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FIGURE 1. Kinetics of the FRC response
following immune stimulation. (A) Experi-
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We next investigated the turnover of LNSC subsets by contin-
uous BrdU labeling throughout VV-OVA infection (up to day 28
p-i.). In this experimental setting, BrdU incorporation identifies
cells that have been replaced within the time frame of the experi-
ment. Turnover of endothelial cells commenced as early as day 4 p.i.,
whereas there was a marked increase in BrdU" FRCs from day 7 p.i.
(Fig. 1E, Supplemental Fig. 1D). The proportion of BrdU* cells
across all LNSC subsets remained constant after day 14 p.i., sug-
gesting an accelerated turnover rate of these cells during the first
2 wk of acute viral infection. In nonreactive LNs, only minimal
turnover of LNSCs was observed across the 28-d duration of our
experiments (Fig. 1E).

Immunofluorescent staining of popLN sections revealed that
FRCs were present in the central and perivascular areas of the T
cell region and the medulla (Fig. 2A). FRC localization was not
affected by infection. BrdU™ FRCs (cells that had been replaced
p.i.) were found throughout the T cell region after continuous
BrdU labeling for 14 d (Fig. 2B). However, the density of BrdU™
FRCs was substantially higher in the perivascular areas of both
the T cell region and the medulla (Fig. 2C), suggesting that FRC
precursors may be enriched in this subcompartment. Similar
results were observed in mice immunized with OVA protein
emulsified in CFA (data not shown).

FRCs are terminally differentiated cells that are replenished by
local precursors

LNSC turnover could result from two possible events: proliferation
of LNSCs themselves and/or differentiation from stromal precursor
cells. We evaluated the proliferation of LNSCs after viral infection

Days after VV-OVA infection
[dreactive popLN

Days after W-OVA infection
@ reactive O non-reactive

using short-term in vivo BrdU pulse-labeling experiments
(Fig. 3A). Although BrdU incorporation by BECs and LECs was
evident as early as day 3 p.i. and was detectable until day 14,
minimal FRC proliferation was detected in reactive popLNs and
only on day 7 p.i. (Fig. 3B). The low proliferation of FRCs was
confirmed using #639/#474 mice, which were engineered to allow
visualization of cell cycle progression in a labeling-free manner
through the reciprocal expression of Cdtl-coupled Kusabira-
Orange and geminin-coupled Azami-Green during the G; and
S/G»/M phases of the cell cycle, respectively (18) (Fig. 3C). Taken
together, our data suggest that FRC expansion is initiated by the
generation of new FRCs by intranodal precursor cells, rather than
the proliferation of terminally differentiated mature FRCs. Of
note, the expansion and turnover of total CD45~ CD31 gp38~
double negative (DN) cells progressed with similar kinetics to
those of FRCs (Supplemental Fig. 2A, 2B). Moreover, there was
a readily detectable proportion of proliferating cells within the
LTBR* CD31~ ¢p38~ DN LNSC population in reactive PLNs
(Supplemental Fig. 2C), which could contain FRC precursor cells
an.

We also addressed whether FRCs might be replenished by
circulating progenitors recruited to reactive LNs after viral in-
fection. However, parabiosis experiments suggested that newly
generated FRCs were likely derived from intranodal cells. Reactive
popLNs in wild-type (WT) parabionts conjoined with type I col-
lagen a2 (Colla2) GFP reporter mice (19) did not contain GFP-
expressing FRCs on day 14 p.. (Supplemental Fig. 2D), when
FRC turnover reached a plateau (Fig. 1E). The presence of GFP™~
FRCs in the reactive popLNs is consistent with a previous report
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FIGURE 2. Localization of FRCs following s.c. VV-OVA infection. (A) Localization of FRCs in the reactive popLNs on days 0 and 10 p.i. Red, type IV
collagen; green, pan-endothelial Ag; blue, gp38. Enlarged views of specific areas in the LN (right panels): (i) center of T cell region, (ii) perivascular area
in the T cell region, and (iii) medulla. (B) Localization of BrdU™ FRCs in the reactive popLNs on day 14 p.i. BrdU labeling was performed as for Fig. 1E.
Enlarged views show specific areas as in (A), depicted as (i), (ii), and (iii). Red, BrdU; green, pan-endothelial Ag; blue, gp38. Arrowheads indicate BrdU*
FRCs. Scale bars, 200 wm (left panels) and 50 um (right panels). Representative images from six LNs are shown. (C) Number of BrdU* gp38* cells/mm”
of different regions of the reactive popLNs on day 14 p.i. Three sections/LN that were =50 pum from each other were used for quantification. Graph shows

mean * SEM of n = 6 pooled from two independent experiments. *p
significant.

< 0.05, **p < 0.001, one-way ANOVA with Bonferroni post hoc test. n.s., not

using these reporter mice that showed that phenotypic fibroblasts a limited fraction of FRCs in a manner independent of the
in the CCly-treated liver also contain a GFP™ population (19). promoter/enhancer used in this transgenic mouse strain or to oc-
This could be due either to transcription of Colla2 by only casional epigenetic inactivation of the transgene in some FRCs.
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Lymphotoxin signaling regulates sustained LNSC subset
expansion

Because LTBR plays an important role in the remodeling and main-
tenance of function of LNs (11, 24), we examined the involvement of
LTBR-mediated signaling in FRC turnover by using the inhibitor
LTBR-Ig. Unexpectedly, LTRR-Ig treatment from the time of infection
reduced the number of FRCs and total LN cells in reactive popLNs
only after day 14 p.i. (Fig. 4A), although FRC turnover was reduced to
~50% of that observed in control mice (Fig. 4B). Similarly, BEC, but
not LEC, expansion was severely attenuated by LTBR-Ig treatment
only after day 10 p.i. (Fig. 4). Notably, turnover of both FRCs and
BEC:s ceased at earlier time points in LTBR-Ig—treated mice than in
control mice. These results suggest that LTBR-mediated signaling
contributes to sustained LNSC turnover but that alternative growth
pathways play a more important role in the early expansion of LNSCs.

Sustained upregulation of MHC class Il on LNSCs

Next, we determined whether FRCs change their activation status
during viral infection. Based on flow cytometric analysis, FRCs
underwent a progressive increase in cell size (forward scatter) and
internal complexity (side scatter) after viral infection (Fig. 5A), in-
dicating that FRCs remained activated from at least day 4 to day 10.
B1 integrin, VCAM, CD44, platelet-derived growth factor receptors,
CD80, and MHC class I were all expressed constitutively on FRCs
(Fig. 5B). MHC class 1I surface expression levels were elevated on
day 10 p.i. (Fig. 5C). Notably, the highest MHC class II expression
among LNSCs was detected on CD157" FRCs (Fig. 5D, 5E). This
increase was observed in both BrdU™ and BrdU" cells in long-term
BrdU-incorporation experiments (data not shown).

MHC class Il on LNSCs induces CD4™ T cell contraction after
peak expansion

Based on the increased MHC class II expression detected on
LNSCs, we examined the impact of stromal cell-mediated Ag

10° 10°%10°

Azami Green

presentation on CD4™ T cell responses, with a particular focus on
the later time points of the immune response. For this purpose,
lethally irradiated CD45.17 CD45.2* WT B6 or mutant H2-Ab
allele-harboring bm12 mice received adoptive transfer of
CD45.1* CD45.2* B6 BM, giving rise to B6—B6 and B6—~bm12
chimera, respectively. Chimeric mice received 2 X 10* H2-A-
restricted CD45.1* CD45.27 OT-II T cells, such that the responses
of monoclonal T cells with the same TCR and genetic background
could be used as a functional readout. Leukocytes from differ-
ent sources were discriminated using CD45 congenic markers
(Fig. 6A). Remnants of recipient leukocytes accounted for 16.1 =
1.42% and 20.2 = 1.12% of total leukocytes in the LNs of
B6—B6 and B6—bm12 chimeras, respectively. More than 90% of
host-derived leukocytes were T cells (data not shown). Impor-
tantly, only 0.4 * 0.1% and 1.3 * 0.5% of MHC class II* B cells
and DCs, respectively, were of recipient origin in the LNs of
B6—bm12 mice. Thus, Ag presentation to OT-II T cells in the
LNs should occur under comparable conditions in both chimeras,
except that LNSCs cannot present cognate peptide to OT-II cells
in B6—bm12 mice because of the mutation in the H2-Ab gene.
Although OVA infection induced <50-fold expansion of
adoptively transferred OT-I1 CD4" T cells (data not shown), OVA/
CFA immunization promoted an ~1000-fold OT-II T cell expan-
sion in both chimeras that peaked by day 10 (Fig. 6B). Of note, we
detected a substantially higher number of OT-II T cells in the
reactive popLNs of B6—bml2 mice from day 21 onward
(Fig. 6B), suggesting that loss of stromal cell-mediated Ag pre-
sentation leads to slower contraction of OT-II cells. In line with
this observation, the number of OT-II-derived CXCRS™ PD-1"
ICOS™ T follicular helper (Tfh) cells (25) was increased in
B6—bm12 mice on day 21, but not day 10 (Fig. 6C), without any
skewing toward Tfh cells (percentage of Tfh cells in total OT-II
cells on day 21 was 18.0 = 5.1% in WT mice and 20.9 = 3.3% in
mutant chimera, p = 0.657, Student  test). Our results demonstrate
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that Ag presentation by stromal cells negatively modulates the
later phase of the Ag-specific CD4" T cell response.

Discussion

Although LNSCs are now recognized to play an important role in
the adaptive immune response, the dynamic changes that occur in
the number and function of these cells during physiologically
relevant virus infection have not been investigated previously. In
the current study, we used a cytopathic virus to monitor the growth
and differentiation of LNSCs, with a focus on FRCs. We report
a delayed, but sustained, expansion of FRCs, which was not
synchronized with the expansion of other LNSC subsets or total
LN cell numbers. Our data support a model in which FRCs are
replenished in an LTBR-dependent manner by local precursors
accumulated in the perivascular areas. At the peak of the adaptive
immune response, LNSC subsets increase MHC class II expres-
sion, which contributes to CD4* T cell contraction.

Contrary to our expectation that all LNSCs would expand in
paralle]l with incoming leukocyte numbers following viral infection,
we observed substantially delayed growth of FRCs during the first
week of infection. In immunofluorescent sections of reactive LNs,
the FRC network on day 10 p.i. appeared more sparse compared
with FRCs in control LNs. This observation may indicate the for-
mation of a more widely spaced stromal network, either owing to
mechanical stretching to accommodate increased leukocyte num-
bers or as a result of the death of FRCs in infected LNs. In contrast,
Luther and colleagues (26) reported comparable spacing of the FRC
network after immunization with a protein Ag emulsified in an
adjuvant. This discrepancy may be the result of the different ki-
netics of FRC expansion between sterile inflammation and our viral
infection models. Two weeks after viral infection, ~60% of FRCs

Days post-infection

had been replaced without substantial cellular proliferation of
mature FRCs. BrdU-incorporating cells among the perivascular
DN LNSC population (11) may generate new FRCs during viral
infections, which is consistent with the dense accumulation of
BrdU™ FRCs around blood vessels that was observed in our long-
term BrdU-labeling assay. The observation that increased FRC
generation depends on LTBR is in line with a recent report by
Ludewig and colleagues (11) showing that Cc/]9 promoter—driven
conditional ablation of LTPRR eliminates mature FRCs but
increases the fraction of DN LNSCs. An attractive hypothesis
is that high levels of lymphotoxin expression by activated
lymphocytes (27) triggers the differentiation of FRCs through
direct interaction with intranodal FRC precursor cells. In addition,
lymphotoxin signaling may also indirectly affect FRC turnover,
because LTPBR blockade severely attenuated BEC expansion in
LTPR-Ig-treated mice. It is noteworthy that LTBR plays an im-
portant role in remodeling (28-30) and in the functional mainte-
nance (24) of high endothelial venules (HEVs). Long-term LTR-
Ig treatment causes a loss of HEV phenotype (24), resulting in the
impaired recruitment of lymphocytes into reactive LNs during the
ongoing immune response. Because our experiments extended
until day 21 p.i., it is likely that HEV function was also impaired
in our experiments, which, together with the attenuated BEC re-
sponse, might result in the suboptimal functional adaptation of
LNSCs. A potential mechanism for the attenuated LNSC response
in LTBR-Ig treatment could involve, but is not limited to,
a decreased amount of unidentified factors provided from
recruited lymphocytes and/or BECs. In contrast, the FRC response
may facilitate the BEC response, as was suggested by recent
studies (13, 22), thus establishing a positive-feedback loop. Taken
together, our data support a model in which FRC precursors are
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FIGURE 5. Functional changes in FRCs during viral infection. Scatter profile (A) and the expression of cell surface markers and MHCs (B and C) on
FRC:s in reactive popLNs after VV-OVA infection was analyzed by flow cytometry on days O (naive), 4, and 10 p.i. (D) Relative mean fluorescent intensity
(MFI) values for MHC class I staining on day 10 p.i. Relative MFI was calculated by normalizing absolute MHC class I MFI values against MFI values
for isotype-matched control staining of the same sample, to account for variations in the background intensity of each subset. (E) Fold increase in relative
MFI of MHC class II on day 10 p.i. Representative plots (A-C) and the mean = SEM (D and E) of n = 9 pooled from three independent experiments are

shown.

dormant in perivascular niches. In reactive LNs, the increased
influx of T and B cells, as well as other leukocytes, triggers LTBR-
dependent proliferation and the gradual differentiation of the
precursors into mature, nondividing FRCs. Our data also illustrate
the flexibility of the adaptive immune response. Although LNSCs
undergo steady growth largely parallel to leukocyte influx during
sterile inflammation, cytopathic VV infections result in delayed
FRC growth. However, the lymphocyte influx that is important for
clonal selection is not impaired. In future studies, it will be in-
teresting to analyze how the migratory behavior of lymphocytes
changes in cytopathic VV infections.

The increased MHC class II expression by LNSCs that persisted
for a long time p.i. suggests that the timing and extent of Ag
presentation by LNSCs and the inflammatory microenvironment
that supports Ag presentation influence the outcome of stromal Ag
presentation. Possible outcomes are the maintenance of self-tolerance
(31, 32), the induction of proliferation (16), or the culling of late
T cell responses. In terms of the timing of Ag presentation, stromal
cells in nonlymphoid tissues could also contribute to late Ag pre-
sentation to activated/effector CD4™ T cells in our BM chimera
model. Although we cannot exclude this possibility, it is noteworthy
that, in our experiments, total and Tfh OT-II cells were similarly
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FIGURE 6. Direct Ag presentation by LNSCs curtails the CD4* T cell 7.

response. (A) Experimental model. Lethally irradiated CD45.17 CD45.2*
WT B6 or bm12 recipient mice received 5 X 10° BM cells from CD45.1*
CD45.2" B6 mice. More than 6 wk later, chimeric mice received 2 X 10*
CD45.1* CD45.27 Rag2™"" OT-II cells and were immunized with OVA/

CFA via the hind hock. Donor, recipient, and transgenic T cells were 9.

identified by their expression of congenic markers. (B) Number of total
OT-II T cells in B6 (O) and bm12 (@) recipients after immunization. *p =
0.0177, **p = 0.003. (C) Number of OT-II T cells differentiated into
CXCR5" ICOS* PD-1" Tth cells. Statistical significance was assessed by
unpaired Student ¢ test. Graphs show the mean = SEM of n = 7-9/time
point pooled from three independent experiments.

affected by the loss of Ag presentation by stromal cells. Compared
with other effector CD4" T cells, Tth cells are long-term LN residents
(33, 34) and, therefore, are less likely to encounter stromal cells in
nonlymphoid tissues. Accordingly, the decreased number of Tth cells
in the absence of Ag presentation by stromal cells is likely due to the
lack of Ag presentation by LNSCs. It would be worthwhile for future
studies to analyze the significance of Ag presentation by stromal cells
in nonlymphoid tissues, particularly in the context of tissue-resident
memory T cell generation.

In conclusion, we provide novel insights into the diverse nature of
LNSC responses during viral infection. We propose that LNSCs serve
as an extrinsic “brake system” for late CD4* T cell responses, pre-
venting overt responses after Ag clearance. This idea is supported, at
least in part, by recent findings that the potential loss of functional
FRCs in chronically SIV-infected macaques coincides with the ac-
cumulation of Tth cells (35-37). Altered FRC functionality is also
observed as decreased CCR7 ligand levels and smaller T cell regions
in lupus-prone mice, which may relate to impaired immunoregula- 18
tory function (38). Furthermore, disruption of functional LN struc-
ture in graft-versus-host disease patients (39) likely involves the loss

of LNSC function, which may contribute to the autoimmune-like 19
chronic symptoms observed in this disease (40). Further studies in
these different contexts will uncover the significance of this putative
LNSC-mediated brake system and may lead to improved vaccination 20.
strategies or therapies for the induction of immunological tolerance.
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supplemental Table 1 Statistical analysis of Fi§.4 cell counts as compared to day 0

Group Days Reactive popLNs Non-reactive popLNs
p.i Total FRC BEC ~ LEC FRC BEC LEC
4 n.s. n.s. n.s. n.s. n.s.
Control ’ 10 ’ ‘<’0.001’ k n.s ’ %OAOOi n.s n.s. ’ n.s.V n.s
14| <0001 <0001 <0001 S el s,
21’ ns < 0.005‘ | n.s. n.s. ’n.s n.s. n.s n.s
4 ns. n.s. n.s. n.s. n.s n.s n.s n.s
7 S 0.001“ <005 ns : S oonso ‘WS b s ns ns
LTBR-Ig 10’ ’ < 0.001 <0.05 <0.005 <0.001 n.s. <0.05 n.s. ns
14 | <005 <0005 'jjﬁ,',‘s.:,"f Cons | <005 <005 <005 s
21 n.s. n.s. ns n.s. <0.05 <0.05 <0.001 n.s.

Cell numbers at each time point were compared with those on day 0 by one-way ANOVA with Dunnett's post-hoc test.
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Supplemental Figure 1. Kinetics of LNSC response after OVA/CFA
immunization. (A) Gating scheme for the identification of LNSC subsets. Plots
from a naive popLN are shown. (B-C) Kinetics of the number (B) and
fold-increase (C) of total LN cells, FRCs, BECs and LECs in reactive and
contralateral non-reactive popLNs after OVA/CFA immunization. Mice were
treated and analyzed as shown in Fig.1A, but immunized with OVA/CFA instead
of VV-OV A Number of LNSCs were assessed on day 0, 4, 7, 14, and 28.Graphs
show the mean + SEM of n = 9 per time point pooled from three independent
experiments. "p < 0.05, p < 0.005, *"p < 0.001 by Student’ s z-test. (D) Flow
cytometry of BrdU incorporation by FRCs on day 0 and day 14 p.i. by VV-OVA in
long-term BrdU labeling experiments. Representative plots of n = 12 for each time
point pooled from three independent experiments are shown.
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Supplemental Figure 2. Possible contribution of DN LNSCs to FRC turnover. (A) Kinetics
of the number of DN cells in reactive popLNs after subcutaneous VV-OVA infection.
Graph shows the mean &= SEM of n = 17 per time point pooled from five independent
experiments. (B) Turnover of CD45- CD31~ gp38- cells in reactive LNs during VV-OVA
infection. Graph shows the mean £+ SEM of n = 9 per time point pooled from three
independent experiments. (C-D) Identification of DN LNSCs (C) and kinetics of the
frequency of proliferating LTBR* DN LNSCs (D). Proliferation was measured by 16 hr
BrdU pulse labeling. Graph shows the mean = SEM of n = 7 per time point pooled from two
independent experiments. (E) Contribution of blood-borne cells to FRC turnover analyzed
by parabiosis between Coll1a2-GFP transgenic and wild type mice. Each parabiont was
infected with VV-OVA more than 6 weeks after surgery. Prevalence of GFP expressing
FRCs in reactive PLNs was monitored by flow cytometry on day 14 post-infection. Note
that WT LN is devoid of GFP* cells. Representative data of n = 6 pooled from two
independent experiments are shown. *p < 0.05, **p < 0.001, ***p < 0.0001 by Students
t-test compared with non-draining popLN.

-910-



%111 BEFAARESHEES

IVIRID L

3. RO EEZ DR
1) FHiRO%RIE L& Z Dak

==z}

=1

F= FH

Key words : Liver fibrosis, Fibrogenesis, Fibrolysis, Fibrosis marker

L ®IC

FRRHERE (2, BF4E™ A W A DR 7 v
I — L OERIEIL, FE 7V 3 — VBRI 25 Non-
alcoholic steatohepatitis : NASH) o1tz d, H
CREFNETE, FFRRTS oW, AN &
BRBREE, 5-omiFkL, MeBENICLY
FlERZ ShaEORETH S, RILER
- T, P as -5 2ttt
T AT N v 2 ABREIEEL, FO
RFRIR T D 5 JFEZ TR AE A4 R0 FI IR
JETTHEAEDHEITT 5. 512, BHEEICEHT
HIFREORAEZIIET S5 2T, IR
1L F ORI L B REE O B I REE D7 7 —
~THh5. IFRHEILOBREICET 22O
AL E 2, R T 205 — 7 v
L FDGRBROELNGEE L &, IR
TR FE KR & A& R IT 7.

L2Lads, BEROBEBICHZITS L,

4 b o THRRHERE IS 3 3 2 AR RN DR R 72
EREIIFEL 2V, M E vk
B EERIC L 5 TE  OHARMEILIER Y- AR
5 - iﬁ%é NTWiads, R THED: 2R
RERECTELVDOTHAHH». FRTIE, I
HRHEE OO TT M R I HRAERE TS R STERTIC D I L
TEEHINTVWEEREMAIT L L & HIT,
7z 7 WG HESR ORISR L BRI AT TR
REMBLSHEDOEEZIZOWTHR L.

1. RAFRME(EII PR G REE T H B

RF AR HEAL I ZE D J5 & T B b Pérez-TamayoR®
Rojkind & 2SEEIRBIC 31T 5 FFREZE O T % 48
WLUTLUR, T TICEHAESAREBL. 4
MEATra< b= AR Wilsonfi & o 7248
HERBOMEN S o /2h, FOHOT AN
AMEF RIS T B EOES L, TORERRD
B % BT D ISR LD EAEZ D 5 5 2
EREFEH L7z, 7OV 3 — U BT RRZS 00 2 1 5 51

R RFRENHEERRY, EBXFERFRESMRE~ MY v o AEZEEYEL Y & —
111th Scientific Meeting of the Japanese Society of Internal Medicine:Symposium:3. Fibrosis of the viscera and its treatment;

1) Reversibility and treatment of liver fibrosis.

Yutaka Inagaki and Hideaki Sumiyoshi : Department of Regenerative Medicine, School of Medicine, Tokai University, Japan
and Center for Matrix Biology and Medicine, Graduate School of Medicine, Tokai University, Japan.
AHEE, T4 48 130 (H) B/EH - BBER7 3 —7 20 TiThhk,

2171

HANRMPSHS $103% $95 - 2659 B108

-911-



xR FRIHERIROERD SNIEREER

EER RN F - (RRESE Sk

CEUSIERFN A A —TJ T O BEL Shiratori Y. Ann Intern Med (2000)V

CEURFIEZ: RIALHF—=T 20 - UIRE U I HABE Poynard T. Gastroenterology (2Q02)%

BENSMERT R SEIJIY Dienstag JL. Gastroenterology (2003)3
IFAEND Chang T-T. Hepatology (2010)%

BRI 2704 R Dufour JF. Ann Intern Med (1997)9
FPHFATI

REMEBTEEE | DV FAFII-ILER Corpechot C. Hepatology (2000)9

PEEPRENSERN | RREN L —Y Hammel P. N Eng! J Med (2001)7

¥, AREIRTEC T g Lok
WEEIES N7 EFERITKE W,

N TITHORHMETL R R AT & N7 IR
HEROIE, FLdb0iRICT LD, RTH,
CEUBMIFRIZX T B A & —7 = 1 2 HPEEY
RCRIFHAEX T BRI, v =720 - 1)
NEY v OPEHEEY, BRUBEFRICNT S T
ITVVIRT T HENIERBWIHITY A VA
WiER E REBED R LERNS BT B 1
ALY EIIEETH S, T2, HOREN
FFAAT RS B S NEIBR LS, BV RE - P
Z59E (primary biliary cirrhosis) (2354 % 7 VY
TFF T a— VEIRHRD, JHERAERB MRS
£ AR D o FE B AR (209 5 PUREERY
LF—=27T3, ZOMBENEZPERT I &1
L BB RO LN TN S,

S, BRI EAZ Y EE 2 T uy
5D

2.

I FE TR TV IFRRMEILI L & BRHERE TR
RIEFAFE DRA P BRIZ O NIE RIS R > TE
72DIZiE, W O DOMmNEH L. FTHE I,
7AWV AVEBMERF 2803 B IEEL O AT X
D, SEVIERICIENASH2NM R IR EAOER & 4
BT EPTFHENDL R E, FEBRSHIICIIAKE
RING FA LT T MHRRI o T B, NASHIZ
L THREDEUIMNIFRIEHIEDSFEEL
ZWEBITE, BHID OMHMILER 2B CEX, B

2172

HWCIIIFREEREFICT L CREDOER Z WA &
AR O BIERIFEBOIMEE b 725
T X BEMMOBEFPREINT NS, b
5, IFRRHERE LR A ST A4V AR O
=y hEFRA.

BT, EBRL72XHIZEHT A VRAERFRED
HEHL, FFRMEES TR L HETHL I L &
FERHL7-. fifkicBUIs2as—FrrERIX, &
W TREDINS Y ADEIZRYL-TEY,
5= rRREIET S, HEWEOHEE
VNCFEET 2 2 & C, FHRRMERE I ZTIGEHRTT AR 22 9%
BTHBL I VRO TRMS NI

=T, FHRRHERE (209 % FRR R RN 5 ik
DRARPBITONE., ThETHREFSNRTEL
PRI b~ —F7 — 122 C, MEEEEY MR
RV OWEERB RIS REIZ 2 o /2. Bl
5 X DI, R W b BRHE LIG R DR RH
FBAIRLT LS+ 83T 2 2 0vaS, IFHEE
WZxF 9 B ANRER L EMT BB, SHDRES
DA S LB — 2 REFEZRET S 2
TRELRDELBZENHHFEEINTHS.

B, RO PRS- HARROMERI,
HFBRHMESE DI RERT 78 2 VA IR IZ DO W T H R &
ZHREZBLS L. WOMMILEBALITE
WERE-HOBRICH Y, MM EIT LT
BETIXEEPYIT 6, #ICHERREBIZH BIF
N LARMEI LA B DO REEE & 52T I < v EARHEL
EBEAEDOREBERIITIH LU, #ric i LG
PWEPEE I TN D,

BANRERME H1038 F 95 - TH26E9 A10H

-912-



Collagen
MMP
% |
fHEzE -
s~ b w o R
s BRHETE
1. ERRRHECHSIT DRIy ZRBOER

HECHIT2OAS—rVDEER. aEDHBD
INSVADEITHRESNTWVD. ZDBEYVIEHEIR
(FHEBEECEIEAEBREICBVWTEELHEE
BUTWVDY, BEENREERCT SHE/IC
BROIST—5VHEEL, EBEsEORitELZs|
T 9. MMP, matrix metalloproteinase(s).

3. BTHRHEE DARREES

A L7k 510, ffkicBUIsa5—r &
BIEARESRLEDINTG XD FIZEY 5T
BY, EoHfEgrnike LRI 2 A REMIC
B\ &, HEiZL oL § 2EIEHROMMILET]
I (M1, WMIICE-> LT 2L B
MRHEES R L 1~ D) v 7 RDABGR & SRR
DING Y ZADRIEITIEIN G b 2.

I L DR & S EaFE (K 2) » 56 Rtk
RN, OEMAEEILOIH], OFEHILE
MARic X 5 a5 =7 U EAOER, OFEM%LE
AT A5 TR M=V AL B EEt
D&, @Matrix metalloproteinase (MMP) i
L5 7—FUBMOTHRENI BT v TSI
KITE 5., T, MU ERRIIBITS
AR O BIEMECIER ET 5. A
AL AT E T 5 BRI IIE L B i 2

WAL, ThITE7ERN—TARELICKH
HEEZLNTXN BT, EHIEL

7o BB DR HASIEE RN R 5 (BIE ML)
EVHMESRENTOCW. L LS, B

2173

b Ik - THRUETE L L7z BT AR
bl % 4 K ZiF Tk o 24k & [
— L FEZT, BEOBRHEHBUINT 5 KE
HdHHEWEWS)., BRI E T2 ZOWHHEE
FEARMEIE DIEFTISH 3 51213, S HICFRM 2
AW X ADHBEBLETH 5.

4. FHRMALBEEORRE EBRRICH 215
B3 HDI3MH ?

AR DR L B RFICOWTE L DA
RPERBEINTE2IC322056T, il
FRARBE DA, FERRHERE S B 45 R0
ORI R IERBITNEEFEE L2, FlZ
IENASHIZ DWW T, # DIREEREL IZ peroxisome
proliferator-activated receptor y (PPAR-y) ¥ 7
FTNVRBILA P LADOBGEE SN TR SIS
bahbo$, XYy k5oLt
RUHMEDZHR L, 7Y 7V BHIRE S 3
CEDRFRRMEILINFIZIRIZIM L TEHEEWNTD
B0 F fe CRVMBMERFRISN T 587 4 VA
BEDIEEFUK LT, A v F—1a (4 F 2 109
A F =Ty ERF T
AV OF GRS N5, WIS HERERIC
BEMTH ol T2, 7o FFF VI VIRE
HIEDVIIE DR G- HIFHRP OBRILR b L A R#E
HALBEERTORBEIHI L2 & T, 2D
PURHEI LA RASHARE S 72y, BRS¢+
53 T2 RRHEfL IR R S o 0> o 7299,

IDEIE, bWwb [HRHEEGRRIE] 5%
LB E LTk, EEAEORREREE
HOREDRAZ LT, BRIRIZEET A » ORF
BETFOLNRE. Thbb, HrhBlzl5
%  DEMEIFRBEBEZE O D 6 LAY — 237
SEMZHREL, BF 10 FHEMORREE% 72
L % FERRHERE (03 A M O 5/ R =, 1 4500
Bl ) MO AREB TR T 5 Z L O
HXDHDH., HHEBRERISLBRLEETSE
DHITRIEIE OB FETH A%, SEMITH L

BARBFRER £103% $9S - FR26FE9 /108

—-913-



B4l HRE R

N

PDGF, TGF-g
TENAY

Portal fibroblasts

fEE_E 7R

.3 Fibrocytes

.

SEIH L2 A
(HRRMES HA)

PiRb—Y2R

TIMP-1 ..
Ny ¢
p53, Hmgal g

HREL

FE AL E e

E2 F[HgEOERESUICIERE

FFSRENOEMIE PPNk CTEIE S Dportal fibroblastsld, FHEHERIBICE -
TG HSEMIBICESGIRU T, BRICOS—F VEEET 2. ME ISR
A DFibrocytest, AFHiRREL UREBE EZHHRRD HRZREERIT (Epithelial-to-
mesenchymal transition, EMT) ZNURIS—T VEEDFESINED, F
DHDOMRTEZDESIFEBNTVUETENETDIERENZ. —7F, BRI
DUEBBRICBVTIE, SEHEEMIBIE T R ~— A 0HIRRE(LICHES & THER
TNBDEEZONTUVED, BRI > TEDRMERNIERIEER (CRIT (BUEM)
BT ENRETNT. PDGF, platelet-derived growth factor ;. TGF-B,

transforming growth factor-p ;. TIMP, tissue inhibitor of metalloprotein-

ase. PPAR v. peroxisome proliferator-activated receptor v.

THBERE CTHEMT S 2 L IZBEY TR, &
72, M D stage A TH O N 5 B bERIE
AMARICIEAE Lza g — 7 ViMoo LERIbTH
D, BWRBETH L. EEMISENBENK
B RMR 2 H WP OB, £ 02
WHELEREICIRELMESHZ 0D, B
Ao a7 — 7 EREEZ ML TY
5. BEB X UORREEENIRMEILDIER
BB, Lo b BRAHEIE D F2)E (fibrosis) T
137 <, as—r o0&k (fibrogenesis) &4
% (fibrolysis) DBENH % IR EE S N B PT
PDehab. wl, My /8 r EolEgiEEo
AL ARAE L O IR & U0 % SR LS 5
Z & AU ST B L O s R By < —

2174

H— & LTOHFRBEICKE RHFENREFELNT
Wb,

BbHUIC

32 T D IR R FERE F DO BRI [
BT HEATEPL DO H RRETH S ] Ll
SN TWDIE, FFRHMERE I3 2 &R0 724
PBEDSATIER T, 35— VA% RS HIB
DSBS RIE L T2 S35 2w,
PR D FWRHEIE R RIE ORI 3 5 ¥ DK
LOEEDIFFELV. RO Z &K
BR{G A L CHAAEILIEERIE O — R b B ERRIS A
ICHREOMT T B 1203, BEHIZERI OIS LA T,

BANBSRME H103% $£95 - FR26E9 B10H

-914 -



I PR B4 L2 A AHE A L3 200 SR > B O BFA R O 1 B A%
LIHTHY, EH%2bHRL TRIKDLNT
(A%

EEDCOlconflicts of interest) Bk : f3E £ : Bige% -
B4 (ERIL4)

X #

1) Shiratori Y, et al : Histological improvement of fibrosis in
patients with hepatitis C who have sustained response to
interferon therapy. Ann Intern Med 132 : 517-524, 2000.

2) Poynard T, et al: Impact of pegylated interferon alpha-
2b and ribavirin on liver fibrosis in patients with chronic
hepatitis C. Gastroenterology 122 : 1303-1313, 2002.

3) Dienstag JL, et al: Histological outcome during long-term
lamivudine therapy. Gastroenterology 124:105-117,
2003.

4) Chang T-T, et al: Long-term entecavir therapy resuits in
the reversal of fibrosis/cirrhosis and continued histologi-
cal improvement in patients with chronic hepatitis B. He-
patology 52 : 886—893, 2010.

5) Dufour JF, et al : Reversibility of hepatic fibrosis in auto-
immune hepatitis, Ann Intern Med 127 : 981-985, 1997.

6) Corpechot C, et al: The effect of ursodeoxycholic acid
therapy on liver fibrosis progression in primary biliary
cirrhosis. Hepatology 32 : 1196-1199, 2000.

7) Hammel P, et al : Regression of liver fibrosis after biliary
drainage in patients with chronic pancreatitis and steno-
sis of the common bile duct. N Engl ] Med 344 : 418423,
2001.

8) Berzigotti A, et al: Update on ultrasound imaging of liver
fibrosis. ] Hepatol 58 : 180-182, 2013.

9) Wang Q-B, et al:Performance of magnetic resonance
elastography and diffusion-weighted imaging for the

10)

11)

12)

13)

14)

15)

16)

17)

18)

19)

staging of hepatic fibrosis : A meta-analysis. Hepatology
56 : 239-247, 2012.

Kisseleva T, et al : Myofibroblasts revert to an inactive
phenotype during regression of liver fibrosis. Proc Natl
Acad Sci USA 109 : 94489453, 2012,

Troeger JS, et al: Deactivation of hepatic stellate cells
during liver fibrosis resolution in mice. Gastroenterology
143:1073-1083, 2012.

Aithal GP, et al : ndomized placebo-controlled trial of pio-
glitazone in nondiabetic subjects nonalcoholic steatohe-
patitis. Gastroenterology 135: 1176-1184, 2008,

Ratziu V, et al : ong-term efficacy of rosiglitazone in non-
alcoholic steatohepatitis : results of the fatty liver im-
provement by rosiglitazone therapy (FLIRT 2)extension
trial. Hepatology 51 : 445-453, 2010.

Sanyal AJ, et al:ioglitazone, vitamin E, or placebo for
nonalcoholic steatohepatitis. N Engl ] Med 362:1675—
1685, 2010.

Nelson DR, et al:Long-term interleukin 10 therapy in
chronic hepatitis C patients has a proviral and anti-
inflammatory effect, Hepatology 38 : 859-868, 2003.
Pockros PJ, et al : Final results of a double-blind, placebo-
controlled trial of the antifibrotic efficacy of interferon-
gamma 1b in chronic hepatitis C patients with advanced
fibrosis or cirrhosis. Hepatology 45 : 569578, 2007.
McHutchison J, et al : Farglitazar lacks antifibrotic activ-
ity in patients with chronic hepatitis C infection. Gastro-
enterology 138 : 1365~1373, 2010.

Abu Dayyeh BK, et al : The effects of angiotensin block-
ing agents on the progression of liver fibrosis in the
HALT-C Trial cohort. Dig Dis Sci 56 : 564-568, 2011.
Kuno A, et al: A serum “sweet-doughnut” protein facili-
tates fibrosis evaluation and therapy assessment in pa-
tients with viral hepatitis. Sci Rep 3:1065, 2013. doi:
10.1038/srep01065.

2175

—-915-

BARMESEMEE H103% 95 - ¥H26%F 9 B10H



JSH C

Hepatology Research 2015; 45: 29-37

Review Article

doi: 10.1111/hepr.12349

Stem and progenitor cell systems in liver development

and regeneration

Akihide Kamiya' and Yutaka Inagaki®

'Laboratory of Stem Cell Therapy, Institute of Innovative Science and Technology, and *Department of
Regenerative Medicine, Center for Matrix Biology and Medicine, Tokai University School of Medicine, Isehara,

Japan

The liver comprises two stem/progenitor cell systems: fetal
and adult liver stem/progenitor cells. Fetal hepatic progenitor
cells, derived from foregut endoderm, differentiate into
mature hepatocytes and cholangiocytes during liver develop-
ment. Adult hepatic progenitor cells contribute to regenera-
tion after severe and chronic liver injuries. However, the
characteristics of these somatic hepatic stem/progenitor cells
remain unknown. Culture systems that can be used to analyze
these cells were recently established and hepatic stem/
progenitor cell-specific surface markers including delta-like 1
homolog (DLK), cluster of differentiation (CD) 13, CD133, and
LIV2 were identified. Cells purified using antibodies against
these markers proliferate for an extended period and differ-

entiate into mature cells both in vitro and in vivo. Methods to
force the differentiation of human embryonic stem and
induced pluripotent stem (iPS) cells into hepatic progenitor
cells have been recently established. We demonstrated that
the CD13*CD133* fraction of human iPS-derived cells con-
tained numerous hepatic progenitor-like cells. These analyses
of hepatic stem/progenitor cells derived from somatic tissues
and pluripotent stem cells will contribute to the development
of new therapies for severe liver diseases.

Key words: hepatic stem/progenitor cells, liver
regeneration, mesenchymal cells, pluripotent stem cells

INTRODUCTION

HE LIVER, THE largest organ in the body, regulates a

multitude of metabolic functions. Parenchymal
cells, also known as hepatocytes, express metabolic
enzymes that are necessary for mature liver functions.'
The non-parenchymal cells of the liver, such as stellate,
sinusoidal endothelial, mesenchymal and Kupffer cells,
regulate the functions of mature hepatocytes through
cell-cell interactions. These metabolic functions are
important for maintaining homeostasis. Therefore, liver
damage induced by genetic mutations, viral infection
and metabolic disorders may contribute to severe
liver diseases such as liver fibrosis and hepatocellular
carcinoma (HCC). Liver transplantation is a radical
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intervention to treat these diseases; however, this
approach is limited in Japan due to a shortage of donor
organs. Transplantation of hepatocytes or stem/
progenitor cells in the liver may serve as an alternative
treatment for severe liver diseases. Herein, we review
work describing the role of stem and progenitor cell
systems in liver regeneration and development. In addi-
tion, we discuss the application of liver stem/progenitor
cells in future regenerative therapies.

LIVER REGENERATION

EGENERATION  AFTER HEPATECTOMY or

chemical-induced injury is an example of the
remarkable abilities of the liver. Approximately 70% of
the liver mass can be surgically removed by partial
hepatectomy, and the remnants of the liver can expand
and compensate its functions. Liver regeneration report-
edly depends primarily on the proliferation of adult
hepatocytes.? In the first step of liver regeneration,
interleukin (IL)-6 is produced from non-parenchymal
cells, priming mature hepatocytes for proliferation.’

29
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Next, growth factors including hepatocyte growth factor
(HGF) are induced and mature hepatocytes enter into
the S-phase.*® Subsequently, proliferation of non-
parenchymal cells is induced and liver regeneration is
completed.

During liver regeneration, hepatocytes also undergo
hypertrophy. Hypertrophy was recently identified as an
important process involved in regeneration induced by
partial hepatectomy.® Recovery from 30% and 70%
partial hepatectomy was shown to rely on different
mechanisms. Hypertrophy of mature hepatocytes is
sufficient for recovery from 30% hepatectomy. While
hypertrophy is involved in the early phase of recovery
from 70% partial hepatectomy, hepatocytes enter the
cell cycle in the latter phase of regeneration. Therefore,
the mechanisms involved in liver regeneration, hyper-
trophy and proliferation are regulated by the severity of
liver injury.

In contrast to regeneration induced by acute liver
damage, severe and chronic liver damage induces the
defect of proliferation of mature hepatocytes.” Stem and
progenitor cells in the adult liver are thought to be
involved in regeneration induced by these chronic
liver damage; however, the mechanisms underlying this
process remain largely unknown:

STEM/PROGENITOR CELL SYSTEMS IN
THE LIVER

Somatic stem cells and pluripotent
stem cells

TEM CELLS, GENERALLY defined as clonogenic

cells, exhibit properties of self-renewal, multi-
potency (producing progeny belonging two or more
lineages) and long-term tissue repopulation after trans-
plantation. Two types of stem cells exist, somatic and
pluripotent stem cells. During development of several
tissues, somatic stem cells give rise to non-self-renewing
progenitors with restricted differentiation potential.
Functionally mature cells are generated while a sub-
population of primitive stem cells is maintained. Thus,
stem cells are involved in organ formation during devel-
opmental stages, and organ maintenance and repair
in the adults. Pluripotent embryonic stem (ES) cells,
derived from the inner cell mass of the blastocyst, give
rise to tissues derived from the three primary germ
layers: ectoderm, mesoderm and endoderm.*® Induced
pluripotent stem (iPS) cells, generated from somatic
cells by simultaneously expressing Yamanaka factors
(Oct3/4, KIf4, Sox2 and ¢-Myc), have properties similar to
those of ES cells.!*"!

© 2014 The Japan Society of Hepatology
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Stem/progenitor cell systems in
the fetal liver

Two types of liver stem/progenitor cells are widely rec-
ognized. In contrast to adult liver stem/progenitor cells
that are involved in regeneration, stem/progenitor cells
in fetal liver are important for embryonic liver develop-
ment. At the onset of liver development at approxi-
mately mouse embryonic day (E)9, hepatic progenitor
cells (HPC) differentiate from foregut endoderm and
expand to form the early fetal liver bud.'*'"® Character-
ization of HPC in fetal livers was recently advanced
by the advent of a novel flow cytometry screening
method. Mouse fetal liver cells were dissociated and
fractionated using specific cell-surface marker antibod-
ies. Individual fractionated cells were sorted onto the
wells of dishes and evaluated for their colony-forming
ability and expression of hepatocytic and cholangiocytic
markers (Fig. 1). Large colonies formed from single cells
derived from E9.5-14.5 livers were positive for albumin
and cytokeratin (CK)19, markers of hepatocytes
and cholangiocytes, respectively. Mouse hepatic stem/
progenitor cell-specific surface markers, such as DLK,
LIV2, CD13, E-cadherin and CD133, were identified
using this method (Table 1).7>-°

Using this colony formation culture system, prolifera-
tion and differentiation of HPC in fetal livers were
shown to be regulated by several transcription factors,
including prospero-related homeobox 1 and its binding
partner, liver receptor homolog 1, that cooperatively
regulate development of HPC.?® The transcription factor
Sal-like protein 4 (SALL4) has been shown to regulate
organogenesis, embryogenesis and maintenance of
pluripotency. We found that SALL4 plays a crucial role
in controlling the lineage commitment of HPC not only
through inhibiting their differentiation into hepato-
cytes, but also by driving their differentiation into
cholangiocytes.”’ In addition, our group and others
reported that SALL4 is also important for stemness of
liver cancers.?*-?* Cancers have a subpopulation of stem-
like cells, or tumor-initiating cells, that are similar to
somatic stem/progenitor cells. SALL4 is expressed in
fetal liver stem/progenitor cells, but not normal adult
hepatocytes. We demonstrated that SALL4 is also
strongly expressed in human hepatocellular and
cholangiocellular carcinomas. Elevated expression of
SALL4 in tumors is associated with poor survival of HCC
patients. Expression manipulation experiments showed
that proliferation and stem cell marker expression in
human HCC cells are regulated by SALL4 in vitro and in
vivo (Fig. 2). Together, these results suggest that SALL4 is
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Figure 1 Colony formation assay using cells derived from fetal and adult livers. Liver cells were dissociated using collagenase and
stained with stem/progenitor cell-specific antibodies. After the cells were purified using flow cytometry, individual cells were
inoculated into the wells of collagen-coated culture dishes. Colonies derived from individual cells were analyzed.

a stem cell biomarker and a novel therapeutic target for
liver cancers.

Regulation of fetal liver stem/progenitor
cells by cell-cell interactions

During mid- to late fetal development (E11.5-16.5 in
mice), hematopoietic stem cells originating from the
aorta-gonad-mesonephros region migrate into the fetal
liver.” Thus, the liver undergoes a dramatic change
during development, transitioning from an embryonic
hematopoietic tissue to a metabolic organ. We demon-
strated that the interaction of HPC with hematopoietic
cells is involved in their differentiation into mature
hepatocytes.” HPC commence production of several
metabolic enzymes involved in adult liver functions at
mid- to late fetal stages. Oncostatin M (OSM), an 1L-6
family cytokine, promotes hepatic maturation, as evi-
denced by the induction of metabolic enzymes and
accumulation of glycogen. OSM is expressed in CD45*
hematopoietic cells in mid-fetal livers, whereas OSM
receptors are predominantly detected in hepatic cells,
indicating that paracrine signaling from hematopoietic
cells to HPC is important for fetal liver maturation.

In contrast to mid-fetal HPC, the in vitro characteris-
tics of HPC at the onset of liver development (E9.5-10.5
in mice) are poorly elucidated, because no suitable
culture system for these cells has been established. In
early fetal liver development, endodermal and mesen-
chymal cells interact to promote liver bud growth. For
example, the transcription factor H2.0-like homeobox
protein, expressed in the septum transversum mesen-
chyme, is essential for early fetal liver development.?” To
mimic the interaction of hepatic and mesenchymal
cells, we co-cultured mouse embryonic fibroblasts with
HPC. Candidate HPC (CD13*DIk* cells) from early fetal
livers that were clonally expanded using this novel
culture system showed bipotency in vitro. Inhibition of
Rho-associated protein kinase (Rock) or myosin II activ-
ity by using Y-27632 and blebbistatin, respectively, sig-
nificantly enhanced the colony-forming activities of
early fetal but not of mid-fetal HPC. These data sug-
gested that purified HPC in early fetal livers have prop-
erties distinct from those in mid-fetal livers.”

Several mesenchymal cell types, including mesothe-
lial, sub-mesothelial and transitional mesenchymal
cells, have been identified in fetal livers.??°

© 2014 The Japan Society of Hepatology
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Table 1 Liver stem/progenitor cells in fetal and postnatal stages

Cell surface marker

Reference

Characteristics

1 Fetal stem/progenitor cells

CD49f, c-Met
DIk
E-cadherin
Liv2

CD13

CD133
EpCAM

Suzuki et al.'***
Tanimizu et al.'®
Nitou et al.”
Watanabe et al.®
Kakinuma et al.'”
Kamiya et al.'®
Schmelzer et al *®

2 Postnatal stem/progenitor cells

EpCAM
EpCAM

CD133

CD133

LGR5
CD13*CD133*
CD133*MIC1-1C3*

EpCAM

Qkabe et al.*®
Yovchev et al.*

Suzuki et al.*
Rountree et al.>*
Huch et al. ¥
Kamiya et al.'®

Dorrell et al >

Schmelzer et al 3®

Clonal expansion of bipotent cells. In vivo transplantation.
Clonal expansion of bipotent cells. In vivo transplantation.
In vitro expansion.

Expression in early and mid-fetal liver cells.

Clonal expansion of bipotent cells. In vivo transplantation.
Clonal expansion of bipotent cells.

Expansion of bipotent cells derived from human fetal livers.
In vivo transplantation.

Clonal expansion of bipotent cells derived from normal and injured livers.
Expression of oval cells in the injured rat livers.

In vivo transplantation.

Clonal expansion of bipotent cells derived from injured livers.
In vivo transplantation.

Expansion and analyses cells derived from injured livers.

In vitro organoid expansion. In vivo transplantation.

Clonal expansion of bipotent cells derived from normal livers.
In vivo transplantation.

Clonal expansion derived from normal and injured livers.

In vivo transplantation

Expansion of bipotent cells derived from human fetal livers.
In vivo transplantation.

CD, cluster of differentiation; DIk, delta-like 1 homolog; EpCAM, epithelial cell adhesion molecule; LGR, leucine-rich repeat-containing

G-protein coupled receptor.
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Platelet-derived growth factor receptor-o (PDGFRa.) is a
cell surface maker specifically expressed in fetal liver
mesenchymal cells. We isolated PDGFRo" cells from
fetal livers and co-cultured them with HPC using two
culture systems: (i) a transwell culture system to analyze
the effect of soluble factors on mesenchymal cells; and
(ii) a direct co-culture system to analyze the effect of
direct mesenchymal cell-HPC interactions.?’ Transwell
co-culture significantly induced proliferation in HPC.
These cells expressed minimal levels of albumin, a
marker of hepatocyte differentiation. In contrast,
expanded cells expressed significant levels of albumin
when HPC were directly co-cultured, but proliferation
of HPC was not increased. Therefore, the interactions
between HPC and PDGFRo-expressing mesenchymal
cells are important both for expansion of HPC and for
induction of hepatic gene expression. Specifically,
PDGFRa* cells had the potential to support HPC prolif-
eration through secretion of soluble paracrine factors.

Stem/progenitor cell systems in
the adult liver

A stem/progenitor cell system exists in normal adult
livers and is thought to contribute to regeneration
induced by severe liver injuries. During serious liver
injury, such as that induced by retrorsine or 2-
acetylaminofluorene treatment in combination with

Fetal liver cells

Stem/progenitor cells in liver 33

partial hepatectomy, the number of characteristic non-
parenchymal oval cells increases in periportal regions.
These cells express both cholangiocellular (Ck7 and 19)
and hepatocellular marker genes (o-fetoprotein and
albumin), and differentiate into both hepatocytic and
cholangiocytic cells, suggesting that oval cells are candi-
date hepatic progenitors.*>*

However, the origin of oval cells is now under discus-
sion. We recently purified CD13*CD133" cells in non-
injured postnatal livers and established an efficient
single-cell culture system that involved the use of Rock
inhibitor.” These CD13*CD133" cell-derived colonies
can expand for a prolonged period and differentiate
into hepatocyte-like and cholangiocyte-like cells under
appropriate culture conditions. These results show the
presence of stem/progenitor cells in the CD13*CD133*
subpopulation of non-hematopoietic cells derived from
non-injured postnatal livers. In addition, we speculate
that oval cells may be transiently amplifying cells
that originate from normal liver stem/progenitor cells
(Fig. 3). Other postnatal cell surface markers were used
for identification and purification of hepatic progenitor
cells in normal and injured livers.***” Hepatic progeni-
tor cells were also identified in human livers. Schmelzer
et al. showed that epithelial cell adhesion molecule
positive cells in human fetal and adult livers can pro-
liferate in vitro and expand after the transplantation
into the injured mouse livers. Therefore, these
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Figure 3 Embryonic and postnatal pro-
genitor cell phenotypes during liver
development. CD13 and CD133 are
surface markers common to fetal-liver
and postnatal-liver progenitor cells.
CD, cluster of differentiation; CK,
cytokeratin; DIk, delta-like 1 homolog;
G6Pase, glucose 6-phosphatase; Scal,
stem cell antigen 1; TAT, tyrosine
aminotransferase. (Reproduced from
Kamiya et al. with permission.)'®
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