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The Journal of Immunology

Hepatic Stellate Cells Preferentially Induce Foxp3™
Regulatory T Cells by Production of Retinoic Acid

Richard M. Dunham,*' Manoj Thapa,*! Victoria M. Velazquez,* Elizabeth J. Elrod,*
Timothy L. Denning,* Bali Pulendran,*" and Arash Grakoui**

The liver has long been described as immunosuppressive, although the mechanisms underlying this phenomenon are incompletely
understood. Hepatic stellate cells (HSCs), a population of liver nonparenchymal cells, are potent producers of the regulatory T cell
(Treg)-polarizing molecules TGF-B1 and all-trans retinoic acid, particularly during states of inflammation. HSCs are activated
during hepatitis C virus infection and may therefore play a role in the enrichment of Tregs during infection. We hypothesized that
Ag presentation in the context of HSC activation will induce naive T cells to differentiate into Foxp3* Tregs. To test this
hypothesis, we investigated the molecular interactions between murine HSCs, dendritic cells, and naive CD4* T cells. We found
that HSCs alone do not present Ag to naive CD4™ T cells, but in the presence of dendritic cells and TGF-$1, preferentially induce
functional Tregs. This Treg induction was associated with retinoid metabolism by HSCs and was dependent on all-frans retinoic
acid. Thus, we conclude that HSCs preferentially generate Foxp3* Tregs and, therefore, may play a role in the tolerogenic nature

of the liver. The Journal of Immunology, 2013, 190: 2009-2016.

liver likely extend to phenomena as diverse as oral tol-

erance, liver transplant tolerance, and potentially the
dysfunction of the T cell compartment in chronic hepatotropic
infections, such as hepatitis B and C viruses (HBV and HCV,
respectively). However, the mechanisms underlying liver-asso-
ciated immunosuppression are not well understood. The role
of the liver in oral tolerance is highlighted by two key observa-
tions: 1) oral tolerance is dependent on blood flow from the in-
testine to the liver (1), and 2) can be mimicked by direct Ag
delivery via the portal vein (2-5). Importantly, oral tolerance may
be specifically mediated by the regulatory T cell (Treg) subset (6,
7), indicating a role for tolerogenic interactions between liver
APCs and T cells. The tolerogenic nature of the liver also impacts
liver transplantation, which can be performed without extensive
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histocompatibility matching or harsh immunosuppressive regi-
mens, indicating a role for T cell-based tolerance in concert with
other well-described, nonadaptive regulatory mechanisms such as
immunosuppressive cytokines (8). Liver-associated T cell toler-
ance may also play a major role in the inability to clear HBV and
HCYV infections, which are associated with expanded Treg pop-
ulations in the blood and liver (9-15).

We therefore postulated that Ag presentation in the liver might
play a role in the suppression of intrahepatic T cell responses
through the induction of Tregs. Recent studies have highlighted the
differential ability of various APCs to induce differentiation of
the distinct lineages of CD4" T cells (reviewed in Refs. 16-18).
Upon interaction with APCs displaying the cognate Ag, naive
CD4" T cells have the potential to differentiate into multiple
distinct lineages: 1) IFN-y—producing TH1 primed in the presence
of IL-12; 2) IL-4—, IL-5—, and IL-10—producing TH2 cells primed
in the presence of IL-4 or IL-5; 3) IL-17—producing TH17 cells
primed in the presence of TGF-1 and IL-6; and 4) Tregs capable
of inhibiting proliferation and cytokine production in other T cells
are primed in the presence of TGF-B1 and all-trans retinoic acid
(ATRA) (16-18). In particular, some gut-derived APCs specifi-
cally prime naive CD4" T cells to become Foxp3* Tregs in a TGF-
B1- and ATRA-dependent manner (7, 19-21).

Ag presentation to CD4™ T cells in the liver can be mediated
by multiple cell types, including professional APCs such as liver-
resident dendritic cells (DCs) and Kupfter cells (KCs), the liver-
resident macrophages, and is reported to extend to other cells
including liver sinusoidal endothelial cells (LSECs) (22) and he-
patic stellate cells (HSCs) (23). Liver DCs, KCs, and LSECs have
been extensively studied for their Ag-presentation capacity and
priming of CD4* T cells. DCs resident in the liver are immature
and produce IL-10 and prime TH2 responses (24), but when ac-
tivated produce IL-12, priming a TH1 response (25). Similarly,
KCs alternatively produce IL-12 or IL-10 in response to different
stimuli and, therefore, can prime TH1 or TH2 responses (26, 27).
LSECs can induce CD4* T cell division but inhibit TH1 differ-
entiation (28) and have long been associated with the tolerogenic
nature of the liver (29). This effect was recently demonstrated to
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be mediated by coinhibitory signals delivered by the interaction
of PD-1 on the T cell with PD-L1 on the LSEC (30). HSCs were
found to express low levels of MHC class II and the costimulatory
molecules CD80 and CD86, but have only recently been described
to stimulate CD4" T cells in an Ag-specific manner (23). Simi-
larly, a recent report demonstrated that IFN-y—pretreated HSCs
expanded Tregs during an MLR (31). However, in this system,
HSCs expanded only pre-existing Tregs; they did not generate de
novo Tregs from naive CD4" T cells. To date, little is known of the
role for HSCs on CD4" T cell differentiation during priming.
Whether HSCs prime naive CD4" T cells directly or simply
provide context during priming and differentiation is not known.

Interestingly, HSCs have been associated with the production of
both ATRA and TGF-f3, each a requirement for Treg differentia-
tion. HSCs are the primary storage cell for retinol, or vitamin A
(32), which is metabolized to ATRA during activation (33), and
activated HSCs have also been shown to produce TGF-1 (32).
Recent reports have demonstrated that HSCs do indeed influence
Treg differentiation, but only in trans with strong DC stimulation,
adding confusion to the field (34). We therefore tested whether
HSCs can influence naive CD4" T cell differentiation into Tregs,
either directly or indirectly, using a murine system.

We found that highly purified HSCs were unable to induce
proliferation and cytokine production in naive OT-II transgenic
T cells directly. In coculture with DCs and low concentrations of
TGF-B1, however, HSCs preferentially induced the expression of
Foxp3 in CD4* T cells. Importantly, this Treg development was
dependent on HSC production of ATRA, as antagonism of retinoic
acid receptor a (RARa) signaling inhibited the upregulation of
Foxp3 on naive OT-II T cells. Thus, we conclude that HSCs
preferentially induce Treg differentiation during priming in an
ATRA-dependent manner. This finding may provide a mechanism
for the tolerogenic nature of the liver and the expansion of Tregs
during HBV and HCV infections.

Materials and Methods

Animals

C57BL/6 and BALB/c mice (The Jackson Laboratory, Bar Harbor, ME) and
OT-II mice, with a TCR transgene specific for OVA peptides 323-339, on
the C57BL/6 background were maintained in accordance with Association
for Assessment and Accreditation of Laboratory Animal Care and Insti-
tutional Animal Care and Use Committee guidelines.

Liver cell isolation

HSCs were isolated from liver of C57BL/6 mice by perfusion with HBSS,
then 0.4% protease (Sigma-Aldrich, St. Louis, MO), followed by 0.01%
collagenase (Sigma) solutions in DMEM/F12 medium. After gentle me-
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chanical disruption, the resulting suspension was incubated at 37°C in
a 0.4% collagenase solution in DMEM/F12 with 0.5 mg/ml DNAse for
20 min. The digested suspension was filtered through 70-wm mesh and
centrifuged 50 X g for 3 min. The supernatant was then centrifuged and
resuspended in 20% Optiprep (Sigma-Aldrich) diluted in HBSS and
overlaid with 11.2% Optiprep, then overlaid with HBSS and centrifuged
1400 X g for 17 min. HSCs were harvested from the interface of 11.2%
and HBSS layers, and were washed twice with complete RPMI 1640 with
penicillin, streptomycin, and amphotericin B (Lonza, Basel, Switzerland).
Splenic DCs were isolated using the CD11c microbeads kit for mouse
(Miltenyi Biotec, Bergish Gladbach, Germany).

UV autofluorescence—based sorting of HSCs

After density gradient enrichment, liver nonparenchymal cells were stained
with Abs to CD146 (FITC, ME-9F1; Miltenyi Biotec), CD45 (PerCP-Cy5.5,
104; BD Bioscience, San Jose, CA), F4/80 (allophycocyanin, BMS;
eBioscience), CD11c (allophycocyanin, N418; eBioscience), and MHC
class II (I-A/I-E; Alexa Fluor 700, M5/114.15.2; BD Biosciences), and
sorted on a FACSAria Cell Sorter II (BD Bioscience). Cell populations
sorted were identified as follows: HSC (UV autofluorescence—positive
[UVAF'], CD45~ CD1467), LSEC (UVAF~ CD45  and CD146"), KC
(UVAF~ F4/80"), and DC (UVAF~ CDl11c*). For the detection of HSC-
associated markers, purified liver cells were stained intracellularly with
Abs to glial fibrillary acidic protein (GFAP, FITC, 1B4; BD Bioscience)
and a-smooth muscle actin (a-SMA, PE, 1A4; R&D Systems). For
a-SMA detection, purified HSCs were cultured for 7 d in complete DMEM
and stained with a-SMA PE.

Coculture assay

Naive CD4"* T cells from the spleen and lymph nodes of OT-II mice were
enriched using the CD4*CD62L" T Cell Isolation Kit II for Mouse (Mil-
tenyi Biotec). A total of 1 X 10° CFSE-labeled, naive OT-II T cells were
cocultured for 90 h in RPMI* 10% FBS with 1 X 10> of the HSCs, CD11¢*
DCs, or both (1:1 ratio), in the presence of OVA peptide 323-339 (10 pg/
ml) and recombinant mouse TGF-B1 at various concentrations. In some
conditions, ATRA (100 nM; Sigma-Aldrich) and/or LE540 (1 uM; Wako
Pure Chemical Industries, Osaka, Japan) were used as indicated for the
duration of the culture. When using UV-sorted cells, HSC inputs were
limited to 2 X 10* cell/well. After 90 h, the OT-II T cells were stained for
Foxp3 expression using the PE anti-mouse/rat Foxp3 staining set (eBio-
science, San Diego, CA). For transwell experiments, naive OT-II T cells,
splenic DCs, and HSCs (either HSCs or DCs were separated by transwell
insert as indicated) were cocultured for 90 h in the presence of OVA and
TGF-B1.

Intracellular cytokine staining

In vitro cultured OT-II cells were restimulated in an anti-CD3 (clone 145-
2C11)/anti-CD28 (clone 37.51; BD Biosciences, San Jose, CA)—coated
plate for 4 h in the presence of brefeldin A and monensin, and stained with
Abs to Foxp3 (PE, FJK-16s; eBioscience), IL-17 (allophycocyanin,
eBiol7B7; eBioscience), CD4 (PECy7, GK1.5; eBioscience), and IFN-y
(PE, XMG1.2; BD Biosciences). Stained cells were acquired using an
LSRII (BD Biosciences) and analyzed using FlowJo (Tree Star, Ashland,
OR).
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FIGURE 1. HSCs do not stimulate proliferation of naive CD4* T cells. (A) Expression of a-SMA during activation on nontissue culture—treated plates as

measured by immunofluorescence microscopy. Images are representative of three independent experiments. (B) HSCs from the liver and DCs from the
spleen of a C57BL/6 mouse were cocultured individually at a 1:1 ratio (1 X 10° cells each) with purified and CFSE-labeled CD4*CD62L* T cells from an
OT-II transgenic mouse for 3 d in the presence of the cognate Ag, OVA peptides 323-339 at 10 wg/ml. Representative flow cytometry plots shown were
confirmed in more than three independent experiments. Histogram plots shown are gated on live CFSE* lymphocytes expressing CD4.
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FIGURE 2. HSCs induce Foxp3 expression in the presence of DCs. (A) Magnetic bead-isolated OT-II CD4"CD62L* T cells were cocultured with the
indicated HSCs, DCs, or both for 90 h with OVA peptide 323-339 (10 pg/ml) with or without TGF-B1 (1 ng/ml). Representative flow cytometry plots of
Foxp3 expression in directly stained cells. HSCs and DCs were isolated from C57BL/6 mice liver and spleen, respectively. Data are representative of more
than three independent experiments. (B) Magnetic bead-isolated OT-II CD4*CD62L" T cells from spleen and liver as indicated were cocultured with HSCs
in the presence of DCs for 90 h with OVA peptide and TGF-B1. Representative flow cytometry plots of Foxp3 expression in directly stained cells. Data are
representative of more than two independent experiments. Average percentage of Foxp3™ cells when TGF-B1 is titrated into the culture system (C), and
percentage of IFN-y* cells (D). Titration graphs represent the average of three independent experiments. *p < 0.05.
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Microscopy

HSCs were plate activated for 7 d, then trypsinized and replated on
chambered glass slides for adherence overnight. The cells were then fixed
with 4% paraformaldehyde, permeabilized with 0.1% Triton X-100 in PBS,
and stained with mouse anti-GFAP mixture (BD Biosciences) and rabbit
a-SMA (E184; Novus Biologicals, Littleton, CO), followed by goat anti-
mouse Ig (Alexa Fluor 488; Invitrogen, Burlingame, CA) and goat anti-
rabbit Ig (Alexa Fluor 647; Invitrogen). Images were acquired using
a Zeiss Axioscope Z.1. For autofluorescence microscopy, isolated cells
were plated on nontissue culture—treated plates, and images were collected
in phase-contrast bright field and under UV excitation.

RT-PCR

RNA was prepared from the indicated cell populations using the RNeasy
Mini Kit (Qiagen, Valencia, CA) and cDNA synthesized using the First-
Strand cDNA Synthesis kit using SuperScript I RT with random primers
(Invitrogen). cDNA was used as a template for quantitative real-time PCR
using SYBR Green Master Mix (BioRad) and the following primers: (all
5'-3") Gapdh sense: TGGCAAAGTGGAGATTGTTGCC; Gapdh anti-
sense: AAGATGGTGATGGGCTTCCCG; Aldhlal sense: ATGGTTTA-
GCAGCAGGACTCTTC; Aldhlal anti-sense: CCAGACATCTTGAATC-
CACCGAA; Aldh2al sense: GACTTGTAGCAGCTGTCTTCACT;
Aldh2al anti-sense: TCACCCATTTCTCTCCCATTTCC. PCR and anal-
ysis were performed using a MyiQ iCycler (BioRad). Gene expression was
calculated relative to Gapdh.

Results
HSCs do not stimulate proliferation of naive CD4" T cells

HSC, also known as lipocytes for their prominent lipid vesicles,
are buoyant in comparison with other liver cells and can thus be
enriched by density gradient centrifugation, the first step in the
standard technique for HSC isolation (reviewed in Ref. 32). We
performed isolation of HSCs by this method and tested the en-
richment of HSCs by analyzing morphology and signature mole-
cule expression following culture on nontissue culture—treated
plastic to induce activation. The isolated cells adhered rapidly, lost
lipid content, and underwent differentiation into fibroblast-like

A HSC (Balb/c)
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cells (data not shown), consistent with reports of HSC activation
in vitro (32). Subsequent immunofluorescence staining for GFAP,
a molecule expressed in the liver only by HSCs, and a-SMA,
upregulated by activated HSCs, indicated that the isolated cells
were indeed HSCs (Fig. 1A). To understand whether HSCs can
act directly as APCs to induce Ag-specific proliferation of naive
CD4* T cells, we enriched HSCs from the liver of a C57BL/6
mouse and cocultured these cells in combination with naive CD4*
T cells from an OT-II transgenic mouse in the presence of OVA
peptides 323-339. In the representative experiment shown, HSCs
did not stimulate the proliferation of naive CD4" T cells, whereas
splenic DCs strongly stimulated T cell proliferation (Fig. 1B).
Thus, under these conditions, we found that HSCs were incapable
of directly inducing proliferation in naive CD4* T cells in an Ag-
specific manner.

HSCs influence DC-primed T cells to differentiate into Foxp3™
Tregs

Because HSCs did not prime T cells directly in this system, we
asked whether HSCs could influence the DC-induced differenti-
ation of T cells. To this end, we isolated naive OT-II T cells and
stimulated them with cognate Ag in the presence of HSCs, splenic
DCs, or HSCs and splenic DCs combined. We detected minimal
Foxp3 expression in OT-II T cells cultured with HSCs (3%) or DCs
(4%) alone, or from the HSC+DC coculture (4%; Fig. 2A). The
addition of exogenous TGF-B1 induced a significant fraction of
the CD4* T cells derived from HSC+DC coculture to express
Foxp3 (18% at 1 ng/ml), whereas no Foxp3 induction was ob-
served in the absence of exogenous TGF-B1 (Fig. 2A). With the
addition of exogenous TGF-B1, Foxp3 induction was observed in
OT-II cells cultured with splenic DCs, but importantly, a signifi-
cantly higher fraction of the OT-II T cells expressed Foxp3 (18%)
when HSCs were also present. This demonstrated that HSCs had
a positive influence on Treg development in this culture. To test

DC (BL/6) HSC (Balb/c) + DC (BL/6)

14

Foxp3

FIGURE 3. Ag presentation in the context of HSC

activation induces Foxp3 expression. (A). Magnetic
bead—isolated OT-II CD4*CD62L"* T cells were cul-
tured with mismatched HSCs from BALB/c mice B
liver (HSC BALB/c) with OVA peptides 323-339

CD4

HSC (BL/6)

DC (Balblc) HSC (BL/6) + DC (Balb/c)

and TGF-B1. (B) Similar experiment as (A) except
mismatched DCs were isolated from BALB/c mice

spleen (DC BALB/c) and cocultured with naive CD4*
T cells. The representative data shown were con-

firmed in three independent experiments. (C) Purified
OT-II CD4"CD62L*" T cells were cocultured with
splenic DCs and HSCs (either HSCs or DCs were

Foxp3

separated by a transwell insert as indicated) for 90 h

CD4

in the presence of OVA and TGF-B1. The represen-
tative data were confirmed in two independent
experiments.

Foxp3

DC+CD4

0 0 DC HSC
HSC+CD4 HSC+CD4 DC+CD4

2 1

o

CD4

20T ‘6 1snSny uo 1sans Aq /310 ounurr-mmam//:dny woiy papeorumo(q


http://www.jimmunol.org/

The Journal of Immunology 2013

whether this observation would hold true for liver-resident CD4™" were measured after restimulation of cells cocultured with HSCs
T cells, which may respond differently to the stimulation con- and DCs under the same conditions. We observed induction of
ditions, we performed similar coculture experiments using intra- IFN-vy expression indicative of TH1 cells only in OT-II cells
hepatic OT-II T cells and assessed the HSC-mediated effects in cultured with DC, which was inhibited by the addition of TGF-31
these cultures. We found that the level of Foxp3 inductions for (Fig. 2D). IL-17 expression was minimal and expressed only by

liver-resident CD4™ T cells during priming was comparable with OT-II cells cultured with DCs in the highest TGF-B1 concen-
that observed for splenic CD4" T cells (Fig. 2B), and that this trations (data not shown). IL-10 production by OT-II cells was not
expression was also positively influenced by the presence of detected under any conditions (data not shown). These findings
HSCs. Although the addition of a low concentration of TGF-1 demonstrated that although HSCs alone were not capable of di-
induced a significant fraction of the OT-II T cells derived from rectly priming naive CD4™ T cells, they could induce Treg dif-
HSC+DC coculture to express Foxp3, DCs alone were only able ferentiation during priming by professional APC.
to prime a small fraction of Foxp3™* cells at very high TGF-B1 . . . .
concentration (10 ng/ml; Fig. 2C). Treg induction by HSC is MHC independent

In addition, we also analyzed the expression of key molecules To confirm that HSCs do not function as APCs directly, we sep-
associated with other major lineages of CD4* T cells: IFN-y arated the Ag-presenting capacity of HSCs and DCs in the co-
(TH1), IL-10 (TH2), and IL-17 (TH17). IFN-vy, IL-17, and IL-10 culture system in two experiments. First, we isolated these
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FIGURE 4. Isolation and purification of HSCs. Liver nonparenchymal cells from C57BL/6 mouse were isolated and enriched by density gradient
separation. After enrichment, cells were stained with CD146 FITC, CD45 PerCP-Cy5.5, F4/80 allophycocyanin, or CD11c allophycocyanin Abs, and sorted
on a FACSAria Cell Sorter II. (A) HSCs were identified as UVAF', CD146~, and CD45 ™, whereas liver cells, which are autofluorescence-negative (UVAF ),
lack CD45 but express CD146 marker, and represent LSECs (purity ~85%), were also identified. Other nonfluorescent liver cells that represent KCs (UVAF
F4/80", purity ~95) and liver DCs (UVAF~ CD11c", purity ~88%) were also identified, respectively. (B) Purified HSCs and other nonfluorescent cells were
further analyzed for their associated markers GFAP and a-SMA by intracellular staining. MHC class II expression on purified HSCs was also analyzed by
flow cytometry. (C) Purified HSCs (2 X 10*) and other liver nonparenchymal cells were cocultured with purified OT-II CD4*CD62L" T cells (1 X 10%) with
splenic DCs (1 X 10%) for 90 h in the presence of cognate Ag, OVA peptides 323-339 at 10 pg/ml, and TGF-B1 (1 ng/ml). Representative flow cytometry
plots shown were confirmed in more than three independent experiments.
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FIGURE 5. HSCs metabolize retinoids to form retinoic acid during
activation. (A) Relative mRNA expression of RALDH1 and RALDH?2 as
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isolation or after culture for 3 or 7 d on nontissue culture—treated plastic to
activate. Data shown are the average of three repeated measures and are
representative of three independent experiments. Activated HSCs lose
retinoid content as measured by UVAF in representative images (B), which
is consistent in the average of 10 images/time point in more than three
independent experiments (C).

populations from either BALB/c mice (I-A%) or C57BL/6 mice (I-
A®) where only I-AP—expressing APCs from C57BL/6 mice are
capable of presenting OVA. Importantly, when HSCs from BALB/c
mice and DCs from C57BL/6 mice were used in the coculture
experiment, we observed Foxp3 expression despite being cultured
with HSCs incapable of presenting cognate Ag (Fig. 3A), although,
reciprocally, when only HSCs expressed I-A®, proliferation and
expression of Foxp3 was not observed (Fig. 3B). Second, we
separated HSCs or DCs (both from C57BL/6 mice) from CD4*
T cells using transwell inserts. If we separated DCs from the HSCs
and CD4" T cell culture by transwell insert, we found no T cell
priming, similar to HSCs and CD4" T cells alone. However, sig-
nificant Foxp3 induction was observed when HSCs were separated
from the DCs and CD4* T cell coculture (Fig. 3C). Together, these
data confirm that HSCs can modify naive T cell priming by DCs
and demonstrate that this influence is mediated by soluble factors.

Foxp3* Treg induction is specific to HSCs, not other
liver-resident cells

The enrichment technique used earlier results in enrichment of
HSCs, but not a purified population. To confirm that the phenomena

-HSC +HSC
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observed earlier were due to HSCs and not a contaminating cell
population, we purified HSCs after enrichment using FACS cell
sorting based on vitamin A-mediated UVAF (35-37). HSCs were
identified as UVAF" and lacking the expression of LSEC marker
CD146 and hematopoietic cell marker CD45 (Fig. 4A). Other
liver-resident APCs could also be identified, based on their ex-
pression of markers such as CD146 (LSEC), F4/80 (KC), and
CDl11c (DC; Fig. 4A). To confirm that the isolated UVAF" cells
were HSCs, we measured expression of GFAP and a-SMA by
flow cytometry and found that UVAF" HSCs expressed elevated
levels of GFAP and a-SMA compared with other nonfluorescent
liver cells and splenocytes (Fig. 4B). Importantly, the freshly
isolated UVAF" HSCs did not express MHC class 11, consistent
with the observation that the HSCs cannot directly prime CD4"
T cells (Fig. 4B). After the identification and phenotyping of
HSCs and the various liver-resident APC populations, we tested
the influence of these populations on Treg differentiation. To this
end, we cultured the sorted HSCs, LSECs, KCs, and liver DCs
with naive OT-II cells, splenic DCs, TGF-3, and cognate Ag as
described earlier. Consistent with our previous observations, pure
populations of UVAF" HSCs resulted in Foxp3 induction in the
context of DC priming and TGF-1, whereas none of the other
liver-derived subsets were capable of inducing Foxp3 induction
(Fig. 4C).

HSCs metabolize retinoids to form retinoic acid during
activation

We found earlier that HSCs can influence DC-mediated naive
CD4* T cell priming to induce Tregs through a soluble factor.
ATRA signaling through RARa has been recently described to be
important for the development of Tregs (20, 38-41). Because
HSCs are the major storage cell for retinol (vitamin A), the
metabolic precursor of ATRA (32), and this retinol is lost during
the activation program (33), we hypothesized that HSCs produce
ATRA, and that this ATRA promotes Treg differentiation during
T cell priming. We therefore investigated the production of
ATRA by HSCs in our system. We first measured the expression
of the key enzymes in the generation of ATRA. Retinol is initially
converted to retinaldehyde by retinol dehydrogenases, which is
subsequently converted, in the rate-limiting and irreversible step,
to ATRA by the retinaldehyde dehydrogenases RALDHI1 and
RALDH?2 (ALDH1A1 and ALDH1A2, respectively). We isolated
RNA from HSCs directly after isolation or after 3 or 7 d of plate
activation, as well as from freshly isolated splenic DCs, and used
sequence-specific primers to perform quantitative RT-PCR to
measure the expression of the rate-limiting RALDH1 and RALDH?2.
We found that plate activation of HSCs, which mimics in vivo ac-
tivation (32), induced expression of both RALDH1 and RALDH?2
(Fig. 5A) compared with minimal expression in splenic DCs.
We then measured cellular retinoid content qualitatively in plate-

HSC + LE540 +RA

Foxp3

CD4

FIGURE 6. ATRA produced during HSC activation influences Treg priming. Magnetic bead—isolated OT-Il CD4"CD62L" T cells were cocultured with DCs
with or without HSC, RA (100 nM), or LE540 (1 wM) at the indicated condition for 90 h with OVA peptides 323-339 (10 mg/ml) and TGF-B1 (1 ng/ml).
Representative flow cytometry plots of Foxp3 expression in directly stained cells. HSCs and DCs were isolated from C57BL/6 mice liver and spleen, re-

spectively. Data are representative of more than three independent experiments.
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activated HSCs by UV fluorescence microscopy. UV-excited reti-
noid compounds exhibit a characteristic, rapidly fading fluores-
cence, detectable in isolated HSCs and in whole liver sections (42).
We found that over the course of activation, HSCs greatly increase
in size, differentiate into fibroblast-like cells, and lose the retinoid-
specific UVAF (Fig. 5B, 5C). Importantly, the kinetics of RALDH]1
and RALDH2 upregulation coincided with the loss of retinoid
content in plate-activated HSCs as measured by UVAF.

ATRA production by HSCs during activation is essential for
HSC-mediated Treg differentiation

To confirm that the ATRA produced by HSCs plays a role in Treg
priming, we first confirmed that RA alone could induce Tregs
during DC priming (Fig. 6). We then prevented interaction of RA
with RARa during coculture of naive OT-II T cells with HSCs and
DCs using the RARa-specific antagonist LE540. We found that
the HSC-induced Foxp3 expression was strongly inhibited by
LE540 (Fig. 6), supporting the hypothesis that HSC-derived
ATRA is responsible for the HSC-specific induction of Treg dif-
ferentiation.

Discussion

Basic mechanistic explanations for the observed tolerogenic nature
of the liver have been elusive, despite decades of study. Although
nonadaptive mechanisms such as constitutive immunosuppressive
cytokine expression have been well documented (8), tolerance of
the adaptive immune system in the liver is likely not global, but
rather Ag-specific and mediated by Treg (6). However, it is not
known how the liver generates Tregs. We hypothesized that
a subset of hepatic cells may be directly or indirectly responsible
for the differentiation of Tregs. Multiple cell types in the liver are
reported to be capable of presenting Ag to CD4" T cells: liver DC
(24, 25), KC (26, 27), LSEC (22), and HSC (23). Because HSCs
are the major storage site for retinol, the metabolic precursor for
ATRA, and produce the key Treg-polarizing molecules ATRA and
TGF-B1 during activation, we focused our studies on the molec-
ular interactions of HSCs with naive CD4™ T cells. Using naive
CD4* T cells derived from the OTII strain of TCR transgenic
mice, we found that HSCs alone were unable to induce prolifer-
ation and differentiation, although in the presence of DC and low
concentrations of exogenous TGF-31, upregulation of Foxp3 was
observed from the naive CD4" T cells during division. This
finding confirms the findings by Ichikawa et al. (34) that HSCs
indirectly prime DC-activated Tregs. This process was dependent
on signaling through RARa and was associated with loss of
HSC cellular retinoid content and concomitant upregulation of
RALDHI and RALDH2. Thus, we conclude that HSCs skew Th
cell differentiation toward Tregs in a TGF-B1- and ATRA-
dependent manner.

Treg conversion by HSCs, under the conditions reported in this
study, is dependent on the addition of exogenous TGF-3, despite
the previous descriptions of direct TGF-f3 production by HSC.
This finding is likely due to the synchronicity of HSC activation in
our coculture system, where all HSCs are at similar activation
states. Thus, in our culture conditions, there does not exist a
population of fully activated HSCs that have attained maximum
TGF-B1 production (32). Such a population would be expected
among an asynchronously activated HSC population observed
in vivo, where HSCs would exist at various states of activation at
any given time. In addition, other cells in the liver constitutively
produce TGF-1, including LSEC (43) and KC (44), indicating
that TGF-B1 from other cells may act in concert with HSCs to
induce Treg. We have established that ATRA is likely produced by
HSCs in our coculture experiments by demonstrating a depen-
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dence of Foxp3 induction in naive T cells on RAR« signaling, as
well as showing that the retinoid content of HSCs is lost during
in vitro activation concomitant with the induction of RALDH]1
and RALDH?2 expression. In addition, other groups have confirmed
ATRA production by activated HSCs using HPLC (33). In vivo,
other cytokines produced in the liver can also induce Treg priming
and may act in concert with HSC-derived TGF-31 and ATRA, such
as LSEC- or KC-derived IL-10 (45, 46). In addition, KCs can induce
Tregs through other mechanisms, such as galectin-9 expression (47).

These findings demonstrate a potential mechanism for the
generation of Tregs within the liver environment and define a role
for HSC:CD4" T cell interactions in liver immune tolerance. The
experimental system described in this article involves in vitro
activation of HSCs on plastic, modeling liver damage, and thus
induction of the differentiation program reversibly converting
these cells to myofibroblast-like cells. This differentiation is as-
sociated with the loss of cellular retinoid content, resulting in
production of ATRA, critical to Foxp3 upregulation and Treg
derivation. Because HSCs have been described as a-SMA-
expressing activated cells during HCV infection (48, 49), in re-
sponse to ischemia/reperfusion injury (50), and liver transplanta-
tion (51), this mechanism likely applies more to these scenarios
involving liver damage than to steady-state oral tolerance, during
which HSCs remain quiescent. Importantly, the finding that HSCs
can influence Treg differentiation may explain the observations of
increased Treg frequency in blood and liver during chronic HCV
infection (15), which is implicated, on one hand, in impairment of
the virus-specific T cell response (52, 53) and, on the other hand,
limitation of liver fibrosis (54).

Overall, these findings provide insight into the phenomenon of
immunological tolerance, the understanding of which is essential
for modulation of this phenomenon in the clinical setting. For
instance, augmentation of immunosuppression using HSC-targeted
methods may enhance the acceptance of liver transplants and may
potentially extend beyond the liver, where Tregs may be used to
prevent autoimmunity, allergy, or rejection of nonliver transplants.
In contrast, inhibition of HSC-mediated Treg derivation may allow
the immune system to clear HBV and HCV infections during the
acute phase, before the onset of fibrosis and cirrhosis. Although
methods for the direct targeting of HSCs remain under develop-
ment, this study provides an important advance in the under-
standing of liver immunobiology and a potential target for the
treatment of immune-related liver diseases.

Acknowledgments

We thank Brian Norris and Pablo Romagnoli for helpful discussions;
Robert Karaffa and the Emory University School of Medicine Flow Cytom-
etry Core Facility for cell sorting and expertise; and Christopher Ibegbu,
Kiran Gill, Barbara Cervasi, and the Emory Vaccine Center Flow Cytometry
Core Facility for technical assistance, cell sorting, and flow cytometry as-
sistance.

Disclosures
The authors have no financial conflicts of interest.

References

1. Yang, R., Q. Liu, J. L. Grosfeld, and M. D. Pescovitz. 1994. Intestinal venous
drainage through the liver is a prerequisite for oral tolerance induction. J.
Pediatr. Surg. 29: 1145-1148.

2. Qian, J., T. Hashimoto, H. Fujiwara, and T. Hamaoka. 1985. Studies on the
induction of tolerance to alloantigens. I. The abrogation of potentials for
delayed-type-hypersensitivity response to alloantigens by portal venous inocu-
lation with allogeneic cells. J. Immunol. 134: 3656-3661.

3. Fujiwara, H., J. H. Qian, S. Satoh, S. Kokudo, R. Ikegami, and T. Hamaoka.
1986. Studies on the induction of tolerance to alloantigens. II. The generation of
serum factor(s) able to transfer alloantigen-specific tolerance for delayed-type

20T ‘6 1snSny uo 1sans Aq /310 ounurr-mmam//:dny woiy papeorumo(q


http://www.jimmunol.org/

2016

20.

21.

22.

23.

24.

25.

26.

27.

28.

hypersensitivity by portal venous inoculation with allogeneic cells. J. Immunol.
136: 2763-2768.

. Sato, S., J. H. Qian, S. Kokudo, R. Ikegami, T. Suda, T. Hamaoka, and

H. Fujiwara. 1988. Studies on the induction of tolerance to alloantigens. III.
Induction of antibodies directed against alloantigen-specific delayed-type hy-
persensitivity T cells by a single injection of allogeneic lymphocytes via portal
venous route. J. Immunol. 140: 717-722.

. Mowat, A. M. 1999. Basic mechanisms and clinical implications of oral toler-

ance. Curr. Opin. Gastroenterol. 15: 546-556.

. Chen, Y., V. K. Kuchroo, J. Inobe, D. A. Hafler, and H. L. Weiner. 1994. Reg-

ulatory T cell clones induced by oral tolerance: suppression of autoimmune
encephalomyelitis. Science 265: 1237-1240.

. Sun, C.-M., J. A. Hall, R. B. Blank, N. Bouladoux, M. Oukka, J. R. Mora, and

Y. Belkaid. 2007. Small intestine lamina propria dendritic cells promote de novo
generation of Foxp3 T reg cells via retinoic acid. J. Exp. Med. 204: 1775-1785.

. Tiegs, G., and A. W. Lohse. 2010. Immune tolerance: what is unique about the

liver. J. Autoimmun. 34: 1-6.

. Sugimoto, K., F. Ikeda, J. Stadanlick, F. A. Nunes, H. J. Alter, and K. M. Chang.

2003. Suppression of HCV-specific T cells without differential hierarchy dem-
onstrated ex vivo in persistent HCV infection. Hepatology 38: 1437-1448.

. Cabrera, R., Z. Tu, Y. Xu, R. J. Firpi, H. R. Rosen, C. Liu, and D. R. Nelson.

2004. An immunomodulatory role for CD4(+)CD25(+) regulatory
T lymphocytes in hepatitis C virus infection. Hepatology 40: 1062-1071.

. Boettler, T., H. C. Spangenberg, C. Neumann-Haefelin, E. Panther, S. Urbani,

C. Ferrari, H. E. Blum, F. von Weizsicker, and R. Thimme. 2005. T cells with
a CD4+CD25+ regulatory phenotype suppress in vitro proliferation of virus-
specific CD8+ T cells during chronic hepatitis C virus infection. J. Virol. 79:
7860-7867.

. Bolacchi, F,, A. Sinistro, C. Ciaprini, F. Demin, M. Capozzi, F. C. Carducci,

C. M. Drapeau, G. Rocchi, and A. Bergamini. 2006. Increased hepatitis C virus
(HCV)-specific CD4+CD25+ regulatory T lymphocytes and reduced HCV-
specific CD4+ T cell response in HCV-infected patients with normal versus
abnormal alanine aminotransferase levels. Clin. Exp. Immunol. 144: 188-196.

. Ward, S. M., B. C. Fox, P. J. Brown, J. Worthington, S. B. Fox, R. W. Chapman,

K. A. Fleming, A. H. Banham, and P. Klenerman. 2007. Quantification and
localisation of FOXP3+ T lymphocytes and relation to hepatic inflammation
during chronic HCV infection. J. Hepatol. 47: 316-324.

. Ebinuma, H., N. Nakamoto, Y. Li, D. A. Price, E. Gostick, B. L. Levine,

J. Tobias, W. W. Kwok, and K. M. Chang. 2008. Identification and in vitro
expansion of functional antigen-specific CD25+ FoxP3+ regulatory T cells in
hepatitis C virus infection. J. Virol. 82: 5043-5053.

. Franceschini, D., M. Paroli, V. Francavilla, M. Videtta, S. Morrone, G. Labbadia,

A. Cerino, M. U. Mondelli, and V. Barnaba. 2009. PD-L1 negatively regulates
CD4+CD25+Foxp3+ Tregs by limiting STAT-5 phosphorylation in patients
chronically infected with HCV. J. Clin. Invest. 119: 551-564.

. Korn, T., E. Bettelli, M. Oukka, and V. K. Kuchroo. 2009. IL-17 and Th17 Cells.

Annu. Rev. Immunol. 27: 485-517.

. Weaver, C. T., R. D. Hatton, P. R. Mangan, and L. E. Harrington. 2007. IL-17

family cytokines and the expanding diversity of effector T cell lineages. Annu.
Rev. Immunol. 25: 821-852.

. Pulendran, B., H. Tang, and S. Manicassamy. 2010. Programming dendritic cells

to induce T(H)2 and tolerogenic responses. Nat. Immunol. 11: 647-655.

. Denning, T. L., Y. C. Wang, S. R. Patel, I. R. Williams, and B. Pulendran. 2007.

Lamina propria macrophages and dendritic cells differentially induce regulatory
and interleukin 17-producing T cell responses. Nat. Immunol. 8: 1086—-1094.
Coombes, J. L., K. R. Siddiqui, C. V. Arancibia-Carcamo, J. Hall, C. M. Sun,
Y. Belkaid, and F. Powrie. 2007. A functionally specialized population of mu-
cosal CD103+ DCs induces Foxp3+ regulatory T cells via a TGF-beta and ret-
inoic acid-dependent mechanism. J. Exp. Med. 204: 1757-1764.

Manicassamy, S., B. Reizis, R. Ravindran, H. Nakaya, R. M. Salazar-Gonzalez,
Y. C. Wang, and B. Pulendran. 2010. Activation of beta-catenin in dendritic cells
regulates immunity versus tolerance in the intestine. Science 329: 849-853.
Rubinstein, D., A. K. Roska, and P. E. Lipsky. 1987. Antigen presentation by
liver sinusoidal lining cells after antigen exposure in vivo. J. Immunol. 138:
1377-1382.

Winau, F., G. Hegasy, R. Weiskirchen, S. Weber, C. Cassan, P. A. Sieling,
R. L. Modlin, R. S. Liblau, A. M. Gressner, and S. H. Kaufmann. 2007. Ito cells
are liver-resident antigen-presenting cells for activating T cell responses. Im-
munity 26: 117-129.

Khanna, A., A. E. Morelli, C. Zhong, T. Takayama, L. Lu, and A. W. Thomson.
2000. Effects of liver-derived dendritic cell progenitors on Thl- and Th2-like
cytokine responses in vitro and in vivo. J. Immunol. 164: 1346-1354.

Abe, M., S. M. Akbar, N. Horiike, and M. Onji. 2001. Induction of cytokine
production and proliferation of memory lymphocytes by murine liver dendritic
cell progenitors: role of these progenitors as immunogenic resident antigen-
presenting cells in the liver. J. Hepatol. 34: 61-67.

Okamura, H., H. Tsutsi, T. Komatsu, M. Yutsudo, A. Hakura, T. Tanimoto,
K. Torigoe, T. Okura, Y. Nukada, K. Hattori, et al. 1995. Cloning of a new
cytokine that induces IFN-gamma production by T cells. Nature 378: 88-91.
Knolle, P. A., A. Uhrig, S. Hegenbarth, E. Loser, E. Schmitt, G. Gerken, and
A. W. Lohse. 1998. IL-10 down-regulates T cell activation by antigen-presenting
liver sinusoidal endothelial cells through decreased antigen uptake via the
mannose receptor and lowered surface expression of accessory molecules. Clin.
Exp. Immunol. 114: 427-433.

Knolle, P. A., E. Schmitt, S. Jin, T. Germann, R. Duchmann, S. Hegenbarth,
G. Gerken, and A. W. Lohse. 1999. Induction of cytokine production in naive
CD4(+) T cells by antigen-presenting murine liver sinusoidal endothelial cells

29.

31.

32.

34.

35.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

S

52.

53.

54.

HEPATIC STELLATE CELLS INDUCE Tregs

but failure to induce differentiation toward Thl cells. Gastroenterology 116:
1428-1440.

Onoe, T., H. Ohdan, D. Tokita, H. Hara, Y. Tanaka, K. Ishiyama, and T. Asahara.
2005. Liver sinusoidal endothelial cells have a capacity for inducing non-
responsiveness of T cells across major histocompatibility complex barriers.
Transpl. Int. 18: 206-214.

. Diehl, L., A. Schurich, R. Grochtmann, S. Hegenbarth, L. Chen, and P. A. Knolle.

2008. Tolerogenic maturation of liver sinusoidal endothelial cells promotes B7-
homolog 1-dependent CD8+ T cell tolerance. Hepatology 47: 296-305.

Jiang, G., H. R. Yang, L. Wang, G. M. Wildey, J. Fung, S. Qian, and L. Lu. 2008.
Hepatic stellate cells preferentially expand allogeneic CD4+ CD25+ FoxP3+
regulatory T cells in an IL-2-dependent manner. Transplantation 86: 1492—-1502.
Friedman, S. L. 2008. Hepatic stellate cells: protean, multifunctional, and
enigmatic cells of the liver. Physiol. Rev. 88: 125-172.

. Radaeva, S., L. Wang, S. Radaev, W. 1. Jeong, O. Park, and B. Gao. 2007.

Retinoic acid signaling sensitizes hepatic stellate cells to NK cell killing via
upregulation of NK cell activating ligand RAEL. Am. J. Physiol. Gastrointest.
Liver Physiol. 293: G809-G816.

Ichikawa, S., D. Mucida, A. J. Tyznik, M. Kronenberg, and H. Cheroutre. 2011.
Hepatic stellate cells function as regulatory bystanders. J. Immunol. 186: 5549-5555.
Geerts, A., T. Niki, K. Hellemans, D. De Craemer, K. Van Den Berg,
J. M. Lazou, G. Stange, M. Van De Winkel, and P. De Bleser. 1998. Purification
of rat hepatic stellate cells by side scatter-activated cell sorting. Hepatology 27:
590-598.

. Ogawa, T., C. Tateno, K. Asahina, H. Fujii, N. Kawada, M. Obara, and

K. Yoshizato. 2007. Identification of vitamin A-free cells in a stellate cell-
enriched fraction of normal rat liver as myofibroblasts. Histochem. Cell Biol.
127: 161-174.

Kubota, H., H. L. Yao, and L. M. Reid. 2007. Identification and characterization
of vitamin A-storing cells in fetal liver: implications for functional importance of
hepatic stellate cells in liver development and hematopoiesis. Stem Cells 25:
2339-2349.

Mucida, D., Y. Park, G. Kim, O. Turovskaya, I. Scott, M. Kronenberg, and
H. Cheroutre. 2007. Reciprocal TH17 and regulatory T cell differentiation me-
diated by retinoic acid. Science 317: 256-260.

Benson, M. J., K. Pino-Lagos, M. Rosemblatt, and R. J. Noelle. 2007. All-trans
retinoic acid mediates enhanced T reg cell growth, differentiation, and gut homing
in the face of high levels of co-stimulation. J. Exp. Med. 204: 1765-1774.
Manicassamy, S., and B. Pulendran. 2009. Retinoic acid-dependent regulation of
immune responses by dendritic cells and macrophages. Semin. Immunol. 21: 22-27.
Manicassamy, S., R. Ravindran, J. Deng, H. Oluoch, T. L. Denning, S. P. Kasturi,
K. M. Rosenthal, B. D. Evavold, and B. Pulendran. 2009. Toll-like receptor 2-
dependent induction of vitamin A-metabolizing enzymes in dendritic cells
promotes T regulatory responses and inhibits autoimmunity. Nat. Med. 15: 401—
409.

Popper, H. 1944. Distribution of vitamin A in tissue as visualized by fluores-
cence microscopy. Physiol. Rev. 24: 205-224.

Karrar, A., U. Broomé, M. Uzunel, A. R. Qureshi, and S. Sumitran-Holgersson.
2007. Human liver sinusoidal endothelial cells induce apoptosis in activated
T cells: a role in tolerance induction. Gut 56: 243-252.

Meyer, D. H., M. G. Bachem, and A. M. Gressner. 1990. Modulation of hepatic
lipocyte proteoglycan synthesis and proliferation by Kupffer cell-derived
transforming growth factors type beta 1 and type alpha. Biochem. Biophys.
Res. Commun. 171: 1122-1129.

Bamboat, Z. M., J. A. Stableford, G. Plitas, B. M. Burt, H. M. Nguyen,
A. P. Welles, M. Gonen, J. W. Young, and R. P. DeMatteo. 2009. Human liver
dendritic cells promote T cell hyporesponsiveness. J. Immunol. 182: 1901-1911.
Erhardt, A., M. Biburger, T. Papadopoulos, and G. Tiegs. 2007. IL-10, regulatory
T cells, and Kupffer cells mediate tolerance in concanavalin A-induced liver
injury in mice. Hepatology 45: 475-485.

Mengshol, J. A., L. Golden-Mason, T. Arikawa, M. Smith, T. Niki,
R. McWilliams, J. A. Randall, R. McMahan, M. A. Zimmerman, M. Rangachari,
et al. 2010. A crucial role for Kupffer cell-derived galectin-9 in regulation of
T cell immunity in hepatitis C infection. PLoS ONE 5: €9504.

Gawrieh, S., B. G. Papouchado, L. J. Burgart, S. Kobayashi, M. R. Charlton, and
G. J. Gores. 2005. Early hepatic stellate cell activation predicts severe hepatitis C
recurrence after liver transplantation. Liver Transpl. 11: 1207-1213.

Carpino, G., S. Morini, S. Ginanni Corradini, A. Franchitto, M. Merli,
M. Siciliano, F. Gentili, A. Onetti Muda, P. Berloco, M. Rossi, et al. 2005.
Alpha-SMA expression in hepatic stellate cells and quantitative analysis of he-
patic fibrosis in cirrhosis and in recurrent chronic hepatitis after liver trans-
plantation. Dig. Liver Dis. 37: 349-356.

Cheng, F., Y. Li, L. Feng, and S. Li. 2008. Hepatic stellate cell activation and
hepatic fibrosis induced by ischemia/reperfusion injury. Transplant. Proc. 40:
2167-2170.

Bilezik¢i, B., B. Demirhan, A. Sar, Z. Arat, H. Karakayali, and M. Haberal.
2006. Hepatic stellate cells in biopsies from liver allografts with acute rejection.
Transplant. Proc. 38: 589-593.

Manigold, T., and V. Racanelli. 2007. T-cell regulation by CD4 regulatory T cells
during hepatitis B and C virus infections: facts and controversies. Lancet Infect.
Dis. 7: 804-813.

Dolganiuc, A., and G. Szabo. 2008. T cells with regulatory activity in hepatitis C
virus infection: what we know and what we don’t. J. Leukoc. Biol. 84: 614-622.
Claassen, M. A. A., R. J. de Knegt, H. W. Tilanus, H. L. A. Janssen, and
A. Boonstra. 2010. Abundant numbers of regulatory T cells localize to the liver
of chronic hepatitis C infected patients and limit the extent of fibrosis. J. Hep-
atol. 52: 315-321.

20T ‘6 1snSny uo 1sans Aq /310 ounurr-mmam//:dny woiy papeorumo(q


http://www.jimmunol.org/

