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Abstract

Hepatic stellate cells (HSCs) inhibit T cells, a process that could help the liver to maintain its
immunoprivileged status. HSCs secrete latent TGFB1, but the detailed mechanisms by which
latent TGFB1 is activated and whether it plays any role in HSC-mediated T-cell suppression
remain unclear. Glycoprotein A repetitions predominant (GARP) is a surface marker of activated
regulatory T cells (Tregs). GARP binds latent TGFB1 for its activation, which is critical for Tregs
to suppress effector T cells; however, it is still unclear whether GARP is present on HSCs and
whether it has any impact on HSC function. In this study, we found that TGFp1*/~ HSCs, which
produce reduced levels of TGFB1, showed decreased potency in inhibiting T cells. We also found
that pharmaceutical or genetic inhibition of the TGF31 signaling pathway reduced the T-cell-
inhibiting activity of HSCs. In addition, using isolated primary HSCs, we demonstrated that
GARP was constitutively expressed on HSCs. Blocking GARP function or knocking down GARP
expression significantly impaired the potency of HSCs to suppress the proliferation of and IFNy
production from activated T cells, suggesting that GARP is important for HSCs to inhibit T cells.
These results demonstrate the unexpected presence of GARP on HSCs and its significance in
regard to the ability of HSCs to activate latent TGFf1 and thereby inhibit T cells. Our study
reveals a new mechanism for HSC-mediated immune regulation and potentially for other
conditions, such as liver fibrosis, that involve HSC-secreted TGFp1.
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Introduction

Transforming growth factor-betal (TGFB1) plays critical roles in many physiological and
pathological conditions, including cell differentiation and apoptosis, inflammation
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regulation, and tissue repair and fibrosis. TGFB1 is first made by cells in a latent form in
association with a dimeric protein called latency-associated peptide (LAP). The secreted
latent TGFB1 complex is then processed by different mechanisms to release active TGFf31,
which can then execute its many biological functions.

Glycoprotein-A repetitions predominant (GARP) has been identified as a cell-surface
marker for activated foxp3™ regulatory T cells (Tregs) (1, 2). GARP is essential for the
surface anchoring of latent TGFB1 and its activation, both of which are required by Tregs to
inhibit effector T cells and to induce tolerance via cell-to-cell contact (3-5). The distribution
of GARP is thought to be restricted on platelets and activated Tregs (1). Little is known
about whether GARP is expressed on other cells, and if it is, whether GARP plays any role
in regulating the function of these cells.

Hepatic stellate cells (HSCs) account for about one third of all nonparenchymal cells in the
liver (6). In normal liver, HSCs are involved in liver development and regeneration, and
these cells also play a key role in the storage and transport of retinoids in the body. Under
pathological conditions such as liver injury, HSCs are activated and heavily involved in liver
fibrosis. It has been demonstrated that activated HSCs produce matrix proteins, including
collagens, as well as different kinds of matrix metalloproteinases and tissue inhibitors of
metalloproteinases (7). In addition, activated HSCs are an important major source of TGFp1,
which contributes to liver fibrosis through both autocrine and paracrine mechanisms,
including stimulating the productions of matrix proteins, matrix metalloproteinases, and
tissue inhibitors of metalloproteinases from HSCs (8).

Aside from the established role of HSCs in liver fibrosis, it has also been demonstrated by
several groups, including ours, that HSCs have strong immunoregulatory activities, which
could help to maintain the immunoprivileged status of liver (9-13). We have reported that
HSCs directly inhibit T cells primarily through cell-to-cell contact and that programmed
death-ligand 1 (PD-L1) on the surface of HSCs is an important molecule involved in this
process (9, 13). In addition, we showed that HSCs indirectly regulate adaptive immune
responses by inducing the propagation of myeloid-derived suppressor cells, which suppress
both T- and B-cell responses (10, 14). However, despite the observation that activated HSCs
are a major source of latent TGFB1 in the liver (15), whether the TGFB1 produced by HSCs
contributes to the immunoregulatory activity of HSCs remains unclear, as do the
mechanisms by which the HSC-produced latent TGFp1 is activated.

In this study, we examined the role of TGFB1 in HSC-mediated T-cell inhibition and the
expression and function of GARP on primary HSCs. Our results suggest that GARP is
constitutively expressed on HSCs and is required by HSCs to activate locally produced
latent TGFB1, thus inhibiting the proliferation of and inflammatory cytokine production
from activated T cells.
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Methods and Reagents

Mice

All mice used were on C57BL/6 background. Wild-type (WT), TGFp1*/~ knockout (KO)
(16) and SMAD3 KOs(17) were purchased from The Jackson Laboratory (Bar Harbor, ME).
PD-L17/~ mice (18) were a kind gift from Lieping Chen, MD, PhD (Department of
Immunobiology and Yale Cancer Center, Yale University School of Medicine, New Haven,
CT). All animal care and experimental procedures were approved by the Institutional
Animal Care and Use Committees at Cleveland Clinic and Case Western Reserve
University.

Isolation of HSCs

Mouse HSCs were isolated from WT, TGFB1*/~ and PD-L17~ mouse livers following
protocols established in the lab as described in detail previously (13). In brief, HSCs were
isolated from perfused mouse livers and cultured in RPMI-1640 medium supplemented with
20% fetal bovine serum in 5% CO> in air at 37° C for 14-21 days. Cell viability was usually
>90%, as determined by trypan blue exclusion, and cell purity was usually >90%, as
determined by their staining positive for a-smooth muscle actin (immune staining) and
negative for CD45 (flow), as previously described (10). Human primary HSCs were
purchased from ScienCell Research Laboratories (Carlsbad, CA).

GARP expression assessments

To assess GARP expression at transcript levels, RT-PCR was performed to amplify GARP
cDNA fragments from total RNAs purified from isolated HSCs. We used the following RT-
PCR primers: P1: CAGCGTCGAGAGCAAGTG; P2: GCTTGGATGTCCAGTGAGA (for
mouse GARP); P3: AAGTGCCCTGTAAGATGGTG; and P4:
CAAGTTCAGGTAGATGAGTCTCG (for human GARP). Primers were designed to span
different exons of GARP genes to ensure the amplification of cDNAs instead of
contaminated genomic DNA, and RNAs without reserve transcription were used as negative
controls. To confirm that the amplified products are GARP transcripts, the PCR bands were
isolated from the gel using a Gel DNA extraction kit (Qiagen, CA) following manufacturer
provided protocols and sequenced by the Sequencing Core Facility at Cleveland Clinic. For
quantitative RT-PCRs (qRT-PCRs), GARP transcripts were quantitated using SYBR®
Green Real-Time PCR Master Mixes (ABI Biosystems/Life Technologies, Carlsbad, CA)
with the GARP primers P5: CAGCGTCGAGAGCAAGTG and P6:
GCTTGGATGTCCAGTGAGAG and the GAPDH primers P7:
AGGTCGGTGTGAACGGATTTG and P8: TGTAGACCATGTAGTTGAGGTCAG on an
ABI 7500 real-time PCR machine, following manufacturer-provided protocols. To assess
GARP expression at protein levels, Isolated HSCs were treated with Versene solution (Life
technology, CA) to make single cell suspensions, then incubated with respective anti-GARP
antibodies [2 pg/mL of an anti-mouse-GARP IgG, clone FO11-5 or anti-human-GARP IgG,
clone 7B11 (BioLegend, San Diego, CA)], or the same concentration of isotype control,
followed by flow cytometry analysis on a flow cytometer (BD FACScalibur™, Franklin
Lakes, New Jersey).
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Weston blot of GARP

HSCs were treated with or without 200U IFN-v for 48 hr. For negative controls, CD8* T
cells were isolated from WT C57BL/6 mouse splenocytes using a mouse CD8* T cell
isolation kit (Miltenyi Biotec, San Diego, CA), and for positive controls, mouse splenocytes
after B cell depletion using a mouse B cell isolation kit (StemCell, Vancouver, Canada)
were used. Cell lysates were prepared using NP-40 buffer (Sigma, MI) and total protein
concentrations were determined by using a BCA protein concentration assay kit (Pierce, IL)
following manufacturer provided protocols. Blotted membrane was incubated with 1 pg/ml
of the sheep anti-GARP Ab (R&D, Minneapolis, MN) at 4°C overnight, then incubated with
2 ug /ml of the HRP-conjugated Rabbit anti-sheep 1gG (Southern Biotech, Birmingham, AL)
for 30min at room temperature. After washing, ECL western blotting regent (GE Healthcare
Bio-Sciences, Pittsburg, PA) was applied for the detection. The same membrane was
stripped and probed again using an anti-mouse actin antibody to serve as a loading control.

GARP knockdown by lentivirus-expressed shRNAs

Lentivirus-expressing short hairpin RNAs (ShRNAs) designed to target different sites of the
GARP transcript were ordered from Sigma (St. Louis, MO). To knock down GARP gene
expression on HSCs, different combinations of the shRNA-expressing lentivirus or control
empty virus were used to transfect HSCs following previously described protocols [18]. In
brief, 0.5 x 108 HSCs were co-cultured with 8 ug/ml hexadimethrine bromide (Sigma
Aldrich, St. Louis, MO) in the presence of 5-10 pl of lentiviral particles to the cells with a
multiplicity of infections (MOI) of 0.5-1. Cells were incubated at 37°C in a humidified
incubator in an atmosphere of 5% CO, for 20 hrs, then washed and cultured in fresh media.
The cells were cultured for another 4 days, then levels of GARP protein on them were
assessed by flow cytometry.

T-cell inhibition assays

T cells from WT or SMAD3 KO mice were enriched using nylon wool columns and labeled
with Carboxyfluorescein succinimidyl ester (CFSE), then activated with anti-CD3/CD28
monoclonal antibodies. Different numbers of WT or TGFB1*/~ HSCs were mixed with the
activated T cells, in the presence of either a polyclonal sheep anti-GARP antibody or control
IgGs (R&D Systems, Minneapolis, MN). HSC-mediated T-cell inhibition was assessed by
measuring the proliferation of both CD4* and CD8" T cells and the production of IFNy
following protocols described before.

Immunofluorescence assays

Cells were plated in 4-well chamber slides (Thermo Scientific, Waltham, MA), washed with
phosphate-buffered saline (PBS) twice, then fixed for 10 min in fresh 4% paraformaldehyde-
PBS. After further washing in PBS, the cells were blocked with 5% bovine serum albumin
(Sigma, St Louis, MO) for 2 h in PBS. Cells were then washed three more times in PBS with
1% bovine serum albumin and incubated with primary antibody and control 1gGs (anti-
GARP polyclone antibody [R&D Systems, Minneapolis, MN], anti-mouse LAP, clone
TW7-16B4 [BioLegend, San Diego, CA], or anti-TGFJ polyclonal antibody [Santa Cruz
Biotechnology, Dallas, TX]) overnight at 4°C. After washing, cells were incubated with
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respective secondary antibodies at room temperature for 1 hr. Slides were mounted with
FluorSave™ reagent (EMD Millipore, Darmstadt, Germany) and kept in the dark until
viewing.

Enzyme-linked immunosorbent assays

LAP, TGFB1, and IFNy levels in the culture supernatants were measured by standard
enzyme-linked immunosorbent assays (ELISAs) following manufacturer-provided
protocols.

Statistical Analysis

Each experiment was repeated at least twice or more with similar results. Results from a
representative experiment were shown in each case. All data are shown as mean * SD,
student’s t-test was used to analyze the data using Microsoft Excel and GraphPad Prism 6
(GraphPad Software, San Diego, CA). Statistical significance was set at p < 0.05.

Results

TGFB1 is important for HSCs to inhibit T cells

HSCs are known to be an important source of TGFB1 (19, 20), but whether HSC-produced
TGFp1 contributes to the immunoregulatory activity of HSCs remains unclear. To clarify
this issue, we isolated HSCs from WT or TGFB1*~ mice (TGFB1~/~ mice die prematurely)
(16). Consistent with previous reports (21-23), we found that TGF1 levels were
significantly reduced in sera from TGFB1*/~ mice (data not shown). Upon comparing the T-
cell inhibitory activity of the WT and TGFp1*/~ HSCs, we found that TGFp1*/~ HSCs had
reduced potency in inhibiting T cells compared with WT HSCs (Fig. 1A, B), suggesting that
TGFp1 is needed for HSCs to inhibit T cells. In addition, we cultured WT HSCs with
activated T cells in the presence or absence of the TGFp signaling inhibitor SB-431542 (24),
then assessed the proliferation of these T cells. These experiments showed that inhibiting
TGFp signaling by the inhibitor markedly augmented the proliferation of and IFNy
production from the activated T cells, even in the presence of HSCs (Fig. 1C.D), suggesting
a significant role of TGFf signaling in HSC-mediated T-cell inhibition.

The TGFB1 signaling pathway in T cells is important for HSCs to inhibit T cells

HSC-produced latent TGFB1, after activation, could directly initiate signaling pathways in T
cells to exhibit their T-cell inhibitory activity, or it could also act in an autocrine fashion for
HSCs to indirectly inhibit T cells, e.g., by upregulating HSC expression of PD-L1. To
address this issue, in light of previous reports that SMAD3 is a critical intracellular signal
transducer and transcriptional modulator for TGF (17), we cultured HSCs with different
numbers of activated WT and SMAD3~/~ T cells, then assessed the proliferation and
cytokine production of these T cells. These experiments showed that, compared with WT T
cells, which were potently suppressed by the HSCs, SMAD3~/~ T cells showed largely
increased proliferation and IFNy production (Fig. 2), indicating that HSC-produced TGFp1
directly acted on these T cells to inhibit their proliferation and cytokine production and that
the SMAD3 pathway of TGF1 signaling is important for the HSC-produced TGFj1 to
inhibit T cells. All the above results, taken together, have now revealed a previously
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unknown role of the HSC-produced TGFB1 underlying the mechanism by which HSCs
inhibit T cells.

GARP is present on both human and mouse HSCs

Previous studies have shown that GARP is critical for Tregs to activate latent TGFp1 to
inhibit effector T cells (1, 2). Thus we next explored whether GARP is also expressed on
HSCs and whether it is important for HSCs to activate latent TGFB1 for T cell inhibition. To
determine whether HSCs constitutively express GARP, we first isolated total RNAs from
mouse HSCs and carried out RT-PCRs to detect GARP transcripts. We found that cDNA
fragment with the predicted size could be amplified by RT-PCR from mouse HSC total
RNA (Fig. 3A), and further DNA sequencing results confirmed that these amplicons are
indeed GARP transcripts (data not shown), suggesting that the GARP gene is constitutively
transcribed in mouse HSCs. Using isolated primary human HSCs, we were also able to
detect GARP transcripts in these cells by RT-PCR (Fig. 3A) followed by sequencing (data
not shown). To determine the presence of GARP proteins on the surface of HSCs, we
analyzed both human and mouse primary HSCs by flow cytometry and found that,
consistent with the RT-PCR results, GARP proteins were detectable on the cell surface (Fig.
3B). All these data show that GARP is constitutively expressed and is present on the cell
surface of both human and mouse HSCs. In the following experiments, we focused on
mouse HSCs as our subject of research.

GARP expression levels are elevated on HSCs activated by IFNy

IFNY is an important inflammatory cytokine that markedly upregulates PD-L1 expression on
HSCs, thereby augmenting the T-cell inhibitory activity of HSCs (25). To test the effect of
IFNy on GARP expression, we first stimulated HSCs with 100 U of IFNy, then isolated total
RNAs at baseline (0) and after 4, 8, and 24 hrs to quantitated GARP transcripts by
quantitative RT-PCR. These experiments showed that IFNy stimulation upregulated the
transcription of GARP in HSCs (Fig. 4A). We then incubated HSCs with different
concentrations of IFNy for 48 hrs, then assessed GARP protein levels on HSCs both by flow
cytometric analysis, western blots and immunofluorescence staining. These experiments
showed that consistent with increased levels of transcription as detected in early quantitative
RT-PCR assays, GARP protein levels were elevated on the surface of HSCs after incubation
with IFNy (Fig. 4B,C D & E), suggesting that inflammatory cytokines such as IFNy
upregulate the expression of GARP on HSCs.

Blocking GARP function impairs the T-cell inhibitory activity of HSCs

An important feature of HSCs is that they potently inhibit T cells through PD-L1, which
could help to maintain the immunoprivileged status of liver (10). We next examined the role
of the newly discovered GARP in HSC-mediated T-cell inhibition and its relevance with
regard to PD-L1 on HSCs. In brief, we incubated WT or PD-L17/~ HSCs with different
numbers of CFSE-labeled- and anti-CD3/anti-CD28 monoclonal antibody-activated T cells
in the presence of GARP-blocking 1gGs or control IgGs for 72 hrs, then analyzed the
proliferation of activated T cells by flow cytometry. In addition to the T-cell proliferation
assays, we also measured levels of IFNy produced by the activated T cells in the culture
supernatants by ELISA. These experiments showed that, consistent with previous reports (9,
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10), in the presence of control IgGs, HSCs markedly inhibited T cells, as measured by both
their proliferation and IFNy production, and that PD-L1~/~ HSCs exhibited reduced T-cell
inhibitory activity (Fig. 5). In the presence of GARP-blocking 1gGs, however, the ability of
the WT HSCs to inhibit the proliferation of the activated T cells was also significantly
reduced, as was their ability to suppress IFNy production from these T cells. Interestingly,
PD-L17/~ HSCs in the presence of GARP-blocking IgGs showed the weakest T-cell
inhibitory activity (Fig. 5). These results suggest that in addition to PD-L1, GARP is another
cell surface molecule required by HSCs to inhibit T cells.

Knocking down GARP expression impairs the T-cell inhibitory activity of HSCs

To further confirm the significance of GARP in HSCs regarding their T-cell inhibitory
activity, but from a different perspective, we used a lentivirus-delivered shRNA approach to
knock down GARP expression on HSCs. We screened combinations of lentivirus-expressed
shRNAs targeting different sites of the GARP transcript by first infecting the cells with the
recombinant virus, then assessing GARP levels on the infected cells 96 hrs later by flow
cytometry and immunofluorescence staining. Using this method, we identified one
combination of viral particles that were the most effective to knock down GARP expression
on HSCs. It knocked down >90% of GARP expression in the infected HSCs (Fig. 6 A,B).
The shRNA coding sequence in these two lentiviral particles is
CCGGGATGCTACTCAGGACCTAATCCTCGAGGATTAGGTCCTGAGTAGCATCTT
TTTGor
CCGGATGCCAGCGGTGGAGCAATTACTCGAGTAATTGCTCCACCGCTGGCATTT
TTTG, respectively. We then infected HSCs with these identified lentivirus-expressed
shRNAs and 96 hrs later, after confirming the successful knockdown of GARP expression
on the shRNA-infected HSCs, we compared their efficacy at inhibiting the proliferation of
activated T cells and IFNy production from the activated T cells with HSCs infected with
the same number of control empty lentivirus at the same time. These experiments showed
that HSCs with knocked-down GARP were less efficient at inhibiting activated T cells than
the control HSCs (Fig. 7), confirming that GARP is important for HSCs to inhibit T cells.

Latent TGFB1 and TGFB1 co-localize with GARP on HSCs

We have previously reported that cell-to-cell contact is required for HSCs to inhibit T cells
(13), and we confirmed these results again in this study too (data not shown). With the new
discovery that HSC-produced TGF1 is also required for HSC to efficiently inhibit T cells,
this suggests that the GARP-activated, HSC-produced TGFp1 works in a fashion similar to
that reported in Tregs (3, 4), in which activated TGFB1 is either released in close proximity
during interactions of HSCs with effector T cells or bound to the cell surface of HSCs to
interact with TGFB1 receptors on T cells. To test this hypothesis, we first stained HSCs for
GARP, latent TGFB1 (LAP), and TGFp1 using their respective antibodies, then examined
the cells under a fluorescence microscope. These experiments revealed that, as demonstrated
by previous flow cytometric studies, GARP is present on the surface of HSCs. Interestingly,
there was also cytoplasmic staining of GARP inside HSCs. Both the latent TGFp1 (LAP)
and TGFp1 itself were present on the surface of HSCs, and their signals co-localized with
GARP staining, suggesting that both latent TGFp1 (LAP) and TGFp1 bind to GARP on
HSCs (Fig. 8A, B). Flow cytometric analysis confirmed that majority of the HSCs are
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double positive for both GARP and LAP proteins (Fig. 8C). In addition, we measured levels
of latent TGFB1 (LAP) by ELISA in the culture supernatants of HSCs with or without the
knocked-down GARP. These experiments showed that latent TGFB1 (LAP) levels in the
culture supernatants from HSCs with knocked-down GARP were significantly higher than
those from control HSCs, suggesting that GARP is an important anchor of latent TGFp1
(LAP) on HSCs (Fig. 8D).

Discussion

Using TGFB1*~ HSCs and TGFp signaling inhibitors, we demonstrated that HSC-derived
TGFP1 is required for HSCs to efficiently inhibit T cells. Using SMAD3~~ T cells, we
showed that HSC-derived TGFp1 acts directly on T cells, not through other autocrine
mechanisms to indirectly inhibit T cells. Using RT-PCR, western blot and flow cytometric
analysis, we found that GARP is constitutively expressed on both human and mouse primary
HSCs. Using GARP-blocking antibodies to neutralize GARP function and GARP-specific
shRNAs to knock down GARP expression on HSCs, we demonstrated that GARP is
essential to HSCs to efficiently inhibit T cells. In addition, we found from
immunofluorescence-staining studies that LAP and TGFp1 co-localize with GARP on HSCs
and that HSCs with knocked-down GARP expression exhibit higher levels of latent TGFp1
(LAP) in the culture supernatants. These results, taken together, demonstrate that TGFp1 is
another major mechanism by which HSCs inhibit T cells. GARP is constitutively expressed
on HSCs, and GARP binds HSC-produced latent TGFB1, which is important for the
activation of the latent TGFB1 by other mechanisms for the inhibition of T cells.
Unfortunately, because systemically knocking out GARP in mice is lethal (http://
www2.bre.riken.jp/lab/animal/detail.php?reg_no=RBRC05951), and there is no HSC-
specific GARP KO mouse available, we are not able to test these in vitro results in vivo.

Liver is a unique organ that is under chronic challenge from inflammatory processes. Liver
is continuously exposed to various bacteria and food antigens, which interact with
circulating T cells (26). The constitutive presence of foreign antigens in the liver requires
tight control of local immune responses. In addition, liver allografts are spontaneously
accepted in mice (27), and in humans, patients who have undergone liver allograft
transplantation require significantly lower doses of immunosuppressive drugs to prevent
rejection than patients who have received other solid-organ allografts (e.g., kidney or heart),
and approximately 20%-40% patients who received liver allografts can gradually be weaned
off immunosuppressive drugs without graft rejection (28-31), suggesting an
immunoprivileged status of liver. Interestingly, although the whole liver may have an
immunoprivileged status, transplanted allogeneic hepatocytes are highly immunogenic, both
in rodents and humans (32, 33); this characteristic suggests that nonparenchymal cells are
responsible for liver’s immunoprivileged status. Even though the precise mechanisms
remain elusive, previous studies suggest a significant role of HSCs in maintaining liver
homeostasis by regulating T cells. Our results, showing that HSCs inhibit T cells through
GARP-associated activation of the locally produced latent TGFB1, provide more evidence to
support this concept.
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Despite the observation that activated HSCs are an important source of TGFp1 in the liver
(8, 15), whether HSC-produced TGFpL1 is involved in HSC-mediated immune regulation has
been unclear. In the present study, we found that TGFp1*/~ HSCs, which produce
significantly lower levels of TGF1 than normal HSCs, also showed markedly impaired T-
cell inhibitory function when assessed by both the activated T-cell proliferation and
inflammatory cytokine production assays, suggesting that HSC-produced TGFB1 is
important for HSCs to direct inhibit T cells. In addition, we found that using either of two
agents — the inhibitor SB4531542 to pharmaceutically inhibit TGFB1 signaling or
SMAD3™~ T cells, in which the TGFp1 signaling pathway is genetically impaired — leads to
significantly reduced T-cell inhibition by HSCs. These results further support the conclusion
that TGFB1 plays a critical role allowing HSCs to directly inhibit T cells and revealed a
previously unrecognized mechanism by which HSCs regulate the immune system.

TGFP1 is secreted by cells in a latent form, and the release of active TGFf1 from the latent
TGFB1 complex is a critical regulatory step for TGFp1 function and signaling (34). It has
been demonstrated that cells secret latent TGFB1 in which the active TGFp1 is associate
with LAP(4, 35). GARP was identified as a cell-surface marker and an important receptor
for latent TGFpB1 on the surface of Treg cells (1-3). GARP functions by tethering and
binding to latent TGFB1 produced by Tregs, which helps a,fg integrin to activate TGFB1 for
Tregs to execute their regulatory activities (36). However, precisely how the Treg produced
TGFB1 inhibit effector T cells is still not clear. It is speculated that the activated TGFp1
either keeps binding to GARP on the Treg cell surface to engage TGFB1 receptors on
effector T cells or is released in close proximity to the effector T cells during their
interaction with Tregs for the inhibition (4). We observed that TGF1 and LAP co-localize
with GARP on HSCs. We also showed that for HSCs to be able to inhibit T cells requires
direct cell-to-cell contact; this finding suggests that the HSC-produced TGFB1 might inhibit
T cells in a similar fashion to that of Tregs.

GARP expression was only reported on platelets and Treg cells (1, 2). Results from our
studies clearly showed that GARP is constitutively expressed on HSCs, which indicates that
GARP should have a broader distribution other than solely on Tregs and platelets and could
be a common mechanism involves in the presentation and activation of latent TGFp1.
Indeed, during the preparation of this article, we noticed a recent report showing that GARP
is expressed on mesenchymal stem cells derived from bone marrow and adipose tissue and
is a key factor allowing MSCs to inhibit T cells by regulating the bioavailability of TGFp1
(37).

In contrast to their beneficial role in controlling immune responses in the liver, HSCs have a
harmful effect of facilitating liver fibrosis (38). It has been reported that HSCs are an
important source of latent TGFB1 after liver injury and that activated TGFB1 stimulates
HSCs to produce matrix proteins and other enzymes that significantly contribute to liver
fibrosis (39). However, the detailed mechanisms by which the HSC-produced latent TGFp1
is activated are poorly understood. Our results suggest that the GARP-associated activation
of latent TGFB1 on HSCs is important not only for HSC inhibition of T cells, but also could
be integrally involved in HSC-augmented liver fibrosis.
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In summary, despite the prevailing belief that GARP expresses only on Tregs and platelets,
our studies demonstrate that GARP is in fact constitutively expressed on HSCs and
upregulated by the inflammatory cytokine IFNy. GARP is required to anchor and activate
HSC-produced latent TGFB1, which allows HSCs to inhibit T cells. These results showed a
wider-than-expected distribution of GARP on cells with immunosuppressive functions; thus
our work has uncovered a novel mechanism by which HSCs control immune responses in
the liver and has revealed a new pathway by which HSC-produced latent TGFB1 is
presented and activated, which could also be implicated in the pathogenesis of liver fibrosis.
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Figure. 1. TGFBlisrequired for HSC to efficiently inhibit T cells
WT and TGF1*/~ HSCs were co-cultured with CFSE labeled, and anti-CD3/CD28 mAbs-

activated T cells at different ratios (HSC: T cells). 72 h later, proliferations of the activated
CD4" and CD8™ T cells were assessed by flow cytometry (A) and IFNy levels in the culture
supernatants were measured by ELISA (B). Representative results of 3 different
experiments. In addition, WT HSCs were co-cultured with CFSE labeled, and anti-CD3/
CD28 mAbs-activated T cells at 1:15 ratio in the absence or presence of 2uM of the TGFp
signaling inhibitor SB431542, and proliferations of the activated T cells (C) and their
production of IFNy (D) were assessed in 72 h by flow cytometry and ELISA, respectively.
Representative results of 2 different experiments.
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Figure. 2. HSC-produced TGF1 directly inhibit T cellsthrough the SMAD3 pathway
WT HSCs were co-cultured with CFSE labeled, and anti-CD3/CD28 mAbs-activated WT or

SMAD3™~ T cells at different ratios (HSC: T cells). 72 hr later, proliferation of the
activated T cells was assessed by flow cytometry (A) and production of IFNy by the
activated T cells in the culture supernatants was measured by ELISA (B). *p<0.05 as
calculated by student’s t-test. Representative results of 4 different experiments.
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Figure 3. HSCs constitutively express GARP
Total RNAs were isolated from mouse primary HSCs and human primary HSCs, then used

for RT-PCR to amply the transcripts of GARP (arrows) using respective primers (A), these
amplicons were purified and sequenced to confirm that they are indeed GARP transcripts
(data not shown). Both mouse and human HSCs were also stained with respective anti-
GARP mAb or isotype controls, then analyzed by flow cytometry (B) Empty areas, isotype
control, shaded areas, GARP-specific Ab stainings. Representative results of 4 different
experiments.
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Figure4. GARP expression isupregulated by |FNy

Mouse HSCs were incubated with 100U/ml of recombinant murine IFNy, then collected at

1duosnue Joyiny

1duosnue Joyiny

different time points to isolate total RNA for quantative RT-PCR to assess levels of GARP
transcripts (A). The IFNy stimulation experiments were repeated and this time, some of the
HSCs were cultured on chamber slides. 48 hr after IFNy stimulation, GARP expression on
HSCs was assessed by flow cytometry (B), western blot (C) and immunofluorescence
staining (D, E). Representative results of 4 different experiments except panel A, which are
the combined results of 3 experiments, and panel C, which was done twice. *p < 0.05 as
calculated by student’s t-test, +, positive control (hon-B cell splenocytes); —, negative
control (CD8+ T cells); HSC, HSCs without IFNy stimulation; and HSC/IFNy, HSCs with
IFNy stimulation for 48 hr; arrows, GARP band (~ 85KDa) and actin band (~40KDa).
Western blot images were scanned and cropped to show the bands.
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Figure5. GARP isrequired for HSC to efficiently inhibit T cellsin addition to PD-L 1
WT or PD-L17/~ HSCs were co-cultured with CFSE-labeled, anti-CD3/CD28 mAb

activated T cells at different ratios in the presence of control 1gG or 10 pg/ml polyclonal
anti-GARP 1gGs. 72 h later, proliferation of the CD4* and CD8™" T cells were assessed by
flow cytometry (A). The experiment was repeated using WT HSC, PD-L1~/~ HSCs and PD-
L1/~ HSCs plus the GARP blocking 1gGs, and IFNy levels in the culture supernatants were
measured by ELISA (B). * p<0.05 as calculated by student’s t-test, representative results of
2 different experiments.
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Figure 6. Knocking down of GARP expression by lentivial-shRNAs
Lentiviral particles containing shRNAs targeting different sites of GARP transcripts were

used to transfect HSCS, then GARP protein levels on HSCs were assessed 72 hr later by
flow cytometry (A) and immunofluorescence staining (B). One of the combinations, virus
4+5 was identified to be able to significantly knock down GARP expression on HSCs. Solid
line, isotype control; dotted line, HSCs transfected with virus 4+5, shaded area, HSCs
transfected with control virus. Representative results of 4 different experiments.
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Figure 7. HSCswith GARP knocked down have reduced ability to inhibit T cells
WT HSCs were transfected with the identified combination of ShRNA virus (4+5) or control

virus. 72 hr later, after GARP knock down was verified by flow cytometry in HSCs
transfected with 4+5 viral particles, these HSCs were co-cultured with CFSE-labeled, anti-
CD3/CD28 mAb activated T cells at different ratios for another 72 hrs. Proliferation of the
CD4" and CD8™ T cells were assessed by flow cytometry (A) and levels of IFNy in the
supernatants were measured by standard ELISA (B). Resting, T cells without activation
(system negative control), Activated, T cells incubated with the anti-CD3/CD28 beads in the
absence of HSCs (system positive control). Representative results of 3 different
experiments.
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Figure 8. Co-localization of latent TGFB1 (LAP) and TGFB1 with GARP on HSCs
HSCs were cultured on chamber slides, and stained with respective antibodies against

GARP, LAP and TGF B1. Slides were examined by a fluorescent microscope and
representative pictures are taken and overlapped to show the co-localization of LAP and
TGFB1with GARP on HSCs (A, B). HSCs were also double-stained with a PE-labeled anti-
GARP mAb (clone F011-5) and an APC labeled anti-LAP mAb (clone TW7-16B4), or
respective isotype controls, and cells were analyzed by a flow cytometer (C). In another
experiment, LAP levels in culture supernatants conditioned by HSCs with GARP
knockdown (transfected with virus 4*5) or by control HSCs (transfected with empty virus)
were measured by ELISA. (D). * p<0.05 as calculated by student’s t-test
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