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Abstract
Regulatory T cells (Treg) contribute significantly to the tolerogenic nature of the liver. The
mechanisms however underlying liver-associated Treg induction are still elusive. We recently
identified the vitamin A (VitA) metabolite, retinoic acid (RA), as a key-controller, which promotes
TGF-β–dependent Foxp3+ Treg induction but inhibits TGF-β driven Th17 differentiation. To
investigate whether the RA producing hepatic stellate cells (HSC) are part of the liver tolerance
mechanism, we investigated the ability of HSC to function as regulatory APC. Different from
previous reports, we found that highly purified HSC did not express costimulatory molecules and
only upregulated MHC class II after in vitro culture in the presence of exogenous IFN-γ.
Consistent with an insufficient APC function, HSC failed to stimulate naïve OT-II TCR transgenic
(OT-II) CD4+T cells and only moderately stimulated α-GalCer primed invariant NKT (iNKT)
cells. In contrast, HSC functioned as regulatory bystanders and promoted enhanced Foxp3
induction by OT-II T cells primed by spleen dendritic cells (DC) whereas they greatly inhibited
the Th17 differentiation. Furthermore, the regulatory bystander capacity of the HCS was
completely dependent on their ability to produce RA. Our data thus suggest that HSC can function
as regulatory bystanders and therefore by promoting Tregs and suppressing Th17 differentiation,
they might represent key-players in the mechanism that drives liver induced tolerance.

Introduction
In spite of continuous exposure to bacterial components and dietary antigens (1) , liver
remains immune quiescent and is considered an immunosuppressive and tolerogenic organ
(2). This is also demonstrated by the fact that liver grafts cause weak rejection and promote
tolerance of co-transplanted tissues (3, 4). In addition, introduction of antigens via the portal
vein leads to systemic tolerance (5). On the other hand, its suppressive nature renders liver
tissue highly susceptible to chronic viral infections, such as hepatitis virus B and C (6, 7).
Forkhead box P3, (Foxp3) expressing Treg, that suppress immune responses (8), are thought
to play an important role in liver-mediated tolerance (9). Notably, increased Treg cells are
observed both in liver graft transplantations and chronic infections with hepatitis viruses,
supporting a role for these cells in the immune suppression (10-13). Nevertheless, although
the contribution of Tregs in mediating liver tolerance has been recognized (14-19), little is
known about the mechanisms that drive the differentiation and expansion of liver associated
Tregs.
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Activated CD4 T cells differentiate into various T helper (Th) subtypes, including Th1, Th2
and Th17 effector cells as well as induced Foxp3+Treg (iTreg) depending on the priming
conditions and the cytokine milieu (20). Transforming growth factor (TGF)-β is a key
cytokine required for the induction of the anti-inflammatory induced iTreg differentiation,
whereas it inhibits the differentiation of Th1 and Th2 effectors (21). On the other hand,
TGF-β can also function in a pro-inflammatry fashion and together with IL-6, TGF-β drives
the differentiation of pro-inflammatory Th17 cells (22-24). The VitA metabolite RA, was
recently indentified as a key-regulator of TGF-β-mediated T cell differentiation, able to
promote iTreg but inhibit the generation of Th17 (25). Consistent with this, intestinal
CD103+ migratory DC biased the generation of iTreg over Th17 effectors through the
release of RA during priming (26-28).

HSC are defined as fat-storing cells and about 80% of the body's VitA is stored in HSC lipid
droplets (29). HSC reside within the perisinusoidal space of Disse, in close proximity to
liver sinusoidal endothelial cells (LSEC) and recent work indicated that HSC have the
capacity to function as APC for MHC class II restricted T cells (30). Consequently, it is
possible that HSC may have the potential to directly promote iTreg differentiation through
the release of RA, which they store. Since the sinusoid has a lot of open pores, HSC can also
interact with the lumen of the sinusoid where other APC such as DC and liver macrophages
or kupffer cells are present (2, 31). Therefore, HSC might also influence the antigen
presenting function of these APC (32), (33) and indirectly provide suppressive effects as
RA-secreting regulatory bystanders.

In this study here, we addressed the potential direct- or indirect roles of HSC as tolerogenic
regulators that drive the unique differentiation and or expansion of iTreg. Using highly
purified sorted HSC, we found that HSC do not present antigen to naïve MHC class II
restricted CD4 T cells and they do not induce Foxp3+ Treg cell differentiation or expansion.
On the other hand, we show here that HSC function indirectly to mediate RA and TGF-β
dependent Treg induction but Th17 inhibition of T cells that were primed by other APC. Our
findings therefore designate an unexpected role for HSC to function as regulatory
bystanders, capable of enhancing differentiation and accumulation of Treg, which may lie at
the basis of the tolerogenic nature of the liver.

Materials and Methods
Mice

C57BL/6, BALB/c, OT-II TCR-transgenic (C57BL/6 background) mice were purchased
from the Jackson Laboratories (USA). VitA-deficient mice were generated in our animal
facility by feeding VitA-deficient diet starting at d8 to d10 of gestation and continued after
birth until 10 weeks of age. All mice were maintained at the La Jolla Institute for Allergy
and Immunology vivarium under specific pathogen-free condition. Animal care and
experimentation were consistent with the NIH guidelines and were approved by the Institute
Animal Care and Use Committee at the La Jolla Institute for Allergy and Immunology.

Antibodies and reagents
The following antibodies were purchased from BD-Biosciences (USA), as purified or
conjugated to FITC, PE, PerCP-Cy5.5, APC, PE-Cy7 or biotin: anti-CD4 (L3T4), CD19
(1D3), CD24 (M1/69), CD25 (PC61), CD44 (IM7), CD45.2 (104), CD80 (16-10A1), CD86
(GL1), IA/I-E (M5), TCRβ5 (MR9-4), TCRβ8 (MR5-2), TCRβ chain (H57-597), IL-17
(TC11-18H10), IFN-γ (XMG1.2), desmin (RD301), GFAP (polyclonal) and isotype
controls. Anti-mouse Foxp3 (FJK-16s), F4/80 (BM8), biotin conjugated anti-mouse CD8
(53-6.7), CD25 (eBio7D4), CD11b (M1/70), CD11c (N418), CD62L (MEL-14), B220
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(RA3-6B2), NK1.1 (PK136), Gr-1 (RB6-8C5) F4/80 (BM8) and TER-119 were purchased
from eBioscience (USA). Anti-CD146 (ME-9F1) was purchased from BioLegend (USA).
Alexa Fluor 488 conjugated anti-mouse IgG was purchased from Invitrogen (USA). Anti-
mouse CD16/32 used for Fc receptor blocking was produced in our laboratory.

Exogenous cytokines, IL-6 (20 ng/ml), TGF-β1 (5 ng/ml) and IFN-γ (100 ng/ml), were from
R&D systems (USA). MHC-II restricted OVA peptides (OVA323-339) recognized by OT-II
and DO11.10 TCR transgenic T cells were synthesized by Abgent Inc. (USA) and used at 1
μM. All-trans retinoic acid (RA) was purchased from Sigma (USA) and used at 100 nM. RA
receptor antagonist LE540 was purchased from WAKO (Japan) and used at 1 μM
concentration.

Preparation and purification of HSC and LSEC
Mouse livers were perfused with Ca2+ and Mg2+-free Hank's balanced salt solution and
EGTA for 5 min followed by 0.4 mg/ml pronase (Roche; Germany) in HBSS and 0.5 mg/ml
collagenase (Roche) in HBSS respectively for 5 min each. Perfused livers were further
digested by shaking in a 0.5 mg/ml pronase/collagenase solution with HBSS for 20 min at
37 °C. Digested cells were passed through a 70 μm cell strainer and washed with HBSS. At
this stage, cells were determined non-parenchymal cells. For HSC enrichment, non-
parenchymal cells were resuspended in 11% Optiprep (Axis-Shield; Scotland) and separated
by gradient centrifugation. Next, for HSC and LSEC purification, cells were stained with
anti-CD45 and CD146 antibody, and sorted with a FACS-Aria II cell sorter (BD
Biosciences) as CD45 negative and autofluorescence positive for HSC and as CD45
negative, CD146 positive and autofluoresent for the LSEC. For some experiments, sorted
HSC were cultured for 7 days in RPMI medium with or without IFN-γ.

Naïve T cells, NKT cells and DC isolation
For naïve T cell isolation, spleens were removed, teased into single cell suspensions and
filtered through a 70 μm cell strainer. Cells were incubated with a mix of specific biotin-
conjugated antibodies including anti-CD8, CD11b, CD11c, CD25, B220, NK1.1 and Ter119
followed by anti-biotin magnetic micro beads (Miltenyi Biotec, Germany) and MACS
column purification. Enriched cells were then stained with anti-CD4, CD44, CD25 and
TCRvβ5 (for OTII TCR) and CD4+TCR+CD25-CD44low naive T cells were sorted by
FACS-Aria II. For NKT cell isolation, cells were similarly stained with anti-CD8, CD11b,
CD19, CD24, CD62L, B220, F4/80, Gr-1 and Ter119 antibodies and negatively enriched
with EasySpe system (StemCell Technologies, USA) following manufacture's instraction.
Enriched cells were then stained with anti-TCRβ and NK1.1 and TCR+NK1.1+ NKT cells
were sorted by FACS-Aria II. For DC isolation, spleens were chopped and digested by 1
mg/ml collagenase (Sigma) for 20 min. Digested tissues were mashed through 70μm cell
strainer. Subsequently, CD11c positive cells were enriched by positive selection using anti-
CD11c micro beads (Miltenyi Biotec). Enriched populations were stained with anti-CD11c
and I-A/I-E antibody, and sorted by FACS Aria II as CD11c+MHC II+ cells. In some
experiments sorted T cells were labeled with CFSE (Sigma; USA).

Microscopic analysis of HSC
For immunofluorescence staining, sorted HSC was cultured in chamber slide for 2 days.
Cells were fixed and permeabilized with a fixation/permeabilization reagent (BD) for 15
min. After washing with permeabilization buffer, cells were stained with anti-desmin or
anti-GFAP antibody for 20 min followed by anti-mouse IgG Alexa Fluor 488 for 20 min.
For phase contrast microscopic analysis, cells were fixed with 4% formaldehyde for 10 min.
Cells were mounted with ProLong Gold antifade reagent with DAPI (Invitorgen) and
analyzed with fluorescence microscopy (ZEISS).
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In vitro culture
Sorted OVA-specific OT-II TCR transgenic T cells (1 × 105/well) were cultured with DC,
HSC or cultured HSC (2 × 104/well) in the presence of OVA peptide in 96-well plates for 4
days. According to the experimental conditions, IL-6, TGF-β1, RA and LE540 were added
in the concentration as described above. For the HSC co-culture experiments, HSC or pre-
cultured HSC (5 × 103) were added to the culture medium. To enrich HSC, HSC were
cultured for 24 hr to remove non-adherent cells, and T cells and DC were cultured with
adherent HSC for 4 days in the same condition as described above.

FACS analysis of liver cells and cultured T cells
For surface cell analysis of HSC and DC, cells were stained with blocking anti-body
followed by anti-CD45 (for HSC) or anti-CD11c and CD40, CD80, CD86 or MHC II anti-
body. For intracellular staining with desmin or GFAP, cells were fixed and permeabilized
with Fixation/Permeabilization reagent and stained with anti-desmin or GFAP followed by
anti-mouse IgG Alexa488. Cultured T cells were stained for Foxp3 analysis or cytokine
analysis. For Foxp3 staining, CD4+ T cells were stained intracellular using a Foxp3 staining
kit (eBioscience; USA). For cytokine staining, T cells were further cultured with 50 ng/ml
PMA (Sigma) and 1 μg/ml ionomycin (Sigma) and 10 μg/ml Brefeldin A (Sigma) for 4 hr at
37o C. Intracellular IL-17 and IFN-γ were then stained with BD Cytofix/Cytoperm Fixation/
Permeabilization kit (BD Bioscience) according to the manufacturer's instruction. To detect
cells displaying RALDH activity, cells were stained with ALDEFLUOR staining kit
(StemCell Technologies) following manufacturer's protocol. Stained cells were analyzed
with FACS LSR II or FACS Canto II.

RNA isolation and real-time qPCR
Sorted HSC, LSEC or DC were washed with PBS and re-suspended in TRIZol (Invitrogen,
USA). The samples were frozen and kept at -80 °C for later utilization. For RNA isolation,
the suspended cells were homogenized and RNA was separated from DNA and proteins by
precipitation with chloroform and extraction with isopropanol. cDNA was synthesized from
the total RNA using the Superscript II system (Bio-Rad Laboratories, USA) following the
manufacturer's instruction. Subsequently, cDNA was subjected to real-time PCR using
SYBR green II (Roche) and the following primers: alcohol dehydrogenase (ADH)1 forward;
5’-AGACGGCATGAGCACTGCG-3’, ADH1 reverse; 5’-
GATCGTCTGAGCGGCAGACACC-3’, ADH4 forward; 5’-
GGCTGATGGCACTACCAGAT-3, ADH4 reverse; 5’-
GGGTGACCTTGGCAGTTTTA-3’, ADH7 forward; 5’-
GCTGTCCTATGGGGAGTGAA-3’, ADH7 reverse; 5’-
CACTCTCCACAACCCCAACT-3’, RALDH1 forward; 5’-
ATGGTTTAGCAGCAGGACTCTTC-3’, retinaldehyde dehydrogenase (RALDH)1 reverse;
5’-CCAGACATCTTGAATCCACCGAA-3’, RALDH2 forward; 5’-
GACTTGTAGCAGCTGTCTTCACT-3’, RALDH2 reverse; 5’-
TCACCCATTTCTCTCCCATTTCC-3’, RALDH3 forward; 5’-
GGACAGTCTGGATCAACTGCTAC-3’, RALDH3 reverse; 5’-
TCAGGGGTTCTTCTCCTCGAGT-3’, desmin forward; 5’-
GAGGTTGTCAGCGAGGCTAC-3’, desmin reverse; 5’-
CTTCAGGAGGCAGTGAGGAC-3’, GFAP forward; 5’-
GCCACCAGTAACATGCAAGA-3’, GFAP reverse; 5’-
CGGCGATAGTCGTTAGCTTC-3’, L32 forward; 5’-GAAACTGGCGGAAACCCA-3’,
L32 reverse; 5’-GGATCTGGCCCTTGAACCTT-3’. Gene expression was normalized by
L32.
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Results
Identification and purification of HSC

Previous reports showed that liver HSC have the ability to stimulate naïve T cells. However
in those cases, the experiments are performed using enriched but not purified cell
populations, which might still contain a significant number of cells other than HSC.
Therefore, in order to evaluate the specific role of HSC in the differentiation of iTreg, we
first established conditions to highly purify the subset of HSC using FACS cell sorting.
Although there are no reported HSC specific surface markers, a CD45 negative but VitA-
mediated auto-fluorescent positive cell subset (34, 35) was readily detectable among the
liver non-parenchymal cells of wild type (WT) but not VitA deficient (VAD) animals (Fig.
1a). These CD45 negative, autofluorescence positive cells were then stained with anti-
desmin and -GFAP antibody, both established intracellular markers for HSC (Fig. 1b).
Consistent with this, CD45- but autofluorescent+-sorted cells expressed more than 1000 fold
higher desmin and 100 fold higher GFAP mRNA compared to non-fluorescent counterparts
(Fig. 1c) and therefore the sorted subset contained more than 98% pure HSC (Fig. 1d).
Purified HSC were cultured for 2 days and analyzed for morphology using phase-contrast-
and fluorescence-microscopy. HSC displayed a characteristic star like shape with oil
droplets and they stained positive for desmin and GFAP (Fig. 1e). These results indicate that
a combination of the presence of VitA mediated autofluorescence together with the absence
of the cell surface marker CD45, are specific determinants to mark and FACS purify the
specific HSC subset derived from liver nonparenchymal cells.

HSC do not express APC signature surface molecules
To characterize if highly purified HSC express a phenotype characteristic of APC, we
analyzed for the expression of MHC class I and class II molecules as well as CD1d and
typical co-stimulatory molecules, including CD80 and CD86 (Fig. 2). In contrast to DC,
freshly isolated purified HSC did neither express MHC class II nor CD80 or CD86 co-
stimulatory molecules. Previous reports showed that upon in vitro culture in the presence of
IFN-γ, HSC did induce these molecules (36, 37) and although we could confirm that
culturing in the presence of IFN-γ induced some MHC class II expression, we were unable
to detect any CD80 or CD86 expression on cultured highly purified HSC (Fig. 2). These
data therefore indicate that highly purified HSC do not express a typical phenotype,
characteristic of professional APC.

HSC do not function as APC
To determine whether HSC can function as professional APC, we cultured purified HSC or
spleen DC with CFSE labeled naïve OT-II T cells and measured T cell proliferation in
response to antigen-stimulation. Consistent with the absence of MHC class II and co-
stimulatory molecules, no OT-II T cell proliferation was observed in response to OVA
peptide and freshly isolated highly purified HSC or 7 day cultured HSC (Fig. 3a). IFN-γ
activated HSC induced some T cell proliferation, but it was much weaker than that induced
by spleen DC. These data confirm that HSC do not function as professional APC in vitro.
Because freshly isolated and purified HSC do express significant amounts of CD1d and
since the liver is the organ where NKT cells mainly reside, we examined whether HSC
could present α-GalCer to CD1-restricted NKT cells in vitro. Purified NKT cells were
cultured with freshly isolated HSC and α-GalCer for 1 day and IFN-γ production in
supernatant was measured with ELISA. In contrast to the MHC class II restricted OT-II CD4
T cells, NKT cells stimulated by HSC did produce IFN-γ, which was inhibited by anti-CD1d
blocking antibody (Fig. 3b). However the amount of IFN-γ produced by HSC stimulated NK
T cells was still significantly less as compared to DC stimulated NK T cells, indicating that
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HSC can present antigen to CD1-restricted NKT cells but they function far less efficient as
compared to professional APC.

HSC function as bystanders to enhance iTreg- but inhibit Th17-differentiation.
The absence of MHC class II expression and the inability of HSC to activate naïve CD4 T
cells render it very unlikely that HSC directly control the priming of CD4 T cells or the
generation of iTreg. However, because HSC reside in the space of Disse, in close proximity
of liver resident APC, it is possible that HSC can indirectly regulate T cell responses as
bystander cells. To determine whether HSC can cooperatively modulate the activation of T
cells primed by professional APC, we co-cultured naïve OT-II T cells together with OVA
peptide, DC and fleshly isolated and sort-purified HSC. Interestingly, freshly isolated HSC
in the presence of DC and exogenous TGF-β, greatly enhanced the generation of Foxp3+T
cells from 10.6% to 21% (Fig. 4a). Similarly, cultured HSC with or without IFN-γ also
enhanced iTreg differentiation of DC-primed CD4 T cells (Fig. 4b). In contrast, HSC in the
presence of DC and TGF-β + IL-6, reduced Th17 differentiation from 22.6% to 15.4%, but
still enhanced iTreg differentiation from 5.35% to 9.67% (Fig. 4c). These results suggest
that, although HSC do not efficiently present antigens, they do exhibit regulatory bystander
functions for both, the generation of TGF-β-dependent iTreg as well as the inhibition of the
inflammatory Th17 cells differentiation.

HSC promote iTreg induction and inhibit Th17 differentiation in an RA-dependent fashion
The reciprocal effects on TGF-β-dependent differentiation of activated T cells are identical
to those described for RA (25). To investigate whether purified HSC serve their bystander
role in an RA-mediated fashion, we measured mRNA expression of ADH1, 4 and 7, which
are enzymes involved in the metabolism of VitA to retinol and RALDH1, 2 and 3, which
metabolize retinol to RA (38). HSC expressed great amounts of ADH1 and RALDH1
mRNA (Fig. 5a). However, in contrast to MLN DC, which are also known to release RA
and drive the iTreg differentiation and which express high levels of RALDH2 (38), HSC
expressed RALDH1. The activity of the enzyme to metabolize RA was further confirmed
with the ALDEFLUORO assay, which forms a substrate and exhibits fluorescence in
response to enzyme activity (Fig. 5b).

To determine if the HSC mediated increase of Foxp3 induction was RA dependent, we
cultured naïve OT-II T cells with DC and purified HSC in the presence of the retinoic acid
receptor antagonist, LE540 (27, 28). T cells co-cultured with DC and HSC in the presence of
LE540 did not show the increased iTreg differentiation, indicating that the HSC bystander
effect was RA-dependent (Fig. 5c). This was also confirmed using HSC from VitA-deficient
(VAD) mice. Since VAD-derived HSC do not display auto-fluorescent, gradient-enriched
HSC were used instead. Nevertheless, consistent with the absence of RA, enriched HSC
from VAD mice failed to enhance Foxp3 induction on DC primed T cells (Fig. 5d). These
data showed that the reciprocal effects of HSC on TGF-β-dependent T cell differentiation is
mediated by their ability to release RA. Overall, the results show that the HSC do not
function as regulatory APC, but that instead, they harbor the unique ability to function as
regulatory bystanders, which are able to control the reciprocal TGF-β-dependent
differentiation of primed T cells in an RA-mediated fashion.

Discussion
Although the tolerogenic nature of the liver is well recognized, very little is known about the
liver associated Treg induction, which is readily observed in liver allograft transplantations,
hepatitis virus infections or portal venous-induced tolerance (9-13). In this study, we aimed
to elucidate the underlying mechanisms of liver Treg induction and accumulation. Based on
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the recently described reciprocal effects of RA that greatly promote TGF-β-driven iTreg
generation and the unique ability of HSC to store and metabolize VitA, we reasoned that
HSC could be the driving force for the enriched iTreg differentiation in the liver.

The density separation method widely used before to enrich HSC for the study of their
phenotype and function has led to inconclusive and at times controversial data. To
circumvent this problem, we established a new method to sort-purify HSC. We determined
here that liver cells that are positive for VitA specific auto-fluorescence but negative for the
cell surface molecule CD45 also display the typical HSC morphology as well as the
intracellular expression of desmin and GFAP (Fig. 1 a, b and d). Therefore, these data
indicate that the presence of autofluorescence together with the absence of CD45 staining is
dependable markers to allow for FACS sort purification of HSC (Fig. 1c). Furthermore, the
absence of CD45 expression also indicates, in contrast to published data obtained with
enriched HSC (39, 40), that HSC are of non-hematopoietic origin.

Using sort-purified HSC, we show that HSC do not display an APC phenotype or function
and when analyzed ex vivo they do not express detectable levels of MHC class II or
costimulatory molecules and they fail to prime naive T cells in vitro (Fig. 2 and 3a). The
discrepancy of our findings with those of previously published studies, underscores the
importance of the degree of purity of the cells that are studied and our study here challenges
previously made conclusions and demonstrates, using sort- purified cells, that HSC display
neither an APC phenotype nor APC functions.

On the other hand, freshly isolated HSC do express CD1 and IFN-γ activated HSC do
induce some MHC class II expression which leads to the in vitro activation of NKT cells
and conventional CD4 T cells, respectively, however the observed activation is significantly
weaker compared to that of DC (Fig. 3B).

Nevertheless, although HSC function poorly as APC to activate CD4 T cells and therefore
they are likely not directly involved in the biased generation of liver iTreg, our results here
are the first to define a unique bystander role for HSC that enables them to greatly enhance
iTreg differentiation of T cells primed by professional APC (Fig. 4 a-c). These data suggest
an indirect role for HSC to drive the immune suppressive and tolerogenic nature of the liver.
In this context it was shown indeed that co-transplanted HSC effectively protect islet
allografts rejection (41).

The reciprocal effect of HSC bystander regulation to enhance TGF-β-dependent iTreg
generation but inhibit TGF-β-dependent Th17 differentiation is identical to the recently
defined RA-mediated immune regulation (25). This, together with the notion that HSC form
the main storage place for VitA and the fact that purified HSC show high RDH1 and
RALDH1 expression and are able to metabolize RA (Fig. 5a and b), provide strong support
to suggest that the regulatory bystander function of HSC is mediated via the release of RA
during priming of T cells by professional APC. We directly confirmed this possibility by
using either RAR inhibitor or VAD HSC and showed under such conditions that the
regulatory bystander function of HSC was completely abolished (Fig. 5c and d).

Taken together, we show here that in contrast to published data, HSC do not directly
stimulate T cells. However, in proximity of professional APC, HSC have the potential to
cooperatively modulate T cell responses. Therefore, HCS function as regulatory bystanders
and they may contribute to the suppressive and tolerogenic features of the liver.
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Abbreviations

ADH alcohol dehydrogenase

α-GalCer α-galactosylceramide

DC dendritic cells

Foxp3 forkhead box P3

HSC hepatic stellate cells

iTreg induced Treg

iNKT invariant natural killer T

LSEC liver sinusoidal endothelial cells

Treg regulatory T cells

RA retinoic acid

RALDH retinaldehyde dehydrogenase

RA retinoic acid

VitA vitamin A

VAD VitA deficient

VAS VitA sufficient
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Figure 1. Detection and purification of HSC
a. Liver non-parenchymal cells form WT or VitA deficient (VAD) mice were enriched by
gradient separation, stained with anti-CD45, CD146 and analyzed by FACS. VitA-derived
autofluorescence was detected with the pacific blue channel. b. In addition to above
staining, cells were further stained for intracellular desmin and GFAP and analyzed by
FACS. Cells were gated on auto-fluorescence positive, CD45 negative or auto-fluorescence
negative populations. c. Auto-fluorescence positive, CD45 negative cells were sorted and re-
analyzed by FACS. d. mRNA was extracted from sorted LSEC, spleen DC or cells as in 1c.
GFAP and desmin mRNA expression was measured by qPCR. e. Sorted auto-fluorescence
positive, CD45 negative cells (from BALB/c) were fixed and intracellularly stained for anti-
GFAP or anti-desmin antibody, mounted with DAPI and analyzed by phase contrast or
fluorescence microscopy. All experiments were repeated at least twice.
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Figure 2. Phenotypic analyses of HSC
Spleen DC and HSC were stained with CD1d, CD80, CD86, MHC class I and MHC class II
anti-bodies. Cells were analyzed by FACS. For the analysis of cultured HSC, HSC was
sorted by FACS and cultured for 7 days with or without IFN-γ before staining. Black line
shows stained cells and gray solid shows isotype control staining. All data are representative
of at least two experiments.
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Figure 3. HSC are not professional APC
a. Naïve OT-II CD4 T cells were sorted and labeled with CFSE. T cells (1 × 105/well) were
cultured with 2 × 104 purified DC, HSC or activated HSC (cultured for 7 days with or
without IFN-γ) from WT mice for 4 days in the presence of OVA peptide. T cell division
was analyzed with FACS. Cells with more than one division were gated on. b. NKT cells
were sorted from spleen as TCR and NK1.1 positive cells. Sorted NKT cells (1 × 104) were
cultured with HSC or DC (1 × 104) in round bottom plates for 16-20 hours in the presence of
50 ng/ml α-GalCer. To block CD1d engagement, anti-CD1d antibody (2 μg/ml) was added
to the culture. After culture, IFN-γ concentration of cell culture supernatant was measured
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with ELISA. Data show mean and SD of triplicate cultures. All data are representative of
three independent experiments yielding similar results.
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Figure 4. HSC co-operatively enhance Foxp3 and inhibit Th17 differentiation
a. Purified naïve OT-II T cells and sorted DC were cultured for 4 days with or without
freshly purified HSC (5 × 103) and stimulated with TGF-β. After the culture, cells were
stained with Foxp3 and analyzed by FACS. b. Same as in 4a except purified HSC were also
cultured for 7 days with or without IFN-γ. c. Same as in 4a but cells were stimulated with
IL-6 and TGF-β. After culture, cells were stained with Foxp3 or re-stimulated with PMA/
ionomycin and brefeldin for 4 hr. Re-stimulated cells were stained for intracellular IL-17
and IFN-γ and analyzed with FACS. Data are representative of more then three independent
experiments yielding similar results.
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Figure 5. HSC function in an RA-dependent manner
a. mRNA was extracted from HSC, spleen DC (for negative control) and MLN-DC (for
positive control) and expression of ADH1, 4 ,7 and RALDH1, 2, 3 was measured by qPCR.
Gene expression was normalized for the housekeeping gene, L32. b. Liver non-parenchymal
cells were stained with ALDEFLUORO followed by CD45 antibody staining. The enzyme
activity in auto-fluorescence positive- and CD45-negative cells was detected by FACS. c.
Naïve CD4 T cells were cultured with sorted DC and HSC as in figure 4, and in the presence
of TGF-β and LE540. Foxp3 expression of cultured T cells was analyzed by FACS. d. HSC
from VitA deficient (VAD) or sufficient diet (VAS) fed mice was enriched by density
separation. Those cells were further cultured with OT-II T cells, OVA peptide and DC in the
presence of TGF-β as described above. RA was used as positive control. Shown are
representative data of at least two experiments with similar results.
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