies, the present mvention provides methods for producing
and expanding human SHPCs for use in methods for gen-
erating stable and expandable populations of mature hepa-
tocytes and for toxicity and metabolic testing applications.
[0035] As used herein, “small hepatocyte progenitor cells
(SHPCs)” are mature hepatocyte precursor cells character-
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1zed by expression of CD44. SHPCs have a small round
morphology with clear nuclei resembling mature adult hepa-
tocytes but smaller 1n size. SHPCs are typically between
about 8 um and about 20 um 1n diameter (e.g., larger than
about 8 um but less than 20 less than 18 less than 15 less than
12 or less than 10 um). In contrast, primary human hepato-
cytes 1n 2-dimensional culture are typically about 30 um 1n
diameter. SHPCs can originate by partial de-differentiation
from mature hepatocytes when needed, such as upon liver
ijury or disease, to proliferate and restore liver mass.
[0036] The present invention also provides methods of
maturing SHPCs into mature hepatocytes.

[0037] Methods

[0038] In a first aspect, provided herein are in vitro meth-
ods for obtaining SHPCs 1n culture. In exemplary embodi-
ments, the methods comprise co-culturing human hepato-
cytes with embryonic fibroblasts in a culture medium to
produce SHPCs. In some cases, the human hepatocytes are
cultured 1n medium that comprises dexamethasone, epider-
mal growth factor, Oncostatin M, fetal bovine serum, 1nsu-
lin, nicotinamide, Y27632, AO83, CHIR99021, N2, and B27
in amounts eflective and for lengths of time suilicient to
direct partial de-differentiation of mature human hepato-
cytes to SHPCs. Hepatocytes are cultured in the culture
medium for about 6 days (e.g., 5 days, 6 days, 7 days, 8
days). In some embodiments, hepatocytes are co-cultured
with fibroblasts 1n culture medium comprising or consisting,
essentially of DMEM/F12 culture medium, L-ascorbic acid-
2-phosphate  magnesium, sodium selenium, 1nsulin,
NaHCO,, transferrin, dexamethasone, epidermal growth
factor, Oncostatin M, fetal bovine serum, insulin, nicotina-
mide, Y27632, AO83, CHIR99021, N2, and B27 for about 6
days. In some embodiments the culture medium comprises
or consists essentially of DMEM/F12 culture medium,
L-ascorbic acid-2-phosphate magnesium (64 ng/ml), sodium
selentum (14 ng/ml), msulin (20 mg/1), NaHCO; (543
ug/ml), transferrin (10.7 pg/ml), dexamethasone (1 uM),
epidermal growth factor (100 ng/ml), Oncostatin M (10
ug/ml), 20% fetal bovine serum, mnsulin (2 ul/ml), nicotina-
mide (100 mM), Y27632 (10 uM), A083 (0.5 uM),
CHIR99021 (3 uM), N2 (1X), and B27 (1X). In some
embodiments, the embryonic fibroblasts are mouse embry-
onic fibroblasts (MEFs). The culturing can take place on any
appropriate surface (e.g., in two-dimensional or three-di-
mensional culture).

[0039] The hepatocytes for use 1n the present methods
may be primary human hepatocytes or pluripotent stem
cell-derived human hepatocytes. Hepatocytes are character-

1zed by expression of albumin (ALB), alpha-fetoprotein,
HNF4A, SERPINAI, CYP2E1, CYP3A4, CYP3AS,

CYPI1AIL, CYPIBI, UGTlAl UGT1A6 and UGT1A9.

[0040] The term “primary hepatocyte” refers to a hepato-
cyte cell obtained by 1solating cells from liver tissue and
culturing ex vivo. Primary hepatocytes de-differentiate 1n
culture 1n a very short time and do not grow in culture
without additional manipulation.

[0041] “Fresh primary hepatocytes” or “uncultured pri-
mary hepatocytes” refers to commercially available cryo-
preserved hepatocytes that were not thawed or cultured once
received and before being placed into culture for use in the
disclosed methods.

[0042] The pluripotent stem cells employed in methods
that differentiate pluripotent stem cells 1nto hepatocytes can
be embryonic stem cells or induced pluripotent stem cells.
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Such methods are described, for example, 1n U.S. Patent
Publication No. 2018/0015126A1.

[0043] The fibroblasts used 1n co-culture with the mature
hepatocytes may be human embryonic fibroblasts (Kibschuli
et al., Stem Cell Res, 2011, 6(1):70-82) or mouse embryonic
fibroblasts. Mouse embryonic fibroblasts or human embry-
onic fibroblasts may be obtained from any suitable source.
A skilled artisan may be motivated to use human embryonic
fibroblasts when the SHPCs are needed for xeno-iree clini-
cal use.

[0044] For several of the biological markers described
herein, expression will be low or intermediate 1 level.
While 1t 1s commonplace to refer to cells as “positive” or
“negative” for a particular marker, actual expression levels
are a quantitative trait. The number of molecules on the cell
surface can vary by several logs, yet still be characterized as
“positive.” Accordingly, characterization of the level of
staining permits subtle distinctions between cell popula-
tions. Expression levels can be detected or momitored by
flow cytometry, where lasers detect the quantitative levels of
fluorochrome (which 1s proportional to the amount of cell
surface antigen bound by the antibodies). Flow cytometry or
fluorescence-activated cell sorting (FACS) can be used to
separate cell populations based on the intensity of antibody
staining, as well as other parameters such as cell size and
light scatter. Although the absolute level of staining may
differ with a particular fluorochrome and antibody prepara-
tion, the data can be normalized to a control.

[0045] Any appropriate method can be used to detect
expression of biological markers characteristic of cell types
described herein. For example, the presence or absence of
one or more biological markers can be detected using, for
example, RNA sequencing (e.g., RNA-seq), immunohisto-
chemistry, polymerase chain reaction, quantitative real time
PCR (gqRT-PCR), or other technique that detects or measures
gene expression. RNA-seq 1s a high-throughput sequencing
technology that provides a genome-wide assessment of the
RINNA content of an organism, tissue, or cell. Alternatively, or
additionally, one may detect the presence or absence of, or
measure the level of, one or more biological markers of
SHPCs using, for example, Fluorescence 1n situ Hybridiza-
tion (FISH; see WQO98/45479 published October, 1998),
Southern blotting, Northern blotting, or polymerase chain
reaction (PCR) techniques, such as gqRT-PCR. In exemplary
embodiments, a cell population obtained according to a
method provided herein 1s evaluated for expression (or the
absence thereol) of biological markers of SHPCs such as
CD44. Preferably, SHPCs express the small hepatocyte
progenitor cell markers CD44 and one or more of the
hepatocyte markers albumin (ALB), alpha-fetoprotein,

SERPINA1, CYP2E1l, CYP3AS5, CYPl1Al, CYPIBI,
UGTI1AL, UGT1A6 and UGTI1AG9. Quantltatlve methods
for evaluatmg expression of markers at the protein level 1n
cell populations are also known 1n the art. For example, tlow
cytometry 1s used to determine the fraction of cells 1n a given
cell population that express or do not express biological
markers of interest.

[0046] Ina second aspect, provided herein are methods for
maturing SHPCs to mature hepatocytes. Methods of matur-
ing SHPCs to mature hepatocytes includes co-culturing
SHPCs with sECs, culturing the SHPCs 1n the presence of
a MAPK 1nhibitor, or co-culturing SHPCs with sECs in the
presence ol a MAPK inhibitor. In some embodiments,
methods of maturing SHPCs to mature hepatocytes may also
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include forced expression of let-7 microRNA, as in the
methods described 1 U.S. Patent Publication 2018/

0015126A1.

[0047] In exemplary embodiments, a method of maturing
SHPCs to mature hepatocytes includes co-culturing SHPCs
with sECs and culturing in a medium that supports survival
of sinusoidal endothelial cells and under conditions suitable
for generation of mature human hepatocytes to obtain
mature hepatocytes. In some embodiments, the culture
medium comprises dexamethasone, epidermal growth fac-
tor, Oncostatin M, fetal bovine serum, insulin, nicotinamide,
Y27632, A083, CHIR99021, N2, and B27 in amounts eflec-
tive and for a length of time suflicient to obtain mature
hepatocytes. SHPCs are cultured 1n the culture medium for
at least about 2 days (e.g., at least about 2 days, 3 days, 4
days, 5 days, or longer). In some embodiments, SHPCs are
co-cultured with sECs in culture medium comprising or
consisting essentially of DMEM/F12 culture medium,
L-ascorbic acid-2-phosphate magnesium, sodium selenium,
insulin, NaHCO,, transferrin, dexamethasone, epidermal
growth factor, Oncostatin M, fetal bovine serum, isulin,
nicotinamide, Y27632, A0O83, CHIR99021, N2, and B27 for
at least about 3 days. In some embodiments the culture
medium comprises or consists essentially of DMEM/F12
culture medium, L-ascorbic acid-2-phosphate magnesium
(64 ng/ml), sodium selenium (14 ng/ml), mnsulin (20 mg/1),
NaHCO, (543 png/ml), transterrin (10.7 png/ml), dexametha-
sone (1 uM), epidermal growth factor (100 ng/ml), Oncosta-
tin M (10 nug/ml), 20% fetal bovine serum, 1nsulin (2 ul/ml),
nicotinamide (100 mM), Y27632 (10 uM), AO83 (0.5 uM),
CHIR99021 (3 uM), N2 (1X), and B27 (1X). In some
embodiments, the SHPCs are derived from primary hepa-
tocytes or pluripotent stem cell-derived hepatocytes by the
methods described herein. In some embodiments, the sECs
are primary human sECs. In some embodiments, the sECs
are primary human liver sECs. The culturing can take place
on any appropriate surface (e.g., in two-dimensional or
three-dimensional culture). In some embodiments, the sECs
are plated on vitronectin-coated plates and the SHPCs are
plated on the sECs.

[0048] In exemplary embodiments, a method of maturing
SHPCs to mature hepatocytes includes culturing SHPCs 1n
a medium comprising a MAPK inhibitor to obtain mature
hepatocytes. In some cases, the SHPCs are cultured in
medium that comprises a MAPK 1nhibitor, dexamethasone,
epidermal growth factor, Oncostatin M, fetal bovine serum,
insulin, nicotinamide, Y27632, AO83, CHIR99021, N2, and
B27 in amounts eflective and for a length of time suthlicient
to obtain mature hepatocytes. SHPCs are cultured in the
culture medium for about 3 days (e.g., about 2 days, about
3 days, about 4 days). In some embodiments, the SHPCs are
cultured 1n culture medium comprising or consisting essen-
tially of DMEM/F12 culture medium, a MAPK 1nhibitor,
[-ascorbic acid-2-phosphate magnesium, sodium selenium,
insulin, NaHCO,, transferrin, dexamethasone, epidermal
growth factor, Oncostatin M, fetal bovine serum, isulin,
nicotinamide, Y27632, A083, CHIR99021, N2, and B27 for
about 3 days. In some embodiments the culture medium
comprises or consists essentially of DMEM/F12 culture
medium, a MAPK inhibitor, L-ascorbic acid-2-phosphate
magnesium (64 ng/ml), sodium selemium (14 ng/ml), insulin
(20 mg/1), NaHCO, (543 ug/ml), transferrin (10.7 pg/ml),
dexamethasone (1 uM), epidermal growth {factor (100
ng/ml), Oncostatin M (10 ng/ml), 20% {fetal bovine serum,
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msulin (2 ul/ml), nicotinamide (100 mM), Y27632 (10 uM),
AO083 (0.5 uM), CHIR99021 (3 uM), N2 (1X), and B27
(1X). In some embodiments, the SHPCs are derived from
primary hepatocytes or pluripotent stem cell-derived hepa-
tocytes by the methods described herein. In some embodi-
ments, the SHPCs are co-cultured with embryonic fibro-
blasts. In some embodiments, the SHPCs are co-cultured
with sECs. The culturing can take place on any approprate
surface (e.g., 1n two-dimensional or three-dimensional cul-
ture).

[0049] Inhibitors of MAPK are known in the art and
include, but are not limited to, for example, inhibitors of

p38, mitogen activated and extracellular regulated kinase
(MEK)1 and MEK?2 protein kinases, for example, U0126 (a

dual MEK1 & MEK2 inhibitor), PD098059 (a MEKI
inhibitor), and SB2033580 (a p38 MAP kinase inhibitor),
AZD6244 (MEK]1 inhibitor), Trametimib (GSK1120212,
MEK1/2 1nhibitor) TAK 715, SB203380, SB202190,
PD0325901, PD184352, SB239063, SB706504, and com-
binations thereof. In some embodiments, the MAPK 1nhibi-
tor 1s U0126. In some embodiments, the MAPK 1nhibitor 1s
PD09059. In some embodiments, the MAPK inhibitor 1s a
combination of U0126 and PD09039.

[0050] Suitable concentrations of MAPK 1nhibitors used
in the present methods and kits include, but are not limited
to, about 10 nm to about 10 mM, alternatively about 10 nm
to about 2 mM, alternatively about 10 nm to about 1 mM,
alternatively from about 10 nm to about 500 alternatively
from about 100 nm to about 2 mM, alternatively from about
100 nm to about 1000 alternatively from about 1 uM to
about 200 alternatively about 1 uM to about 100 uM of the
MAPK 1nhibitor. For example, in one embodiment, the
concentration of MAPK 1s from about 5 uM to about 150
alternatively from about 5 uM to about 50 alternatively
about 5 uM to about 10 uM. In a preferred embodiment, the

MAPK inhibitor 1s used 1n an amount of about 10 uM.

[0051] Additional methods of maturing hepatocytes are
known 1n the art, for example, in U.S. Patent Publication No.
2018/0015126. SHPCs generated by the methods described
herein may be used in other methods known 1n the art for
maturing hepatocytes.

[0052] In asome aspects, provided herein are methods for
testing the potential toxicity of a compound. In one embodi-
ment, such a method 1ncludes the steps of (a) exposing one
or more hepatocytes produced by the methods described
herein to the compound, and (b) monitoring the one or more
hepatocytes for signs of toxicity. In another embodiment,
such a method includes the steps of (a) exposing one or more
hepatocytes produced by the methods described herein to the
compound, wherein the compound 1s metabolized by the
hepatocytes; (b) contacting the resulting metabolite(s) of the
compound with one or more non-hepatocyte cells; and (c)
monitoring the non-hepatocyte cells for any metabolite-
induced changes. Non-limiting examples of non-hepatocyte
cells that could be used in the method include neurons or
cardiomyocytes.

[0053] In one embodiment, such a method for testing the
potential toxicity of a compound includes the steps of (a)
exposing one or more SHPCs produced by the methods
described herein to the compound, and (b) monitoring the
one or more SHPCs for signs of toxicity. In another embodi-
ment, such a method 1ncludes the steps of (a) exposing one
or more SHPCs produced by the methods described herein
to the compound, wherein the compound 1s metabolized by
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the SHPCs; (b) contacting the resulting metabolite(s) of the
compound with one or more non-hepatocyte cells; and (c)
monitoring the non-hepatocyte cells for any metabolite-
induced changes. Non-limiting examples of non-hepatocyte
cells that could be used 1n the method include neurons or
cardiomyocytes.

[0054] In some embodiments, the present disclosure pro-
vides methods of determining metabolites of a test com-
pound. Such a method 1ncludes the steps of (a) exposing one
or more SHPCs or hepatocytes produced by the methods
described herein to the compound; and (b) determining
which metabolites are produced by the hepatic processing of
the compound. In addition to testing the toxicity of a test
compound on the SHPCs or hepatocytes themselves, the
hepatocyte medium containing the metabolite(s) of the test
compound may be evaluated for toxicity or other effect upon
cultures of non-hepatocytes.

[0055] For example, liver cell metabolites may be subse-
quently tested on cardiomyocytes (for cardiotoxicity testing)
or on cultures of neurons (for neurotoxicity testing). Testing
on the non-hepatocyte cells may occur eirther in a co-culture,
or with a conditioned medium. This method may be used to
test drugs that are not toxic themselves, but which may be
converted to a toxic form by the liver. For example, certain
liver metabolites of non-toxic compounds are known to
block the hERG channel in the heart, causing arrhythmias.
However, the method 1s not limited by this example, and can
be broadly applied to a variety of non-hepatocyte cell types.

[0056] Such methods include the step of monitoring the
hepatocytes or non-hepatocytes for signs of potential toxic-
ity. The cells need not be directly observed, and this step
encompasses a variety of methods for assaying potential
cellular damage or dysfunction caused by exposure to a test
compound. Monitoring for signs of toxicity may include,
without limitation, testing for the levels of certain biomark-
ers or gene expression products, testing cellular function,
and directly observing the structure of the cells. As a
non-limiting example, elevated levels of certain biochemical
markers (e.g., alanine transferase, alkaline phosphatase, and
bilirubin) can indicate hepatotoxicity. Furthermore, apopto-
s1s, or morphological or neoplastic transformation of cells
may result from 1nduced toxicity. The method 1s not limited
to any particular monitoring techmque, and encompasses
any such techniques used 1n the art.

[0057] In additional embodiments, SHPCs or hepatocytes
generated by the methods described herein may be used to
study drug-drug interaction. For example, SHPCs and hepa-
tocytes produced by the methods described herein may be
contacted with a drug and upregulation or inhibition of
polymorphic cytochrome P430 enzymes (CYPs) can be
measured. Upregulation or inhibition of CYPs will reduce or

increase the eflectiveness of a second compound originally
metabolized through the particular CYP of interest.

[0058] Compositions

[0059] Provided herein 1s an 1solated population of SHPCs
generated by the methods described herein. The 1solated
population of SHPCs 1s capable of proliferating in culture
for at least 3 passages, at least 5 passages, at least 7 passages,
at least 10 passages, or at least 15 passages. In some
embodiments, cells are passaged after about 3 days in
culture. After at least 3 passages (e.g., at least 5 passages, at
least 7 passages, at least 10 passages, or at least 15 pas-
sages), the population of SHPCs retains between about 85%

and about 150% (e.g., 85%, 90%, 95%, 99%, 100%, 105%,
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110%, 120%, 130%, 140%, or 150%) metabolic enzyme
activity compared to a population of freshly thawed PPH
from the same donor or a population of ES derived hepa-
tocytes from which the SHPCs were diflerentiated. In some
embodiments, after at least 3 passages (e.g., at least 5
passages, at least 7 passages, at least 10 passages, or at least
15 passages) the population of SHPCs retain at least 85%
(e.g., at least 85%, at least 90%, at least 95%, at least 99%,
at least 100%, at least 105%, at least 110%, at least 120%,
at least 130%, at least 140%, or at least 150%) metabolic
enzyme activity compared to a population of freshly thawed
PPH from the same donor or a population of ES derived
hepatocytes from which the SHPCs were diflerentiated. In
some embodiments, the metabolic enzyme activity 1s mea-
sured by measurement of major acetaminophen metabolites
produced when acetaminophen is cultured with the indicated
cell population for about 1 hour. Phase I and Phase II
metabolic enzymes of interest present 1n the isolated popu-

lation of SHPCs are CYP3A4, CYP3AS, CYP2C9,

CYP2E1, CYP2D6, CYP2C19, CYPl1Al, CYPIBI,
UGTI1A1l, UGT1A6, and UGT1AS9.
[0060] In another aspect, provided herein i1s a genetically

engineered SHPC produced by the methods described
herein. Also provided herein 1s a genetically engineered
mature hepatocyte differentiated from an SHPC produced by
the methods described herein.

[0061] As used herein, the terms “genetically engineered”
and “genetically modified” are used interchangeably and
refer to a cell (e.g., prokaryotic or eukaryotic cell) that has
been modified to comprise a non-naturally occurring nucleic
acid molecule that has been created or modified by the hand
of man (e.g., using recombinant DNA technology) or 1is
derived from such a molecule (e.g., by transcription, trans-
lation, etc.). An SHPC or mature hepatocyte that contains an
exogenous, recombinant, synthetic, and/or otherwise modi-
fied polynucleotide 1s considered to be a genetically modi-
fied cell and, thus, non-naturally occurring relative to any
naturally occurring counterpart. In some cases, genetically
modified cells contain one or more recombinant nucleic
acids. In other cases, genetically modified cells contain one
or more synthetic or genetically engineered nucleic acids
(e.g., a nucleic acid containing at least one artificially
created insertion, deletion, inversion, or substitution relative
to the sequence found in 1ts naturally occurring counterpart).
Procedures for producing genetically engineered cells are
generally known in the art, for example, as described 1n

Sambrook et al, Molecular Cloning, A Laboratory Manual
(Fourth Edition), Cold Spring Harbor Press, Cold Spring

Harbor, N.Y. (2012) and Doudna et al, CRISPR-Cas, A
Laboratory Manual, Cold Spring Harbor Press, Cold Spring
Harbor, N.Y. (2016), each of which 1s incorporated herein by

reference.

[0062] In some cases, a cell’s genome 1s modified (e.g.,
engineered) so that functional Phase 1 and Phase II hepato-
cyte metabolic enzyme encoding genes are up-regulated or
down-regulated. In some embodiments, the cells are engi-
neered to modily the metabolic pathway of the mature
hepatocytes or SHPCs. Mature hepatocytes cannot be
genetically engineered. However, SHPCs produced by the
methods described herein can be genetically engineered and
used to produce genetically engineered mature hepatocytes.
SHPCs may be genetically engineered to facilitate identidi-
cation of host factors that play a role 1n hepatitis virus life
cycle. Additions genetically engineered SHPCs and mature
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hepatocytes derived therefrom can be used to investigate the
role of nuclear receptors and CYPs 1n a candidate drug’s
metabolism and induction/inhibition of other metabolic
pathways. Genetically engineered SHPCs and mature hepa-
tocytes differentiated therefore can also be used to identify
target genes involved in tumorigenesis and other liver dis-
cases such as non-alcoholic fatty liver disease (NAFLD),
non-alcoholic steatohepatitis (NASH), etc.

[0063] In another aspect, provided herein is a cell culture
medium for obtaimng SHPCs. The cell culture medium
includes epidermal growth factor, Y27632, AO0RK3,
CHIR99021, N2, and B27. In some embodiments, the cell
culture medium includes between about 10 ng/ml and about
200 ng/ml (e.g., between about 20 ng/ml and about 180
ng/ml, between about 50 ng/ml and about 150 ng/ml, or
between about 75 ng/ml and about 125 ng/ml) of epidermal
growth factor. In some embodiments, the cell culture
medium includes between about 0.5 uM and about 50 uM
(e.g., between about 1 uM and about 40 uM, between about
2.5 uM and about 30 uM, between about 5 uM and about 20
uM, between about 7.5 uM and about 15 uM, or between
about 9 uM and about 12 uM) o1 Y27632. In some embodi-
ments, the cell culture medium i1ncludes between about 0.05
uM and about 10 uM (e.g., between about 0.1 uM and about
5 uM, between about 0.25 uM and about 2.5 uM, or between
about 0.4 uM and about 1 uM) of AO83. In some embodi-
ments, the cell culture medium includes between about 0.1
uM and about 20 uM (e.g., between about 0.5 uM and about
18 uM, between about 0.75 uM and about 15 uM, between
about 1 uM and about 10 uM, or between about 1.5 uM and
about 5 uM) of CHIR99021. In some embodiments, the cell
culture medium includes about 1x of N2 and B27 (e.g., 5 ml
of 100X N2 and 10 ml of 50X B27 to make 500 ml of cell
culture medium). In some embodiments, the cell culture
medium additionally includes dexamethasone, Oncostatin
M, fetal bovine serum, insulin, nicotinamide, or combina-

tions thereof. In some embodiments, the cell culture medium
includes epidermal growth factor, Y27632, AO0RK3,

CHIR99021, N2, B27, dexamethasone, Oncostatin M, fetal
bovine serum, insulin, and nicotinamide. In some embodi-
ments, the cell culture medium 1ncludes 1 uM dexametha-
sone, 100 ng/ml epidermal growth factor, 10 ug/ml Oncosta-
tin M, 20% fetal bovine serum, 2 ug/ml msulin, 100 nM
nicotinamide, 10 uM Y27632, 0.5 uM AO083, 3 uM
CHIR99021, 1X N2 and 1X B27. In some embodiments, the
cell culture medium additionally includes DMEM/F12
medium, L-ascorbic acid-2-phosphate magnesium, sodium
selentum, NaHCO,, and transferrin.

[0064] In another aspect, provided herein are therapeutic
compositions that can contain SHPCs, mature hepatocytes,
or other cell types obtained as described herein, as well as
methods for making, and methods for using such therapeutic
compositions.

[0065] In a further aspect, therefore, the present invention
provides methods and compositions for cell transplantation,
cell replenishment, cell or tissue replacement and enhancing
liver regeneration and repair. The method can comprise
providing to a subject 1n need thereof a therapeutically
ellective amount of SHPCs or mature hepatocytes derived
according to methods provided herein, whereby providing
SHPCs or mature hepatocytes treats the subject. Disorders
requiring cell or tissue replacement and improving liver
regeneration and repair include, without limitation, hepatitis
liver infection, cirrhosis of the liver, liver metabolic disor-
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ders such as alpha-1-antitrypsin deficiency and Wilson’s
disease, acute liver damage (such as from drug overdose),
and any other disorder or disease for which the stricken
individual would benefit from SHPC or mature hepatocyte
cell treatment or cell transplant.

[0066] Preferred subjects according to the present mven-
tion are mammals including, without limitation, humans and
non-human primates, as well as rodents, camines, felines,
ovines, porcines, equines, and bovines. In some cases, a
substantially pure population of SHPCs or mature hepato-
cytes 1s obtained using a pluripotent cell (e.g., induced
pluripotent stem cell) of the subject 1n need of treatment.
However, a substantially pure population of SHPCs or
mature hepatocytes also can be obtained using pluripotent
stem cells of, preferably, a syngeneic or allogeneic donor.
Less preferably, a xenogeneic donor 1s used.

[0067] Any appropriate dosage can be used for a thera-
peutic method provided herein. The cell dose will depend on
the extent and severity of the liver disorder or disease but a
suitable range is from about 1x10° cells/patient to about
1x10'° cells/patient per dose. In some cases, SHPCs or
mature hepatocytes obtained as described herein are co-
administered to a subject with other cell types including, for
example, sECs.

[0068] Adfter administering the cells into the subject, the
cllect of the treatment method may be evaluated, if desired,
using any appropriate method known to practitioners in the
art. The treatment may be repeated as needed or required.
Following treatment according to the methods provided
herein, the treated subject can be monitored for any positive
or negative changes in liver disorder or disease being
treated. In a preferred embodiment, an 1ncrease in liver
metabolism 1s a result of engrattment of SHPCs or mature
hepatocytes following administration of the said cells.

[0069] Administration of a therapeutically eflective
amount of SHPCs or mature hepatocytes 1nto the recipient
subject 1s generally eflected using methods well known 1n
the art, and usually mnvolves directly injecting or otherwise
introducing a therapeutically effective amount of SHPCs or
mature hepatocytes into the subject using clinical tools
known to those skilled 1n the art. For example, introduction
of SHPCs or mature hepatocytes of the present invention can
be eflected locally or systemically via mtravascular admin-
1stration, such as intravenous, intramuscular, or intra-arterial
administration, intraperitoneal administration, and the like.
Cells can be i1njected into an infusion bag (e.g., Fenwal
infusion bag (Fenwal, Inc.)) using sterile syringes or other
sterile transfer mechamisms. The cells can then be immedi-
ately mfused via IV administration over time, such as 15
minutes, 1nto a iree flow IV line into the patient. In some
embodiments, additional reagents such as buflers or salts are
provided to the recipient subject concurrently with the cells.

[0070] In exemplary embodiments, SHPCs or mature
hepatocytes of the present invention are provided to the
subject as a pharmaceutical composition comprising the
cells and one or more pharmaceutically acceptable carriers,
buflers, or excipients. The pharmaceutical composition for
administration must be formulated, produced, and stored
according to standard methods that provide proper sterility
and stability. A pharmaceutical composition of the present
invention may also comprise one or more growth factors or
cytokines (e.g., angilogenic cytokines) that promote the
survival or engraftment of transplanted cells, promote angio-
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genesis, modulate the composition of extracellular or inter-
stitial matrix, and/or recruit other cell types to the site of
transplantation.

[0071] Regarding methods of treating liver disorders, the
SHPCs or hepatocytes produced by the disclosed methods
may be used either short term or long term in patients
wherein an orthotopic liver transplant would be desirable.
Transplantation of SHPCs or hepatocytes may save many
lives, as there 1s a severe shortage of livers for transplanta-
tion, resulting 1n large number of deaths to patients on liver
transplant waiting lists. For example, SHPCs or hepatocytes
could be used for treatment of liver metabolic disorders such
as alpha-1l-antitrypsin deficiency and Wilson’s disease,
where 1n severe cases, orthotopic liver transplant 1s currently
the only recourse. Furthermore, in cases of acute liver
damage (such as from drug overdose), SHPC or hepatocyte
transplantation may also save lives. Finally, SHPC or hepa-
tocyte transplantation may help people on transplant waiting,
lists live long enough to receive an organ (i.e., bridge
transplantation).

[0072] In another aspect, SHPCs produced by the methods
described herein may be used to generate bioartificial livers.
Discarded or donor livers may be decellularized by methods
such as perfusion with detergents then recellularized using
SHPCs generated by the methods described herein. See, for
example, Mazza et al (*Decellularized human liver as natu-
ral 3D-scaflold for liver bioengineering and transplanta-
tion,” Sc1 Rep 2015, 5:13079) which describes the synthetic
in vitro growth of cells 1n a decellularized human liver
matrix.

[0073] In another aspect, SHPCs produced by the methods
described herein may be used to fabricate extra-corporeal
liver assist devices to carryout liver function outside the
body for example during a liver transplant or liver failure.
Similar extra-corporeal devices include heart-lung machines
that can perform the function of both heart and lungs using,
transplantation.

[0074] Inanother aspect, the present invention provides an
in vitro culture of SHPCs to proliferate or grow an organoid,
scallold, or recellularized organ for transplant into a subject.

[0075] In another aspect, cell populations comprising
SHPCs generated by the methods described herein are used
in drug-drug interaction, drug metabolism, and toxicity
testing. SHPCs may be cultured with one or more small
molecule, macromolecule, biologic, RNA, DNA, or other
drug candidates to measure and observe metabolites pro-
duced, rate of metabolism, and major metabolic pathways
active for the given drug or drug candidates. SHPCs may be
cultured with one or more small molecule, macromolecule,
biologic, RNA, DNA, or other drug candidates to measure
and observe drug toxicity. SHPCs may be cultured with two
or more small molecule, macromolecule, biologic, RNA,

DNA, or other drug candidates to study drug-drug or mul-
tidrug interactions.

[0076] The present invention has been described 1n terms
of one or more preferred embodiments, and 1t should be
appreciated that many equivalents, alternatives, variations,
and modifications, aside from those expressly stated, are
possible and within the scope of the invention.
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Example 1

[0077] The embodiment described here demonstrates the
derivation, culture and maturation of SHPCs.

[0078] Materials and Methods

[0079] Primary adult human and embryonic stem cell-
derived hepatocytes—Primary human hepatocytes (PHH)
were purchased from Thermo Fisher Scientific (Cat
#HMCPMS); one donor was a 19 year old Caucasian male,
(Lot #HUR295), one was a 34 year old Caucasian female
(Lot #Hul962), and one was a 23 year old female (Lot
#8290). Human embryonic stem cell-derived hepatocytes
were generated by CDI (Madison, Wis.) from a dual reporter
H9 clone expressing GFP from the Albumin promoter and
TdTomato from the AFP promoter.

[0080] MEF culture—Mouse embryonic {ibroblasts
(MEFs) were obtained from E13.5 embryos of pregnant
CD-1 female mice (purchased from Charles River Labora-
tories) 13 days post plugging, where plugging day 1s con-
sidered day 0.5. MEFs were cultured to passage 1-passage 3
(pl-p3) 1n growth medium (DMEM, supplemented with
10% heat-inactivated fetal bovine serum, 1% nonessential
amino acid solution) and irradiated with a dose of 80Gy
using a Mark 1 137Cs 1rradiator (from J. L. Shepherd and
Associates). Irradiated MEFs were seeded onto 0.1% gelatin
coated plates at a concentration of 1.8x10° cells/mL to be
used for culturing SHPCs.

[0081] SHPC denivation and culture—Primary human
adult and embryonic stem cell-derived hepatocytes (ESC-
hepatocytes) were cultured on MEFs in SHPC medium.
SHPC medium 1s E6 medium (DMEM/F12 medium,
L-ascorbic acid-2-phosphate magnesium (64 mg/1); sodium
selentum (14m/1); msulin (20 mg/1); NaHCO, (543 mg/1);
and transferrin (10.7 mg/1), Chen et al., Nature Methods
2011 8(5):424-9) supplemented with Dexamethasone (1
uM), Epidermal growth factor (100 ng/ml), Oncostatin M
(10 ug/ml), 20% Fetal bovine serum, msulin (2 ul/ml),
Nicotinamide (100 mM), Y27632 (10 uM), A 083 (0.5 uM),
CHIR 99021 (3 uM), N2 and B27 (1X-5 ml of 100X N2 and
10 ml of 50X B27 1s used to make 500 ml of SHPC
medium). PHH-SHPCs appeared about 6 days post PHH
plating on MEFs 1n SHPC medium and are first passaged
after 12-14 days. ES-SHPCs appear about 3 days post
plating on ES-hepatocytes and are first passaged 6-8 days
later. In both cases, morphologically dedifferentiated colo-
nies were picked before passaging. Cells were passaged 1:3
every 3 days for PHH-SHPCs and 1:6 for ES-SHPC:s.
[0082] Primary human sinusoidal endothelial cell cul-
ture—Primary human sECs were obtained from Cell Sys-
tems and cultured on vitronectin coated plates 1n endothelial
cell basal medium 2 (EBM™-2) supplemented with
endothelial growth medium 2 (EGM™-2) (Lonza).

[0083] RNA-Seq (LM-Seq)—Total RNA was qualified
with Life Technologies Qubit fluorometer (Q32857) and
Agilent Bioanalyzer (G2940CA). Total RNA was used to
prepare indexed cDNA libraries with the Ligation Mediated
Sequencing (LM-Seq) protocol (Hou, Z et al. 20135). Final
indexed cDNA libraries were pooled with forty-four
umiquely indexed LM-Seq c¢cDNA libraries per lane and
sequenced on an Illumina HiSeq 3000.

[0084] SHPC engraftment in immunodeficient mice—Fe-
male (genotype sp/sp:ko/ko;tg/wt, model number 12907-F)
Tk-NOG mice were purchased for transplantation experi-
ments from Taconic Biosciences. Mice were maintained on

NIH #31M Rodent Diet and 9-12 week old mice were used
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for transplantation. Mice were pretreated with ganciclovir
(diluted with 0.9% saline, 50 mg/kg body weight 1n a total
volume of 200 intraperitoneally) 14 and 7 days prior to
transplantation. 1x10° cells in 100 puL 1x phosphate-buffered
saline were directly injected into the spleen. Survival and
body weight of mice were monitored during 9 weeks fol-
lowing which they were euthanized and their livers har-
vested for histologic and flow analyses to assess percentage
engraftment.

[0085] Monitoring engraftment wvia human albumin
ELISA—Mouse blood was collected retro-orbitally and
plasma was separated by two-step centrifugation. The blood
samples were first centrifuged at 1500xg for 20 min at 4° C.,
following which the supernatant was collected and centri-
fuged again at 1500xg for about 10 min at 4° C. The
supernatant, plasma, was collected and stored at —80° C. for
ELISA. Human albumin 1n mouse blood was quantified by
an enzyme-linked immunosorbent assay (ELISA) kit from

Bethyl Laboratories (cat #E88-129).

[0086] Metabolic Enzyme Activity—Acetaminophen was
added to cultures of HU1962 PHHs, HU1926 SHPCs,
HU8295 PHHs, HU8295 SHPCs, and control HepG2 cells.

After 1 hour, the culture was assayed for production of

acetaminophen glucuronide (APAP-glu, FIG. 16) and acet-
aminophen sultate (APAP-Sul, FIG. 18) to measure phase 11
metabolism and production of acetaminophen glutathione

(APAP-GSH, FIG. 17) to measure phase 1 and phase II
metabolism. PHHs were cultured with acetaminophen and

assayed immediately after thawing. SHPCs were cultured
with acetaminophen and assayed after 3 passages.

[0087] Results

[0088] SHPC derivation and culture—SHPCs have been
described 1n rat (1) and these cells have been shown to
originate by partial de-differentiation from mature hepato-
cytes (MHs) upon hepatectomy/chemically simulated injury
to restore liver mass (3). Adult mouse liver derived MHs

have also been driven to proliferate in vitro using three small
molecules, Y27632, A 083 and CHIR 99021 (named YAC

medium) (5). Neither 1solation, culture, nor proliferation of
SHPCs from humans has been successiul 1n vitro. Attempts
to use the cell culture medium and feeder layer described by
Katsuda et al. for generation of mouse SHPCs were unsuc-
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cessiul when used with primary human hepatocytes and did
not produce stable proliferative human SHPCs. Cells gen-
erated using the culture conditions described by Katsuda
died within a few days whereas the SHPCs generated by the
method described herein survive and proliferate for at least
3 passages.

[0089] Perfusion of hepatocytes from human livers mir-
rors an injury and we hypothesized that this should prime the
hepatocytes to generate proliferating SHPCs 1n culture, if
provided with the right conditions. Since SHPCs originate
from de-differentiation of MHs and represent an undiiler-
entiated, stem cell-like population, to generate SHPCs from
human MHs, we cultured them on MEFs that support culture
of undiflerentiated cells. To induce proliferation of SHPCs,
we also provided the three small molecules that have been
shown to induce proliferation of mouse hepatocytes (YAC).
Further, we also included epidermal growth factor (EGF)
that 1s known to induce hepatocyte proliferation along with
N2 and B27, supplements that support adult stem cell
culture.

[0090] We thawed, washed and seeded primary human
adult hepatocytes (one male, batch HU8295 and one female
batch HU1962, Thermo Fisher) and embryonic stem cell-
derived dual reporter hepatocytes on MEFs in SHPC
medium (2x10° cells/10 ¢cm dish). Between 6 and 7 days
post plating, small round SHPCs with clear nucler were
observed (FI1G. 1) whereas control cells (plated on MATRI-
GEL™ coated plates 1n a commercial hepatocyte growth
medium obtained from Promocell) showed a completely
de-differentiated morphology wherein the cells are larger
and flatter than mature adult hepatocytes. SHPCs displayed
typical hepatocyte morphology, albeit much smaller than the
primary adult hepatocytes (PHHs) from which they origi-
nated. We confirmed the origin of SHPCs from mature PHHs
by observing their formation from albumin reporter express-
ing hepatocytes derived from the dual clone (FIG. 2) as has
been reported in rats. These hepatocytes were also amenable
to passaging by dissociating i 0.5% Trypsin-EDTA and
passing through a 40 um filter to eliminate MEFs. SHPCs
maintained their morphology, albumin expression and pro-
liferative capacity upon passaging (FI1G. 3).

TABL

L1

1

Gene expression values (RNA-Seq) of uncultured primary human hepatocytes and SHPCs derived from a male (HUZ295) and a female
(HUB290) donor. Also included are gene expression measurements of PHH from one donor (HU8290) cultured for 72 hours. Results
from ES dual reporter hepatocytes and dual reporter SHPCs are also shown. Data show expression of hepatic markers and xenobiotic

metabolism genes necessary for drug toxicity testing, albeit at lower levels than fresh uncultured primary hepatocytes.

Dual Dual

reporter ES  Reporter Uncultured
(Gene hepatocytes SHPCs HUR290 PPH
ALB 39376.26 35357.04 154088.63
AFP 40549.13 273.38 1.04
CD44 10.57 149.26 0.35
HNF4A 15.2 37.82 8.89
SERPINAL 4897.39 28569.59 1832.96
CYP3A4 20.58 67.19 40.89
CYP3A5 37.79 40.56 1682.01
CYP2C9 57.35 311.98 1091.52
CYP2E1 0.35 586.67 3340.11
CYP2D6 1.59 0.62 101.71
CYP2C19 7.85 52.69 175.24
CYP1Al 34.21 20.53 0
CYP1B1 1.26 2.74 3.89
UGT1Al 25.93 783.37 0

HUR290
Cultured 72  HURK290 Uncultured HUR295
Hours SHPC HUR295 PPH SHPC  Gene type
3296.66 3409.86 50870.7 1785.05 Hepatocyte marker
2.49 71.03 17.79 5.28 Hepatocyte marker
64.98 176.98 0 54.66 SHPC marker
114.1% 96.19 15.12 0.74 Hepatocyte marker
2421.04 11813.24 18254.51 1545.3  Hepatocyte marker
1.38 0.1 14.777 0.22 Phase I enzyme
35.47 226.57 32.37 81.92 Phase | enzyme
92.19 8.03 052.99 38.45 Phase I enzyme
1.01 1281.41 2556.93 251.45 Phase I enzyme
0 0.27 539.26 0 Phase I enzyme
28.32 3.31 3.94 0 Phase I enzyme
0 14.04 0.15 4.1  Phase I enzyme
0.26 104.34 2.18 48.44 Phase | enzyme
33.19 2.11 0 30.38 Phase Il enzyme
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TABLE 1-continued

Gene expression values (RNA-Seq) of uncultured primary human hepatocytes and SHPCs derived from a male (HU8295) and a female
(HUR290) donor. Also included are gene expression measurements of PHH from one donor (HU290) cultured for 72 hours. Results
from ES dual reporter hepatocytes and dual reporter SHPCs are also shown. Data show expression of hepatic markers and xenobiotic

metabolism genes necessary for drug toxicity testing, albeit at lower levels than fresh uncultured primary hepatocytes.
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Dual Dual HUR290
reporter ES  Reporter Uncultured Cultured 72 HUR290 Uncultured HUR295
Gene hepatocytes SHPCs HUR290 PPH Hours SHPC HUR295 PPH SHPC  Gene type
UGT1A6 50.92 629.48 1619.14 724.11 538.15 400.17 270.45 Phase Il enzyme
UGT1A9S 9.43 153.45 360.43 121.22 73.98 43.08 27.6  Phase Il enzyme

[0091] SHPC maturation in vitro—Since SHPCs represent

FAC sorted the albumin reporter expressing hepatocytes and

a de-diffterentiated form of MI

Hs, we tried to mature them 1n

vitro. SHPCs arise 1n hepatectomized livers and 1t has been
shown that SHPCs proliferate first after the injury followed
by proliferation of sECs. Further, 1t has been shown that
these proliferating sECs secrete hepatocyte growth factor, a
known agent that promotes hepatocyte maturation (6). We
hypothesized that sECs play a role 1n maturation of SHPCs
in vivo and co-cultured sECs with the SHPCs. SHPCs
derived from ESC-hepatocytes were co-cultured in SHPC
medium with either MEFs or sECs. Cells cultured with
sECs, unlike those cultured on MEFs, showed pronounced
bile canalicular structures between every one to two cells as
seen 1n 1 vivo hepatic chords (FIG. 4). Cells from each of
the MEF and sEC co-cultures were FAC sorted based on
albumin promoter expression and QPCR of albumin and
CYP3A (an important drug metabolizing enzyme) was per-
formed. Albumin increased ~2-fold 1n cells co-cultured with
sECs and CYP3 A increased 3-fold confirming maturation of
SHPCs 1 vitro (FIG. 5).

[0092] We had previously shown that MAPK inhibitors
inhibit 1n vitro de-differentiation of mature primary hepato-
cytes and to mature a de-differentiated cell line. We derived
SHPCs from adult mouse liver and treated them with the
MAPK 1nhibitor U0126. RNA-Seq showed U0126 to mature
the SHPCs as evidenced by increase in expression of mature
genes coupled with decrease 1n fetal hepatic genes (Table 2).

TABLE 2

MAP kinase inhibition by U0126 matures mouse proliferating hepatocytes

VEHICLE
TREATED U0126 TREATED
MOUSE ADULT MOUSE ADULT
PROLIFERATING PROLIFERATING

GENE HEPATOCYTES HEPATOCYTES
Albumin 6523 11379
CYPIAI 36 1447
CYP1AZ2 1 78
CYP3All (human 496 563

adult CYP3A4)
CYP3A16 (human 15 2
fetal CYP3A4)
UGTIAL 0 54
UGT1AGA 28 189
APOB 332 567
APOH 128 245
HNF4A 254 340
AHR 4 11
RARA 1 5
RXRA 28 40
[0093] We treated the ESC-hepatocyte dertved SHPCs 1n

SHPC medium and co-cultured with MEFs and U0126. We

performed QPCR. FIG. 6 shows a 2-fold increase 1n albumin
expression and a 3-fold increase in CYP3A expression 1n
cells cultured with U0126, confirming their maturation.
Table 1 shows RNA-seq data from SHPCs derived from
ES-hepatocytes.

[0094] SHPC metabolic activity—FIGS. 16 and 18 show
that SHPCs breakdown acetaminophen to APAP-gluc and
APAP-sul, which are products of the phase II metabolic
pathway. APAP-GSH (FIG. 17) 1s a product of both phase I
and phase 11 metabolic pathways. This data demonstrate that
the SHPCs have equivalent or higher metabolic activity to
the starting population of primary human hepatocytes from
which the SHPCs were differentiated. Metabolic activity
was assayed after the SHPCs has been through 3 passages,
demonstrating that these cells are stable and proliferating 1n
culture and maintain their metabolic activity long term.

Discussion

[0095] We here show the derivation, culture and matura-
tion of SHPCs from adult human liver derived hepatocytes.
These cells will be useful 1n multiple ways; they will close
the huge diflerence between demand and supply that exists
in the pharmaceutical industry for hepatocytes needed for
drug development and drug metabolism studies/metabolite
identification, toxicity testing and drug-drug interaction
studies. They will also be useful for development of drugs
against hepatotropic viruses that cause cirrhosis and liver
cancer as well as other inherited and acquired liver diseases.
These cells can be used to humanize mouse livers for
studying the role of immune system in development of
chronic inflammation in the liver and establishment of viral
infection both of which lead to cirrhosis and liver cancer.
These cells can be used for transplantation 1n the clinic for
regeneration of diseased livers. Finally, they can be poten-

tially used for fabrication of extracorporeal liver assist
devices and bioartificial livers.
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1-6. (canceled)

7. A substantially pure, isolated population of CD44”
small hepatocyte progenitor cells 1s obtained by culturing
human hepatocytes 1n the presence of embryonic fibroblasts
in a culture medium that comprises Y27632, A-083, and
CHIR99021, epidermal growth factor, N2 and B27.

8. A pharmaceutical composition comprising the cell
population of claim 7 and a pharmaceutically acceptable
carrier.

9. A method for treating a liver disease or mjury in a
patient, comprising admimistering to the patient a therapeutic
dose of CD44™ small hepatocyte progenitor cells of claim 7.

10. The method of claim 9, wherein the disease or injury
1s selected from the group consisting of hepatitis liver
infection, cirrhosis of the liver, alpha-1-antitrypsin defi-
ciency, Wilson’s disease, inherited liver disease, chronic
liver disease and acute liver damage.

11. A method for obtaining a population of mature human
hepatocytes, the method comprising:

culturing the population of small hepatocyte progenitor

cells of claim 7 1n the presence of sinusoidal endothe-
lial cells 1n a culture medium that supports survival of
sinusoidal endothelial cells and under conditions suit-
able for generation of mature human hepatocytes,
whereby a cell population comprising mature hepato-
cytes 1s obtained.

12. The method of claim 11, wherein the sinusoidal
endothelial cells are human liver sinusoidal endothelial
cells.

13. The method of claim 11, wherein the culture medium
comprises N2 and B27.

14. The method of claim 13, wherein the culture medium
turther comprises dexamethasone and epidermal growth
factor.
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15. A method of obtaining a population of mature human
hepatocytes, the method comprising:

culturing the population of small hepatocyte progenitor

cells of claim 7 1n a culture medium comprising a
MAPK 1nhibitor, whereby a cell population comprising
mature hepatocytes 1s obtained.

16. The method of claim 15, wherein the population of
small hepatocyte progenitor cells 1s cultured in the presence
of mouse embryonic fibroblasts or human embryonic fibro-
blasts.

17. The method of claim 15, wherein the population of
small hepatocyte progenitor cells 1s cultured 1n the presence
of human sinusoidal endothelial cells.

18. The methods of claim 15, wherein the MAPK 1nhibi-
tor 1s UOQ126.

19. The method of claim 15, wherein the culture medium
additionally comprises N2 and B27.

20. The method of claim 19, wherein the culture medium
additionally comprises dexamethasone and epidermal
growth factor.

21. The cell population of claim 7, wherein the CD44~
small hepatocyte progenitor cells proliferate 1n culture for at
least 3 passages.

22. The cell population of claam 7, wherein after 3
passages, the small hepatocyte progenitor cells retain meta-
bolic enzyme activity at a level at least 95% as high as that
of the cultured human hepatocytes.

23. The cell population of claim 7, wherein the SHPCs are
genetically engineered and comprise a heterologous nucleic
acid.

24. A substantially pure, 1solated population of genetically
engineered mature hepatocytes derived from the cell popu-
lation of claim 23.

25. A cell culture medium comprising epidermal growth
factor, Y27632, AO83, CHIR99021, N2, and B27.

26. The cell culture medium of claim 235, comprising
between about 10 ng/ml and about 200 ng/ml epidermal
growth factor, between about 0.5 uM and about 50 uM
Y27632, between about 0.05 uM and about 10 uM A0S3,
between about 0.1 uM and about 20 uM CHIR99021, 1X
N2, and 1X B27.

27. The cell culture medium of claim 23, additionally
comprising dexamethasone, Oncostatin M, fetal bovine
serum, 1nsulin, nicotinamide, or combinations thereof.

28. The cell culture medium of claim 27 comprising 1 uM
dexamethasone, 100 ng/ml epidermal growth factor, 10
ug/ml Oncostatin M, 20% {fetal bovine serum, 2 ug/ml
isulin, 100 nM nicotinamide, 10 uM Y27632, 0.5 uM
AO0R3, 3 uM CHIR99021, 1X N2 and 1X B27.
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