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Abstract

Background & Aims: Glycoprotein A repetitions predominant (GARP) is a membrane protein
that functions as a latent TGF-p docking molecule. While the immune regulatory properties of
GARP on blood cells have been studied, the function of GARP on tissue stromal cells remains
unclear. Here, we investigate the role of GARP expressed on hepatic stellate cells (HSCs) in the
development of liver fibrosis.

Methods: The function of GARP on HSCs was explored in toxin-induced and metabolic liver
fibrosis models, using conditional GARP-deficient mice or a newly generated inducible system
for HSC-specific gene ablation. Primary mouse and human HSCs were isolated to evaluate the
contribution of GARP to the activation of latent TGF-p. Moreover, cell contraction of HSCs in the
context of TGF-p activation was tested in a GARP-dependent fashion.

Results: Mice lacking GARP in HSCs were protected from developing liver fibrosis.
Therapeutically deleting GARP on HSCs alleviated the fibrotic process in established disease.
Furthermore, NKT cells exacerbated hepatic fibrosis by inducing GARP expression on HSCs
through IL-4 production. Mechanistically, GARP facilitated fibrogenesis by activating TGF-f and
enhancing endothelin-1 (ET-1)-mediated HSC contraction. Functional GARP was expressed on
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human HSCs and significantly upregulated in the liver of fibrosis patients. Lastly, deletion of
GARP on HSCs did not augment inflammation or liver damage.

Conclusions: GARP expressed on HSCs drives the development of liver fibrosis via cell
contraction-mediated activation of latent TGF-p. Considering that systemic blockade of TGF-
has major side effects, we highlight a therapeutic niche provided by GARP and surface-mediated
TGF-p activation. Thus, our findings suggest an important role of GARP on HSCs as a promising
target for the treatment of liver fibrosis.

Impact and implications: Liver fibrosis represents a substantial and increasing public health
burden globally, and specific treatments are not available. Here, we show that the protein GARP
expressed on hepatic stellate cells (HSCs) drives the development of liver fibrosis. Our findings
suggest GARP as a novel target for future therapies of fibrotic disease.
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Introduction

Chronic liver disease is often caused by alcohol consumption, unhealthy diet, or persistent
hepatic viral infection. Prolonged hepatocyte damage and inflammatory responses frequently
lead to liver fibrosis,:2 a state in which collagen fibers excessively accumulate in the
extracellular matrix (ECM) of the liver, causing stiffness of hepatic tissue. Fibrosis is the
strongest predictor of mortality,3 and if left untreated can develop into cirrhosis, a late stage
and life-threatening syndrome. While cirrhosis represents a substantial and increasing public
health burden globally,* specific treatment is unfortunately not available.
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Activation of hepatic stellate cells (HSCs) is a central driver of liver fibrosis.® In healthy
liver, quiescent HSCs serve as pericytes and store vitamin A. Different stimuli, such as pro-
fibrotic cytokines, are able to trigger the activation of HSCs.8 Upon stimulation, they lose
their vitamin A-containing lipid droplets and transdifferentiate into fibrogenic, contractile
myofibroblasts that synthesize and deposit large amounts of collagen into the ECM.”

Among many pro-fibrotic cytokines, TGF- is the one that most potently induces HSC
activation.2” TGF-B is synthesized as a latent complex (LTGF), in which latency-
associated peptide (LAP) encloses a TGF-p dimer. This controls the cytokine’s activity
by preventing its binding to TGF-p receptor. Several factors, including some cell surface
proteins, are involved in disrupting the LTGFP complex to release mature TGF- into the
extracellular space.8

GARRP (also known as LRRC32) is a transmembrane protein known to tether LTGFp to
the cell surface and is involved in TGF-p activation.? Expression of GARP on Tregs

and platelets has been reported to mediate oral tolerancel® and immune escape of cancer
cells.1112 GARP is expressed on HSCs,13 however, its role in liver fibrosis is not known.
Considering its role in activation of TGF-p, we hypothesized that GARP on HSCs might
contribute to the development of liver fibrosis.

Here, we found that GARP is upregulated in the liver of fibrosis patients as well as in
fibrotic livers of mice. To investigate its role in fibrogenesis, we used a mouse model

in which GARP was genetically deleted in HSCs. We found that GARP exacerbated

liver fibrosis by activation of TGF-f, a process that was enhanced by HSC contraction.
Liver natural killer T (NKT) cells induced GARP expression and augmented fibrogenesis.
Moreover, therapeutically deleting GARP in established disease alleviated collagen
deposition, which highlights GARP as a novel target for the treatment of liver fibrosis.

Materials and methods

The materials and methods are available under supplementary information and the
supplementary CTAT table.

Results

GARP on HSCs exacerbates liver fibrosis

Primary HSCs go through spontaneous activation when cultured in vitro. Flow cytometry
analysis showed that HSCs strikingly upregulate GARP expression upon activation (Fig.
1A). Since HSC activation is a hallmark feature of liver fibrosis, we analyzed the amount of
GARRP in fibrotic mice. C57BL/6 mice were fed with thioacetamide (TAA) for 4 months to
induce hepatic fibrosis. Immunaoblot showed significantly higher levels of GARP in the liver
of TAA-treated animals than in control mice (Fig. 1B). To investigate how GARP affects
the development of fibrosis, we crossbred Lrat-Cre mice,14 in which Cre is specifically
expressed in HSCs, with GARP-floxed mice.1® After TAA treatment (Fig. 1C), LratCre*/~
GARPfl (GARPAHSC) mice, in which GARP expression on HSCs was selectively deleted
(Fig. 1D), were strikingly protected from liver fibrosis compared to GARPT/f! littermates, as
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demonstrated by lower fibrotic gene expression in the liver, including asmooth muscle actin
(Acta2), type I and type 111 collagen (Collal and Col3al), as well as TIMP metallopeptidase
inhibitor 1 (Timp1) (Fig. 1E). Sirius red staining of the liver revealed significantly less
collagen deposition in GARPAHSC mice (Fig. 1F). We also explored the HSC activation
state by immunohistochemistry (IHC) staining of alphasmooth muscle actin (a-SMA), a
marker of activated HSCs, and found that GARPAHSC mice exhibited drastically reduced
a-SMA abundance in the liver (Fig. 1G). Hydroxyproline is a major component of collagen,
and its content was significantly reduced in the liver of GARP-deficient animals (Fig. 1H),
again pointing to reduced collagen accumulation when GARP was lacking in HSCs. Similar
results were consistently observed in the NASH diet model (Fig. SIA-E) and in the high-fat
diet with high fructose and cholesterol (FPC) model (Fig. S2A-E) of liver fibrosis. These
results indicate that GARP on HSCs drives fibrogenesis of the liver.

deletion of GARP in established disease alleviates fibrogenesis

Since GARP on HSCs clearly contributed to hepatic fibrosis, we next asked whether we
could target GARP to curb ongoing fibrogenesis in an already diseased liver. Because an
inducible model for conditional targeting of HSCs was not available, we aimed to construct
an inducible Cre into the allele of an HSC-specific gene to allow for GARP deletion after
induction of fibrosis. For this purpose, we screened the genes that were highly expressed

in HSCs but not in other liver-resident cells, such as hepatocytes, Kupffer cells, and liver
sinusoidal endothelial cells (LSEC). The top hit of the screen by microarray analysis was
bone morphogenetic protein 10 (Bmp10) (Fig. 2A), a member of the TGF-p superfamily.
Throughout the different tissues of the mouse organism, Bmp10 expression was limited to
liver and right atrium (Fig. S3A). In the liver, Bmp10 was exclusively expressed by HSCs
(Fig. 2B), making it a suitable marker for specific targeting. To this end, we generated a
mouse strain in which expression of inducible Cre (CreERT?) is driven by the endogenous
Bmp10 promoter (Fig. S3B,C). To examine the specificity of this mouse model, we crossed
Bmp10-CreERT2 mice to Ai6 animals (that express Zsgreen fluorescence following Cre-
mediated recombination) and administered tamoxifen to Cre* offspring. Subsequent liver
immunofluorescence (IF) staining showed that all Zsgreen-positive cells were also positive
for desmin, an HSC marker (Fig. 2C), indicating that Bmp10-CreER T2 mice specifically
express Cre in HSCs upon tamoxifen administration. Some desmin-positive cells were
negative for Zsgreen, suggesting a group of Bmp10~™ HSCs in the liver. Using this inducible
system, we crossed Bmp10-CreERT2 mice to GARP/fl animals and fed the offspring

with NASH diet for 4 weeks to establish liver fibrosis. Subsequently, mice were given
tamoxifen to induce GARP deletion in HSCs, prior to continuing the diet for another 4
weeks (Fig. 2D). As a result, GARP expression in the liver of Bmp10CreERT2*/-GARPTI/
mice was significantly reduced compared to GARPf/! [ittermates (Fig. 2E), indicating
successful targeting. In agreement with impaired GARP expression, fibrotic genes were
downregulated in Bmp10CreERT2*/~GARP/fl mice compared to littermate controls (Fig.
2E). Before tamoxifen treatment, mice showed a similar level of collagen deposition in the
liver. However, after 4 weeks of tamoxifen injection, GARP/fl mice progressively advanced
in fibrosis, while Bmp10CreERT2*/~GARP/l animals showed no increase in collagen
accumulation (Fig.2F). Similarly, hydroxyproline content (Fig. S3D) was significantly
diminished in the Bmp10CreERT2*/~GARP /T model. IHC staining of a-SMA also
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indicated less HSC activation upon inducible GARP ablation when compared to GARP/fl
animals (Fig. 2G). These results demonstrate that therapeutically targeting GARP on HSCs
can alleviate liver fibrosis.

Natural Killer T (NKT) cells facilitate fibrotic scarring by inducing GARP expression on
HSCs through IL-4 production

Next, we explored the mechanism of GARP regulation on HSCs. We hypothesized that
NKT cells, one of the most abundant lymphocytes in the liver with a key role in hepatic
fibrogenesis, 18 may be involved in the regulation of GARP. To investigate this, we fed
wild-type (WT) or Traj18-knockout mice, which lack invariant NKT (iNKT) cells, with
NASH diet (Fig. 3A). After 8 weeks, GARP and fibrotic gene expression in the liver were
downregulated in iINKT-deficient compared to WT animals (Fig. 3B). Collagen deposition
in mice lacking iINKT cells was also reduced (Fig. 3C and Fig. S4A), corroborating the
contribution of INKT cells to the development of liver fibrosis. Since GARP expression in
iNKT-deficient mice was reduced, we sought to test the direct impact of iINKT cells on
GARP regulation by HSCs. For this purpose, we first isolated iNKT cells from the liver

of naive mice and stimulated them in vitro by TCR cross-linking. Subsequently, incubation
with iINKT cell-conditioned medium significantly induced GARP expression on HSCs, an
effect largely inhibited in the presence of anti-IL-4 but not isotype control antibody (Fig.
3D). This result implies that IL-4 produced by iNKT cells directly triggered HSCs to express
GARP. Indeed, activated HSCs are equipped with the necessary machinery to sense this
cytokine as they expressed IL-4 receptor (Fig. S4B), and recombinant IL-4 strongly induced
GARP upregulation (Fig. 3E). Moreover, induction of GARP on HSCs was prevented

by AS1517499 (Fig. 3E), a specific inhibitor of the IL-4 downstream signaling molecule
STAT6. To translate these findings in vivo and to assess whether iNKT cells produce

IL-4 to promote GARP-mediated liver fibrosis, we injected OCH, an a.galactosylceramide
(a-GalCer) analog that strongly biases iNKT cells to preferentially produce I1L-4,17.18 into
NASH diet-fed GARPAHSC mice or GARPT/T [ittermates (Fig. 3F). OCH injection strongly
induced IL-4 expression in murine liver, and GARP production was significantly amplified
in OCH-treated mice compared to DMSO controls (Fig. S4C). Consequently, GARP/l
mice that received OCH showed augmented liver fibrosis as reflected by increased fibrotic
gene expression (Fig. S4C), collagen deposition (Fig. 3G), and a-SMA staining (Fig. 3H).
Interestingly, despite elevated IL-4 abundance in the liver, GARP2HSC mice showed no
obvious change in magnitude of fibrosis (Fig. 3G, H, and S4C). Taken together, these

data suggest that iNKT cells produce IL-4 to promote liver fibrosis by inducing GARP
expression on HSCs.

GARP on HSCs drives fibrogenesis by activating TGF-

TGF-B is a cytokine that strongly activates HSCs and is well known for its ability to promote
liver fibrosis.2 TGF- is produced in its latent form in which latency-associated peptide
(LAP) encloses a TGF-p dimer to prevent it from binding to its receptor.8 GARP is known
to bind and activate LTGF in several blood cell populations.®11 We observed that GARP

is co-expressed with LTGFp on the cell surface of activated HSCs (Fig. 4A). However, it
was not clear whether HSCs utilize GARP for TGF-f activation. To address this question,
we used a reporter system where HSCs isolated from mouse liver were cocultured with

J Hepatol. Author manuscript; available in PMC 2024 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhang et al.

Page 6

active TGF-B reporter cells to detect TGF- release (Fig. 4B). In contrast to GARP/f
HSCs isolated from GARP-deficient mice failed to activate TGF-p (Fig. 4C). The respective
isoform released from HSCs was mainly TGF-p1, as demonstrated by blocking of luciferase
activity using an anti-TGF-p1 antibody (Fig. 4D). Thus, HSCs activate TGF-1 using
GARP. To exclude the possibility that HSCs from GARPAHSC mice exhibit off-target effects
regarding TGF-p activation, we knocked down GARP in WT HSCs and subjected them to
our TGF-p reporter assay. Accordingly, knockdown confirmed the requirement of GARP
for HSCs to release mature TGF-B (Fig. 4E). In line with previous reports,1 an integrin

ay inhibitor abolished TGF-B activation by HSCs (Fig. 4E). Therefore, GARP and integrin
ay are both indispensable for HSC-mediated TGF- release. In order to investigate TGF-p
activation during the development of liver fibrosis, we analyzed the level of phosphorylated
Smad2 (p-Smad?2), an important downstream signaling molecule of TGF-f receptor, in the
liver of fibrotic mice. Immunoblot of whole liver lysate and IHC staining of liver sections
revealed increased amounts of p-Smad2 in fibrotic GARP/fl mice compared to naive
animals (Fig. 4F, G). In sharp contrast, fibrosisresistant GARP-deficient mice exhibited
similar levels of p-Smad2 as untreated control animals (Fig. 4F, G). Altogether, these results
indicate that GARP on HSCs facilitates liver fibrosis by activating latent TGF-B.

GARP fosters a vicious cycle involving ET-1 and TGF-$

Mechanical pulling force has been proposed to be involved in TGF-B release from its latent
complex.20-21 Activated HSCs transdifferentiate into highly contractile myofibroblasts. As
cell contraction inevitably generates pulling force, we then asked whether contraction of
HSCs contributes to TGF-p activation. To explore this, we first evaluated the contraction

of HSCs using a collagen gel assay (Fig. 5A), in which cells are seeded into a

collagen matrix to measure the subsequent contraction-mediated gel shrinkage. In this
context, HSCs showed clear contractile properties, which were enhanced by the potent
vasoconstrictor endothelin-1 (ET-1), and abolished by blebbistatin, a myosin inhibitor (Fig.
5B). Correspondingly, our TGF-B reporter assay demonstrated that ET-1 strikingly increased
TGF-p activation by HSCs, an increase specifically abolished by bosentan, an endothelin
receptor antagonist (Fig. 5C). Notably, while blebbistatin abolished cell contraction, it

also diminished active TGF-p release from HSCs (Fig. 5C). These data indicate that cell
contraction is needed by HSCs to activate TGF-p.

In fibrotic liver, HSCs are a main source of ET-1.2223 Therefore, we assessed ET-1
production by HSCs isolated from GARPT/fl or GARPAHSC mice. GARP/fl HSCs produced
significantly higher amounts of ET-1 than GARP-deficient cells (Fig. 5D). Recombinant
TGF-p (rTGF-B) further increased ET-1 production in HSCs, while TGF-B blocking had the
opposite effect (Fig. 5D). Consistent with this observation, ET-1 expression was significantly
higher in the liver of GARPT/fl control mice than in GARP-deficient animals fed with

NASH diet (Fig. 5E). These results suggest that ET-1 enhances contraction-mediated TGF-$
activation, while released TGF- in turn increases ET-1 production by HSCs.

To determine the consequences of dampened ET-1 production by GARP-deficient HSCs,
we tested their ability to shrink collagen gel. Strikingly, GARP-deficient HSCs were much
less contractile compared to GARPT/fl and bosentan clearly inhibited the contraction of
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GARPHfl HSCs (Fig. 5F). This illustrates the important role of autocrine ET-1 in the
regulation of HSC contraction. In conclusion, these observations indicate that GARP
facilitates contraction-mediated TGF- release from HSCs. Released TGF-f works in

an autocrine manner, inducing ET-1 production to amplify HSC contraction (Fig. 5G).
Supporting this notion, blocking integrin av, which contributes to TGF-p release from
HSCs, impaired cell contraction (Fig. S5). Thus, we describe a vicious cycle formed by the
crosstalk between ET-1 and TGF- to drive liver fibrosis. Of note, targeting GARP provides
an opportunity to break this loop.

Expression of GARP is upregulated in the liver of fibrosis patients

Next, we performed experiments in the human system, culture-activated human primary
HSCs, and found expression of GARP on the cell surface as analyzed by flow cytometry
(Fig. 6A). To explore the involvement of human GARP in the activation of TGF-f, we
knocked down GARP in human HSCs (Fig. 6B), prior to subjecting them to our TGF-f
reporter assay. Human HSCs were able to activate TGF-$, and similar to our experiments

in the murine model, GARP proved to be indispensable for this activity (Fig. 6C). We

then retrieved and analyzed transcriptional data from public databases (Gene Expression
Omnibus accession code: GSE83452,24 GSE84044,25 and GSE143232%) to evaluate GARP
expression in liver biopsies of three large cohorts of patients with chronic liver disease.
GARP expression in the liver of NASH patients was significantly higher than in non-NASH
individuals. Furthermore, the expression of GARP was even more strikingly increased in the
liver of HBV/HCV-infected fibrosis/cirrhosis patients than in non-fibrosis patients or healthy
donors (Fig. 6D). These results strongly indicate that GARP is expressed on human HSCs
and contributes to the development of liver fibrosis of different etiology.

Targeting GARP on HSCs does not augment liver damage or inflammation

Systemically neutralizing TGF-p or its receptor may induce uncontrollable
inflammation.27-28 However, deletion of GARP on HSCs did not lead to an increase of
inflammatory cell infiltration into the liver in both NASH diet and TAA model (Fig.

7A, B), nor did it augment the expression of pro-inflammatory genes (Fig. 7C). As a
consequence, deletion of GARP did not enhance liver damage as demonstrated by serum
alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels (Fig. 7D).
Natural killer (NK) cells are known to kill activated HSCs and are important for the
control of liver fibrosis.29-30 The frequency, activation phenotype, and cytokine production
of liver NK cells as well as their cytotoxicity toward activated HSCs were well preserved
in GARPAHSC mice compared to GARP/ littermates (Fig. 7E, F). Kupffer cells and
monocyte-derived macrophages (MDMs) are important TGF-f producers in the liver and
promote activation of HSCs by TGF-B and other cytokines.3! We found that GARP is not
expressed on Kupffer cells or MDMs (Fig. S6A), thus not mediating TGF-p activation in
these cell types. Flow cytometry and IHC analysis showed that targeting GARP on HSCs
did not change the frequency of Kupffer cells or MDMs in the liver (Fig. S6B-C), nor did
it affect the TGFP production in macrophages (Fig. S6D). Moreover, conditioned medium
from liver macrophages did not significantly modulate GARP expression in HSCs (Fig.
S6E). These results show that, although curbing fibrogenesis, targeting GARP on HSCs
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does not augment liver damage or inflammation, nor does it affect the homeostasis of liver
macrophages or the clearance of activated HSCs by NK cells.

Discussion

Previous research on GARP mainly focused on its expression on blood cells32-35 and its
role in anti-tumor immune responses.36-38 GARP expression in stromal cells, especially its
role in tissue pathology is, however, not well characterized. Here, using three different
disease models, we show that GARP expressed on HSCs is a critical driver of liver

fibrosis. By activating the pro-fibrotic cytokine TGF-B, GARP facilitates HSC activation
and TGF-B-mediated fibrogenesis. We demonstrate that GARP and aV integrin are both
indispensable for HSCs to mediate mature TGF-p release. Importantly, expression of GARP
is enhanced on activated HSCs and in fibrotic liver, making it an appropriate disease
biomarker and a promising therapeutic target. Indeed, by generating Bmp10-CreERT2 mice,
a novel mouse tool with inducible Cre expression in HSCs, we show that deleting GARP
after establishment of disease alleviates liver fibrosis, despite an ongoing fibrotic process
due to continued NASH diet. Blocking of TGF-p can be beneficial for the treatment of

liver fibrosis and cancer, yet systemically neutralizing TGF-p or blockade of its receptor
induced unacceptable side effects due to its ubiquitous distribution and pleiotropic biological
functions.27-28 By contrast, GARP expression is confined to a limited group of cells, thus,
we propose that targeting GARP to block TGF-p activation could avoid systemic adverse
effects. As a proof of principle, our results show that, while curbing fibrogenesis, ablation
of GARP on HSCs does not exacerbate liver damage or inflammation, nor does it affect NK
cell-mediated clearance of activated HSCs. This highlights the targeting of GARP as a safe
and feasible approach for treating liver fibrosis. The role of NKT cells in liver fibrosis has
been gradually acknowledged.8 Increased numbers of activated NKT cells were found in
patients with NASH.3940 Murine studies showed that the CXCR6-CXCL 16 axis mediates
accumulation of NKT cells during the development of hepatic fibrosis,*! and NKT cells
exacerbated fibrosis of the liver in different mouse models.3940:42 However, the molecular
mechanism of how NKT cells contribute to fibrogenesis is not well understood. In this study,
we show that INKT cells promote liver fibrosis by inducing GARP expression on activated
HSCs, and IL-4 produced by iNKT cells mainly mediates the induction of GARP. iINKT
cell-derived IL-4 likely represents an important mechanism to mediate wound healing in the
liver, as it has been implicated to induce wound repair in sterile liver injury.*3 However, in
the case of chronic liver disease, persistent damage to the liver could trigger and amplify this
healing mechanism for too long, eventually shifting the balance from a beneficial effect to a
devastating process.

Our results show that GARP and integrins are both required for HSCs to activate LTGFp.
However, previous studies showed that binding of GARP and integrins to the LTGFB
complex was not sufficient to release active TGF-B.44 Based on the structure of the
GARP-LTGF complex,*® it is postulated that mechanical tension force is required to open
the LTGFP prodomain. In agreement with this notion, here we show that contraction is
necessary for HSCs to activate TGF-B. In this context, activated HSCs express abundant
a-SMA, thus are well equipped to impose tension force to the LTGFB complex through
GARP, integrins, and the cytoskeletal network. In addition to the upregulation of a-SMA,
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activated HSCs are also the major source of ET-1 in fibrotic liver.22:23 ET-1 is the most
potent vasoconstrictor that induces HSC contraction and activation.*647 It has been reported
to contribute to fibrogenesis and portal hypertension in chronic liver disease.*’-50 Qur
results demonstrate that GARP promotes ET-1 production in activated HSCs through TGF-p
release. Putting together these findings, we propose that GARP fosters a vicious cycle
involving TGF-B activation, ET-1 production, and cell contraction in HSCs that drives the
development of liver fibrosis.
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Abbreviations

GARP Glycoprotein A repetitions predominant
TGF-B Transforming growth factor beta
HSC hepatic stellate cell

NKT cell Natural killer T cell

ET-1 endothelin-1

ECM extracellular matrix

LAP latency-associated peptide
Tregs Regulatory T cells

TAA thioacetamide

Lrat Lecithin retinol acyltransferase
IHC immunohistochemistry

NASH Nonalcoholic Steatohepatitis
FPC fructose-palmitate-cholesterol
LSEC liver sinusoidal endothelial cells
Bmp10 bone morphogenetic protein 10
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IF immunofluorescence
TCR T cell receptor
ALT alanine aminotransferase
AST aspartate aminotransferase
MDM monocyte-derived macrophage
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Highlights:
. GARP on HSCs contributes to the development of liver fibrosis through
TGF-p activation.
. NKT cells induce GARP expression on HSCs by producing IL-4.
. GARP-mediated cell contraction forms a vicious cycle driving fibrogenesis.
. Patients with liver fibrosis exhibit a high level of GARP expression.
. Targeting GARP on HSCs provides a safe approach to control liver fibrosis.
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Fig. 1. GARP on HSCs exacerbates liver fibrosis.
(A) GARP expression on the surface of quiescent (1-day cultured) or activated (7-day
cultured) HSCs detected by flow cytometry. (B) Immunoblot of GARP in liver lysates

of mice fed with TAA for 4 months or control naive mice. (C) Experimental design

of TAA-induced liver fibrosis in GARPAHSC mice and GARP/ ittermates. (D) Flow
cytometry analysis of GARP expression on the surface of HSCs. HSCs were isolated from
the liver of mice fed with TAA for 4 months and were gated on vitamin A-mediated
autofluorescence. (E) Fibrotic gene expression in the liver of mice determined by gRT-PCR.
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(F) Representative images of Sirius red staining of mouse liver (left) and quantification of
stained area (right). Scale bar 100 um. (G) Representative images of IHC staining of a-SMA
in the liver of mice (left) and quantification of stained area (right). Scale bar 100 ym. (H)
Concentration of hydroxyproline in the liver of mice. Each data point represents one mouse.
Data are presented as mean + standard error of mean (SEM). Data are from one experiment
representing at least three independent experiments with similar results. Unpaired t-test

was used to compare two groups. *p<0.05;**p<0.01;***p<0.001;****p<0.0001; NS, not
significant.
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Fig. 2. Therapeutic deletion of GARP in established disease alleviates fibrogenesis.
(A) Heat map of the genes with high expression in HSCs (signal intensity >500) and

low expression in other liver-resident cells (signal intensity <100). Gene expression was
determined by microarray analysis. (B) Bmp10 mRNA expression in liver-resident cells
detected by gRT-PCR. (C) IF staining in the liver of Bmp10CreERT2*/~Ai6 mice 12 days
after last tamoxifen administration as analyzed by confocal microscopy. Zsgreen (green),
desmin (red), nucleus (blue). Scale bar 100 um. (D) Experimental design of induced GARP
deletion during NASH diet-mediated liver fibrosis. (E) GARP and fibrotic gene expression
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in the liver of mice detected by gRT-PCR. (F) Representative images of Sirius red staining
of mouse liver (left) and quantification of stained area (right). Scale bar 100 um. (G)
Representative images of IHC staining of a-SMA in the liver of mice (left) 8 weeks

after NASH diet and quantification of stained area (right). Each data point represents a
single mouse. Data are presented as mean + SEM. Data in E-G are from one experiment
representing at least two independent experiments with similar results. Unpaired t-test was
used to compare two groups. *p<0.05;**p<0.01. NS, not significant.
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Fig. 3. NKT cells promote fibrotic scarring by inducing GARP expression on HSCs through IL-4
production.

(A) Experimental design of NASH diet-induced liver fibrosis in wild-type (WT) or Traj18-
knockout (iNKT-deficient) mice. (B) GARP and fibrotic gene expression in the liver of mice
detected by qRT-PCR. (C) Representative images of Sirius red staining of mouse liver (left)
and quantification of stained area (right). Scale bar 100 pm. (D) GARP mRNA expression

in HSCs treated with complete RPMI (cRPMI) or iNKT-conditioned medium in the presence
or absence of anti-IL-4 or isotype control antibody. (E) Representative histogram plot (left)
and mean fluorescent intensity (MFI) (right) of GARP staining on the surface of HSCs

after incubation with PBS, recombinant IL-4, or IL-4 plus STAT6 inhibitor AS1517499.

(F) Scheme of OCH injection during NASH diet-induced liver fibrosis. (G) Representative
images of Sirius red staining of mouse liver (left) and quantification of stained area (right).
Scale bar 100 pm. (H) Representative images of IHC staining of a-SMA in the liver of mice
(left) and quantification of stained area (right). Scale bar 100 um. Each data point represents
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a single mouse in A-C and F-H or one well in D-E. Data are presented as mean + SEM and
are from one experiment representative of at least two independent experiments with similar
results. Unpaired t-test in B-C, G-H and one-way ANOVA in D-E were used to compare two
groups. *p<0.05;**p<0.01;***p<0.001;****p<0.0001; NS, not significant.
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Fig. 4. GARP on HSCs facilitates fibrogenesis by activating TGF-p.
(A) Flow cytometry analysis of GARP and LAP expression on the surface of HSCs isolated

from GARPT/fl or GARPAHSC mice and culture-activated for 7 days. (B) Schematic of
TGF-p reporter assay using isolated HSCs and active TGF- reporter cells. (C) TGF-p
activation by HSCs from GARP/fl or GARPAHSC mice. (D) TGF-B activation by WT HSCs
in the presence of anti-TGF-B1 or isotype antibody. (E) TGF-B activation by WT HSCs
treated with scramble SiRNA, or GARP siRNA, or incubated with PBS, or integrin inhibitor
CWHM12. (F) Immunoblot of p-Smad2 or total Smad2 in the liver lysates of mice fed with
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TAA for 4 months or control naive mice. (G) Representative images of IHC staining for
p-Smad2 in the liver of mice fed with NASH diet for 8 weeks, or TAA for 4 months, or
control naive mice (left), and quantification of stained area (right). Scale bar 50 um. Each
data point represents one well in C-E or a single mouse in G. Data are presented as mean
+ SEM. One-way ANOVA in C-D and unpaired t-test in E-G were used to compare two
groups. ***p<0.001;****p<0.0001; NS, not significant.
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Fig. 5. GARP fosters a vicious cycle involving endothelin-1 (ET-1) and TGF-p.
(A) Schematic of collagen gel assay to measure contraction of HSCs. (B) Representative

images of collagen gel mixed with WT HSCs in the presence of PBS, ET-1, or blebbistatin,
at time point 24 and 48 hours after gel release from the well side (left), and statistical
analysis of change in gel area (right). (C) TGF-p activation by WT HSCs in the presence

of PBS, ET-1, ET-1 plus bosentan, or blebbistatin. (D) ELISA of ET-1 concentration in

the supernatant of GARPAHSC or GARP/fl HSCs cultured in the presence of recombinant
TGF-B1 (rTGF-B1) or anti-TGF-p1 antibody. (E) ET-1 mRNA level in the liver of mice fed
with NASH diet for 8 weeks determined by gRT-PCR. (F) Representative images of collagen
gel mixed with HSCs from GARPAHSC or GARP/fl mice in the presence of PBS, or
bosentan at 24 and 48 hours after gel release from the well side (left), and statistical analysis
of change in gel area (right). (G) A graph illustrating GARP-mediated TGF-p activation,
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ET-1 production, and contraction by HSCs. Each data point represents one well in B-D and
F or one mouse in E. Data are presented as mean = SEM. One-way ANOVA in B-D, F and
unpaired t-test in E were used to compare two groups. **p<0.01;***p<0.001;****p<0.0001;
NS, not significant.
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Fig. 6. Functional GARP is present on human HSCs and upregulated in the liver of fibrosis
patients.
(A) Flow cytometry analysis of GARP expression on the surface of human primary HSCs

after 7 days culture. (B) FACS analysis of GARP expression on the surface of human

HSCs treated with or without scramble siRNA or GARP siRNA. (C) TGF-p activation by
human HSCs treated with or without scramble siRNA or GARP siRNA. Data are presented
as mean + SEM. (D) Level of GARP mRNA expression in liver biopsies of patients with
NASH (left), HBV-induced advanced fibrosis (middle), or HCV-induced cirrhosis (right)
compared to corresponding non-fibrosis or healthy individuals. Solid black line in the violin
plots represents median. The upper and lower dotted black lines represent 75th and 25th
percentile. Each data point indicates one well in C or one patient in D. One-way ANOVA in
C and unpaired t-test in D were used to compare two groups. ***p<0.001; ****p<0.001;NS,
not significant.
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Fig. 7. Targeting GARP on HSCs does not augment liver damage or inflammation.
(A) Representative FACS plots of granulocytes in the liver of mice (left) and quantification

of its frequency (right). (B) Representative images of hematoxylin and eosin staining

on mouse liver sections after 4 months of TAA treatment (left) and quantification of
inflammation score (right). Black arrow indicates foci of infiltrating inflammatory cells.
Scale bar 50 um. (C) Expression of pro-inflammatory genes in the liver of mice quantified
by gRT-PCR. (D) ALT and AST activity in serum of mice after 8 weeks of NASH or normal
diet. (E) Frequency of NK cells and level of activating receptor NKG2D on NK cells in the
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liver of mice after 8 weeks of NASH diet. (F) Frequency of IFN-y producing cells among
total NK cells isolated from the liver of mice, and cytotoxicity of isolated liver NK cells
against HSCs. Each data point represents a single mouse. Data are presented as mean +
SEM. Unpaired t-test was used to compare two groups. *p<0.05; NS, not significant.
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