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Human hepatic stem cells (hHpSCs), identifiable by a unique antigenic profile, have been isolated from human
livers and established ex vivo under expansion conditions permissive for self-replication. The conditions consist of
a substratum of type III collagen, ideally on Transwell inserts, and Kubota’s medium, a serum-free medium
developed for hepatic progenitors. Under these conditions the cells demonstrated a doubling time of ~24h,
generating at least a 16-fold increase in cell number within 7-10 days; were stable at confluence for up to 2 weeks;
could be passaged, if on type III collagen, to initiate colonies that went through log-phase growth and saturation
density kinetics; and expressed telomerase, indicative of regenerative capacity. The hHpSC colonies remained
morphologically and phenotypically stable throughout expressing epithelial cell adhesion molecule, neural cell
adhesion molecule, albumin, cytokeratins 8, 18, and 19, but not a-fetoprotein, or intercellular adhesion molecule-1
(ICAM-1). Those maintained under self-replication conditions for more than a month were transplanted and
found to engraft in the livers of SCID/nod mice yielding human liver tissue expressing adult liver-specific
proteins. The conditions for self-replication should offer ideal culture conditions for generating large numbers of
hHpSCs for use in commercial and clinical programs.

Introduction bioartificial livers.” A bioartificial liver capable of support-
ing a patient must have up to 20% of an adult liver mass
of ~2000g, a percentage requiring billions of cells.® The

HUMAN HEPATIC STEM CELLS (hHpSCs) have been iden-
only liver parenchymal cells capable of such expansion are

tified in livers of all donor ages, and can be purified by

immunoselection for epithelial cell adhesion molecule (Ep-
CAM) and neural cell adhesion molecule (NCAM).!™® They
are 7-9 pm in diameter, form morphologically uniform cell
colonies expressing EpCAM, CD133/1, NCAM, E-cadherin,
claudin 3, albumin+/—, cytokeratins (CK) 8, 18, and 19,
and are negative for o-fetoprotein (AFP), hemopoietic,
endothelial, and mesenchymal cell markers."* They are found
in vivo in ductal plates of fetal and neonatal livers, and canals
of Hering in pediatric and adult livers.® The hHpSCs are
precursors to hepatoblasts (hHBs) that have key distinctions
in their phenotypic profile including strong expression of
AFP, ICAM-1, and P450-A7 and loss of NCAM. We have
hypothesized they are the liver’s transit amplifying cells."*®

Ability to expand hHpSCs or hHBs is desired to gen-
erate cells for clinical and commercial programs and for

stem /progenitor cells.”'’

Past methods for expanding hHpSCs'* comprised tissue
culture plastic (TCP) with Kubota’s medium (KM)."! In the
present study, we show that a matrix component dominant
in the liver’s stem cell niche, type III collagen, elicits self-
replication of the hHpSCs. These findings complement prior
investigations indicating distinctions in matrix chemistry
between the stem cell niche and the different zones within
the liver acinus.'?

Materials and Methods

Most of the methods, analytical strategies, and all of the
sourcing of antibodies and reagents are given in the Online
Supplement (available online at www liebertonline.com/ten).
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Culture medium

KM was prepared as described previously.'"** During the
first 10h of culture, KM was supplemented with 10% fetal
bovine serum to inactivate liver processing enzymes and fa-
cilitate cell attachment. Thereafter, media changes used only
serum-free KM.

Collagen substrata

Culture dishes (Falcon, Franklin Lakes, NJ) or inserts were
coated with 6.25 or 60 pg/ cm? of Sigma’s (St. Louis, MO) type
II collagen, with 1.0 pg/cm? of Becton Dickinson’s (Franklin
Lakes, NJ) highly purified type III or type IV collagen, or
0.4mL of type I collagen.

Passaging techniques

The hHpSCs proliferated rapidly in the first 10-12 days of
culture and then underwent saturation density kinetics.
Subsequently and to prevent saturation kinetics, the cells
were passaged. Three protocols for passaging of the cells
were tried: (1) standard trypsinization, (2) treatment with
phosphate-buffered saline (PBS) without calcium, and (3)
mechanical manipulation. When passaging with mechanical
manipulation and gentle suction, a 200 pL mechanical pipette
was employed. Passaged cells were evaluated by image
analysis using Metamorph tracking software (Universal
Imaging, Downingtown, PA).

Telomerase

Indirect measurements of telomerase activities were ac-
complished using assays described previously."*® For fur-
ther details, see the Online Supplement, available online at
www liebertonline.com/ten.

Results

Phenotype of pluripotent human
hepatic progenitors

The hHpSC colonies were culture selected on tissue culture
plates (TCP) and in KM. As shown in Figure 1, hHpSC colo-
nies under these conditions have a morphology similar to that
of embryonic stem cell colonies in that they are tightly and
densely packed; they strongly express EpCAM (green) and
NCAM (red) (Fig. 1F, G). The average cell diameteris 8 +1 pm
with the nucleus occupying as much as ~90% of the cell. Up
to four nucleoli were observed; each cell maintained discrete
borders. In the first few days, there were also hHBs (not
shown), recognizable as being larger (10-12 um) and more
three dimensional, producing colonies with cord-like mor-
phology interspersed by clear channels assumed to be bile
canaliculi, and expressing AFP and ICAM-1, but not NCAM
or claudin 3. The hHBs survived for only a few days on TCP
and were wholly absent from all cultures by 10-14 days after
seeding. In prior studies we have shown that hHBs require
either embryonic mesenchymal feeders, such as embryonic
mouse stromal cell line (STO) feeders, or specific matrix com-
ponents, such as hyaluronans, to survive ex vivo.MA4P

Immunofluorescence studies on day 7 of cultures

Immunofluorescence for markers representative of hHpSCs
was done on day 7 cultures on TCP (Fig. 1A-G). The hHpSCs

McCLELLAND ET AL.

have strong expression of EpCAM (Fig. 1A2), positive ex-
pression of albumin (Fig. 1B1), NCAM (Fig. 1B2, B3), and
CK19 (Fig. 1C1-C4). The levels of CK19 are even higher in
committed biliary cells (colony on right side of Fig. 1C2). No
expression was found for AFP and ICAM-1 in the hHpSC
colonies. E-cadherin expression paralleled that of EpCAM
except that its levels were lower (data not shown). The
hHpSCs plated onto type TII collagen (Sigma; 6.25ug/cm?)
retained the morphology and antigenic profile of the hHpSCs
on TCP with tightly compact colonies and with individual
hHpSC diameters of ~8+1pum (Fig. 2A, B). Those plated
onto type IV collagen or laminin rapidly converted to cells
with an hHB phenotype (Fig. 2C, D) that included expression
of AFP, ICAM-1, and loss of NCAM and claudin 3 (data not
shown).

Colony formation by hHpSC occurs more quickly
with cells on type Il collagen

Colony formation of hHpSCs occurs more quickly when
cells are seeded on collagen type III (Sigma; 6.25 ug/cm?) due,
in part, to improved attachment efficiency; attachment was at
least 40% better on type III collagen relative to that on TCP
(data not shown). The early colonies that formed consisted of
small numbers of cells, typically three to four cells per colony.
Quantification of the improved ability to form colonies is
documented in Figure 3; the histogram’s vertical axis indi-
cates the number of colonies, whereas the x-axis denotes days
2-17 of culture. The histograms indicating hHpSCs plated on
TCP are labeled black and those for colonies on Sigma’s type
III collagen are labeled with gray bars. The hHpSC colonies
appeared by day 3 when on Sigma’s type III but not until day
7 for those seeded onto TCP. For cell cultures seeded onto
Sigma’s type IIT (6.25 ug/cm?), there were over 40 and 333
colonies by days 5 and 9, respectively. In contrast, the maxi-
mum number of colonies observed on TCP was less than 10
during the 16-day culture period. The drop in total hHpSC
colony numbers on Sigma’s type III (6.25 pug/cm?) at day 16
was due to merging of colonies into single large colonies. The
insert also depicts colony formations for hHpSCs seeded onto
type I collagen or onto purified type III or IV collagens from
Becton Dickinson. For cultures with cells plated onto collagen
I, hHpSC colony formation peaks at day 7 with over 65 col-
onies. However, the cells were not stable on this collagen and
underwent a steady decline through day 25. By contrast,
when cells were seeded onto purified collagen III or 1V, the
number of colonies peaked by day 20, with 95-120 hHpSC
colonies, and the numbers of colonies remained uniform
through the study end by day 25.

Behavior and stability of cells at confluence
on different substrata

The hHpSCs on TCP achieved saturation density kinetics
by day 7, but never achieved confluence over the entire dishes.
Moreover, they were not stable at confluence, losing cells
steadily into the media, especially when the colonies under-
went contraction, resulting in only ~15% of the dish surface
area covered by cells by day 30. The cells were unable to be
passaged successfully from TCP to TCP. On type III collagen,
they achieved confluence by days 10-12, were stable for up to
2 weeks and then began to decline in cell numbers resulting in
a loss of up to ~20% of the cells by day 30. The loss in cell
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FIG.1. Phase contrast day-7 images (A1, B2, C1, and C3) paired with immunofluorescent staining (A2, B1, B3, C2, and C4)
of hHpSC colonies and demonstrating some of the most well-studied markers found in the hHpSCs. The hHpSCs are highly
positive for EpCAM (A2), albumin (B1), and CK19 (C4). NCAM is strongly positive especially at the edges of colonies and in
bands of cells through the colonies (B3). The level of expression of CK19 is strongest in committed biliary progenitors seen in
cells found to the right of an hHpSC colony in (C2). Morphology of hHpSC colonies and expression of signature antigens.
Phase contrast (D) and differential interference contrast microscopy (DIC) image (E) of hHpSC colonies on TCP and in KM.
Confocal phase images (F, G) of hHpSC colonies. (F) Cells stained for EpCAM (green). (G) Cells stained for EpCAM (green),
NCAM (red). Nuclei are stained with 4',6-diamidino-2-phenylindole (DAPI) (blue).
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FIG. 2. Phase contrast im-
ages of hHpSC colonies plated
onto TCP (A), type III collagen
(B), laminin (C), type IV col-
lagen (D), and on type III
collagen for more than a
month (E, F). Note that the
hHpSCs plated onto laminin
or type IV collagen become
more irregular in shape with
clear channels found between
cells, distinctions found asso-
ciated with hHBs. The cells on
laminin or type IV collagen
also expressed AFP and
ICAM (data not shown).

numbers could be avoided, if the cells were passaged to new
dishes or inserts coated with type III collagen. Comparisons
were made to other forms of extracellular matrix including
type I collagen and purified type III or type IV collagens from
Becton Dickinson (Fig. 3, Insert). Cells seeded onto collagen I
(dark gray) demonstrated proliferation beginning by day 3,
reached a plateau by day 17, and declined in numbers there-
after. On purified type III collagen from Becton Dickinson
(slanted lines), the behavior was similar to that on type III
from Sigma, with colony formation evident by day 3, in-
creasing through day 25 and with relative stability at con-
fluence. The cells on type IV collagen from Becton Dickinson
(white) demonstrated colony formation by day 5 with sus-
tained colonies through day 25. However, they were less
stable at confluence. A summary of the behavior of the cells on
the different matrix substrata is given in Table 1.

Colony sizes versus total culture surface areas

To correlate proliferation dynamics, bubble plots were
used to illustrate “relative cell coverage areas” (Fig. 4). For this
analysis, the maximum culture surface area is 9.62 cm?
(35 mm dishes) and is illustrated as large, light gray circles
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(Fig. 4A). As hHpSCs proliferated to cover portions of the
surface, colony area summations were evaluated to indicate
changing growth dynamics. The hHpSCs on TCP are sym-
bolized as black circles. Those on Sigma’s type III collagen
(6.25 pg/cm?) are symbolized as dark gray circles. The data
from cells on different substrata are indicated by the distinct
bullet points; the data are dispersed over the x-axis to indicate
the results from assays over time. On day 1, hHpSCs are not
visualized in cultures on either TCP or Sigma'’s type III col-
lagen (6.25 ug/cm?). By day 5, the hHpSCs plated onto Sig-
ma’s type IIT collagen (6.25 pg/cm?) had expanded to cover
~35% of the surface, whereas hHpSCs are still not evident in
cultures on TCP. By day 10, those on Sigma’s type III collagen
(6.25 ug/cmz) had expanded to cover ~40% of the surface,
whereas those on TCP indicate only ~27% coverage. By
day 20, hHpSC colonies on Sigma’s type III collagen had ex-
panded to be essentially confluent, covering more than 80% of
the surface area, compared with those on TCP on which the
hHpSCs covered only about ~30% of the surface area. Pro-
liferation of hHpSCs on type I collagen was compared to that
on Becton Dickinson’s purified type III or type IV collagens
(see Fig. 4B). As shown, cells seeded on collagen I (dark gray)
demonstrate proliferation beginning by day 3, peaking near
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day 17, and waning thereafter. On purified type III collagen
from Becton Dickinson (slanted lines), proliferation is evident
by day 3 and increases through day 25. hHpSCs on type IV
collagen from Becton Dickinson (white) demonstrate prolif-
eration by day 5, and it increases through day 25.

Cell division rates

Quantitative analyses of the division rates are given in
Figure 4C that depicts the growth curves of hHpSCs on TCP
(black) versus those on type III collagen (Sigma; 6.25 jig/cm?)
(gray) over culture days 5-30. The first observation of hHpSC
colonies occurs by day 5 with cells seeded onto collagen type
I (Sigma; 6.25pg/cm?). At this time, ~2500 hHpSCs are
evident, considered the initial “0” data set. By day 10, cell
numbers are ~ 34,000 in cultures on collagen type III (Sigma;
6.25pg/ cm?) versus ~ 26,000 in cultures on TCP. Both graphs
illustrate a “near linear” growth rate through day 10, with
a mathematical slope being steeper for hHpSCs in cultures
on collagen type III (Sigma; 6.25 pg/ cm?). There is a 38% in-
crease rate in cells on collagen type III (Sigma; 6.25 pug/cm?)
versus TCP. After day 10, the cultures demonstrate saturation
density kinetics with those on collagen type III (Sigma;
6.25 ug/cm?) displaying maximum cell counts of 43,000 at day
18, whereas maximum counts in cultures on TCP approached
26,000 cells at day 12. The hHpSC colonies are not stable after
achieving confluence and decline thereafter to ~22,500 in
cultures on collagen type III (Sigma; 6.25ug/cm?) versus
~14,000 in cultures on TCP.

The division rates were distinct for log-phase growth
(days 1-10) versus saturation density kinetics (days 10-20)
versus postconfluence (days 20-30). The collagen substrata
resulted in increases (or losses) of the numbers of colonies
depending on the collagen type. During log-phase growth,

17

EER hHpSC on Plastic (TCP)

days 5-10, hHpSC doubling rates on collagen type III (Sig-
ma; 6.25pug/cm?) (gray) versus TCP (black) are 1.2 and 2.5
days, respectively. During saturation density kinetics, days
10-20, the hHpSCs on collagen type III (Sigma; 6.25 ug/ cm?)
demonstrated doubling rates that had slowed significantly;
the calculated doubling time is 40 days. Postconfluence
phase occurred from days 20 to 30. The cells on TCP were
slowly losing cells into the medium, whereas those on col-
lagen type III were relatively stable.

The culture conditions select for hHpSCs

The hHpSC colonies plated onto TCP versus type III col-
lagen were compared morphologically (Fig. 2A, B) and for
production of secreted, liver-specific proteins throughout a
30-day culture period (Fig. 5A). Immediately after plating, the
cultures on TCP or type III collagen were predominantly
hHBs, recognizable by their size (10-12 pm), by the cord-like
structures of the colonies that they form, and by expression of
a-fetoprotein and albumin. Within ~7 days on TCP and by
~12 days on type III collagen, the hHBs had disappeared
leaving behind only the hHpSC colonies. The expansion of the
hHpSCs continued until confluence at which point the cells
entered into saturation density kinetics in which their growth
rate slowed or stopped. Those on TCP were not stable at
confluence, undergoing contraction and loss from the plates.
Those on type III collagen were stable for 2 weeks or more and
only then showed signs of cell loss. Merging of colonies was
variable depending on the cell numbers in the dishes. By day
30, the hHpSCs on TCP had formed hollow, circular bands of
tissue that were undergoing contraction resulting in the bands
of tissue lifting off into the medium. Those on type III collagen
(Sigma; 6.25 pg/cm?) also formed contracting bands but were
able to remain on the dishes, though the contractions did pull
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FIG. 4. Quantification of proliferation responses. (A) Summation of hHpSC proliferation patterns for cells seeded on TCP
(black) or Sigma’s type III collagen (gray). Large, light gray circles represent the total seeding area (35 mmbD dish). (B) The
hHpSC colony growth patterns seeded on collagens I and BD collagens III and IV contrasted against total available surface area
(35 mmD), and against hHpSC cells seeded on Sigma collagen type III. (C) Quantified numerical variations for cells seeded on
TCP (black) and Sigma type III collagen (6.25 ug/cm?) cultures (gray). “J” labels duplicate cultures analyzed in different

formats.

the cells away from some portions of the dishes leaving bare
regions.

Albumin secretion

The morphological changes in the long-term cultures were
paralleled by changes in the production of secreted, liver-
specific proteins such as albumin (Fig. 5). Albumin expression
was analyzed in cultures of hHpSCs seeded on TCP (e) versus
on substrata of 6.25 ug/ cm? Sigma’s type III collagen (o). Al-
bumin levels were normalized per cell and given as albumin
concentrations (ug/mL) per 24-h interval. Three phases are
established to segment divisions on the x-axis: (1) the initial
phase occurred when hHBs dominated the cultures correlat-
ing with high levels of albumin in the medium (with levels
reaching 5.2E-6 jig/mL on TCP vs. ~2.5E-6 g /cm? on type ITT
collagen); (2) a second phase (days 7-11 on TCP and days
9-15 on type III collagen), there was a mixture of hHBs and
hHpSCs correlated with declining levels of albumin secretion
(low to negligible on TCP; peaking at 6.25E-6 ng/mL for cells
on type III collagen but then declining); and (3) a third phase
(days 11-30) in which hHpSCs were the only hepatic pro-
genitors evident, correlating with low but stable levels of al-
bumin. By day 30 the cultures were found to express little to
no albumin under all culture conditions tested.

Passaging of the cells

Cells are well known to undergo rapid division rates ini-
tially during log-phase growth, and then to slow their growth
at higher densities as they become confluent, a phenomenon

called saturation density kinetics; normal cell growth arrest at
lower densities than do tumor cells. The ability to passage cells
permits one to reactivate repeatedly the log-phase growth
kinetics and, thereby, optimize the expansion potential of the
cells. Initial attempts to passage hHpSCs utilizing trypsin,
other enzymes, or PBS and all methods in which cells were
passaged to TCP failed; most cells did not reattach and rap-
idly loss viability. Mechanical disruption of the cells proved
more beneficial but still resulted in limited success until cells
were passaged onto Transwells coated with type III collagen
(Fig. 5B). The hHpSCs were cultured for 2 weeks on TCP and
then passaged under one of four conditions: TCP (black),
untreated Transwell inserts (crosshatch white background),
collagen type III (Sigma; 6.25 ug/cm?)—coated Transwell in-
serts (crosshatch gray background), and Sigma III collagen
(60 ng/ cm?)—coated Transwell inserts (gray with horizontal
lines). Two weeks after passaging, the number of hHpSC
colonies was counted. Those passaged from TCP to TCP re-
sulted in only 2 colonies, from TCP to untreated Transwells
resulted in 15 colonies, from TCP to Transwells with type III
collagen were the best with 18 colonies at 60 ug/cm?, and 55
colonies if on inserts with 6.25 ug/cm® This is a 310% im-
provement over colony formation on TCP.

Telomerase activity

Telomerase activity in hHpSC colonies was assessed using
HelLa cells, a customary standard for telomerase assays. The
telomerase activity was measured in hHpSC on culture plastic
(black) versus on Sigma’s type III collagen (6.25pg/cm?)
(gray) and expressed as a percentage of the HeLa controls
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FIG. 5. (A) Albumin secretion of hHpSCs in primary cul-
tures was always significantly higher in cells on type III col-
lagen than on TCP and went through a distinctive pattern
over the 30 days of the culture, paralleling the process
of transition from cultures dominated by hepatoblasts, with
high albumin production, in the first week to ones occupied
entirely by hHpSCs, with lower but stable albumin produc-
tion, by 11-12 days. (B) Passaging effects on colony formation.
The number of colonies that formed when hHpSCs were
passaged from TCP to TCP was only two. Passaging was
more successful on inserts with 16 colonies forming and was
most successful if the insert was coated with type III collagen.
There was a collagen concentration effect such that 18 colonies
formed with collagen concentration of 60 jig/cm? and 55 col-
onies with 6.25 ug/ cm?. (C) Telomerase activity of hHpSCs on
culture plast1c (black bar) versus Sigma’s type III collagen
(6.25 pg/cm 2) (light gray) and given as a percentage of that in
HelLa cells (white). The activities are normalized per cell.
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(white). The data were normalized to cell numbers (Fig. 5C)
and then given as a percentage of that found in HeLa cells.
Telomerase activities for cells on TCP were 85% (day 10) and
92% (day 20) of that of HeLa cells; the levels for cells on type
III collagen were 40% (day 10) and 92% (day 20) of HeLa
controls.

Transplantation of hHpSCs cultured on type Il
collagen substratum and in KM gives rise
to human liver tissue in vivo

Our prior studies indicated that transplantation of freshly
isolated EpCAM+ cells or of hHpSC colonies, derived from
fetal, neonatal, or postnatal livers, into livers of SCID/nod
mice resulted in engraftment and the formation of mature
human liver parenchymal cells.! We did similar experiments
with hHpSC colonies maintained for more than 2 months on
type III collagen. Liver sections from mice transplanted with
hHpSCs from cultures contained cells strongly expressing
human-specific proteins (Fig. 6). The phenotype of the cells
changed with time after transplantation. The cells prior
to transplantation were EpCAM+, CK19+, NCAM+, and
AFP—. Within the first week after transplantation, the en-
grafted cells were EpCAM+, ALB+, CK19+, and AFP+, a
profile indicative of differentiation to hHBs. Two weeks af-
ter transplantation, the sections contained cells that were
ALB+ and CK19+ but negative for AFP and EpCAM, a pro-
file indicative of further differentiation toward mature hu-
man liver cells. The expression of human albumin and CK19
persisted for more than 40 days in the murine livers. In data
not shown, the liver sections were negative for late genes
such as P450s. The data suggest that the engrafted hHpSCs
gave rise to maturing human liver tissue that expressed
some, but not yet all, of the adult hepatocyte functions.

Discussion

We studied hHpSCs, found in livers from all donor
ages," ™" to learn the conditions for expansion ex vivo. Our
studies are the only ones on cells with this phenotypic pro-
file. The only other report of presumptive hHpSCs identified
subpopulations with mesodermal (e.g., CD34) and endo-
dermal (e.g., albumin) markers, and claimed that they are
capable of lineage restricting to both endodermal and me-
sodermal fates.'® We suggest that this finding is incorrect
and due to coselection for hepatic progenitors with tightly
clinging mesenchymal companion cells. Rigorous multi-
parametric flow cytometric analyses' on the hHpSCs and on
the hHpSCs in long-term cultures studied here have failed
to identify any hemopoietic, endothelial, or mesenchymal
markers on the cells."

Most markers defining hHpSCs were expressed at similar
levels in all cultures. The only one showing variability was
NCAM, expressed by both hHpSCs' and by angioblasts."” Tts
levels were always highest at the edges of colonies at which
angioblasts have been found previously." The variability
in NCAM is hypothesized to be due to variations in angio-
genesis within the colonies, a hypothesis corroborated by
prior findings of hedgehog signaling in hHpSCs, a signaling
pathway known to be important for angiogenesis.

Conditions for self-replication of the hHpSCs have been
identified permitting significant expansion of the cells with
retention of the stem cell phenotype. They consist of KM
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used in combination with type III collagen, ideally coated
onto Transwell inserts. The usefulness of KM has been
demonstrated previously for rodent and human hepatic
progenitors.' 1121720 These conditions proved successful
for hHpSCs but not for their immediate descendents, hHBs,
that disappeared from cultures in 7-10 days under all con-
ditions except type I collagen on which they persisted for
14-16 days. Conditions required to sustain them long-term
ex vivo include special mesenchymal feeders or embedding
them into hyaluronan hydrogels."*” The behavior of hHBs
has led to our hypothesis that they are the liver’s transit
amplifying cells.®

Under self-replication conditions, hHpSCs remained phe-
notypically stable for weeks to months and yet were able to
give rise to mature liver tissue when transplanted into livers
of immunocompromised hosts. Further evidence for self-
replication and proliferation is that hHpSCs have significant
telomerase activity. Telomerase is a ribonucleoprotein en-
zyme complex composed of RNA and proteins and is present
in proliferating cells in which it stabilizes chromosome
length.

Passaging proved challenging technically, as it has been
for embryonic stem (ES) cells,”> and was accomplished if
small cell aggregates were passaged onto Transwells coated
with type III collagen but not if onto TCP or onto other
matrix substrata such as type I collagen. Being able to pas-
sage the cells was essential in order to achieve the maximal
expansion potential of the cells given that they obey satu-
ration density kinetics.

The epithelial-mesenchymal relationship, long known to be
central to regulation of tissues, is mediated by paracrine sig-
nals comprised of soluble factors and insoluble extracellular
matrix factors. Newly recognized is that the relationship is

349

FIG. 6. Liver sections from
SCID/nod mice transplanted
with hHpSCs from human fe-
tal livers. Stained sections
demonstrate cells expressing
human-specific proteins with-
in the murine liver sections
(arrows indicate human cells).
(A) AFP after 7 days, (B)
albumin after 40 days, and
(C, D) CK19 after 14 days and
40 days, respectively.

maturationally lineage dependent. The exact composition of
the paracrine signals changes with each of the maturational
lineage stages. The matrix components, part of the paracrine
signals produced by the parenchymal-mesenchymal interac-
tions, change with the maturational lineage stage. The stem
cell niche comprises a partnership between hHpSCs, angio-
blasts, and hepatic stellate cells."*?**'*> The known extra-
cellular matrix components produced by angioblasts and
hepatic stellate cells include laminin, type III and IV colla-
gens,”?” and hyaluronans.”®*’ To achieve optimal ex vivo
expansion of hHpSCs requires that one mimic the paracrine
signaling occurring between hHpSCs and their mesenchymal
cell partners.***! We surveyed the effects of the known matrix
components found in the liver’s stem cell niche and learned
that self-replication of hHpSCs occurs with use of type III
collagen. In prior studies, we reported that seeding hHpSCs
onto or into hyaluronans results in lineage restriction to
hHBs.*

More than 25 types of collagens have been identified,**** of
which three of the primary ones in liver include type I colla-
gen, [al(I)]o[a()]; type III collagen, [al(III)];, referred to in the
older literature as reticulin and known to be produced by
endothelial cell precursors34’35; and type IV, [a1(IV)],[a2(IV)],
which yields collagen scaffolds that are nonfibrillar.*** In
fetal livers, collagen III and IV are two of the dominant
collagen types.”” By contrast, the matrix chemistry associ-
ated with mature parenchymal cells contains type I collagen
mixed with small amounts of type III; no type IV collagen
is present.*®* Limited and very slow growth or even apo-
ptosis was observed with hHpSCs plated onto type I collagen
or on fibronectin. This would seem surprising given that type
I and III collagens are so similar in their amino acid se-
quences.32 However, fibril formation is quite distinct between
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the two due to modifications of the collagen molecules during
posttranslational processing in the Golgi.**”> The distinctions
result in long fibrils made of large numbers (five to hundreds)
of molecules for type I collagen and in thin, short fibrils
with few (exact number unknown) molecules for type III
(:011;;1gen40’41 (M. Yamauchi, personal communication). Em-
pirically, the ratio of collagen III /I is very high in fetal tissues;
the ratio shifts with type I collagen dominating in ma-
ture tissues.*>*® The distinctions in numbers of collagen
molecules/fibril and their relative proportions in fetal versus
adult tissues could explain the differences in response of the
stem cells if one assumes that turnover of the collagen is a
prerequisite for cell division. The sheer mass of collagen
molecules to be turned over would be greater for type I col-
lagen than type III collagen and could serve to stabilize tissues
during development.

The use of growth-permissive collagen substrata in com-
bination with the defined medium eliminates the need
for embryonic stromal feeders for the stem cells, at least in
short-term experiments of up to 2 months. Long-term cul-
tures of the stem cells are likely to require soluble paracrine
signals from the feeders, and several such signals have been
identified and are the focus of ongoing studies.

The value of these findings is that they enable one to ex-
pand ex vivo hHpSCs under essentially self-replication con-
ditions that are wholly defined, facilitating their use in
clinical and industrial programs.
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