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Abstract

Liver diseases with different pathogenesis share common pathways of immune-mediated injury. Chitinase-3-like
protein 1 (CHI3L1) was induced in both acute and chronic liver injuries, and recent studies reported that it possesses
an immunosuppressive ability. CHI3L1 was also expressed in mesenchymal stem cells (MSCs), thus we investigates the
role of CHI3L1 in MSC-based therapy for immune-mediated liver injury here. We found that CHI3L1 was highly
expressed in human umbilical cord MSCs (hUC-MSCs). Downregulating CHI3LT mitigated the ability of hUC-MSCs to
inhibit T cell activation, proliferation and inflammatory cytokine secretion in vitro. Using Concanavalin A (Con A)-
induced liver injury mouse model, we found that silencing CHI3L1 significantly abrogated the hUC-MSCs-mediated
alleviation of liver injury, accompanying by weakened suppressive effects on infiltration and activation of hepatic

T cells, and secretion of pro-inflammatory cytokines. In addition, recombinant CHI3L1 (rCHI3L1) administration
inhibited the proliferation and function of activated T cells, and alleviated the Con A-induced liver injury in mice.
Mechanistically, gene set enrichment analysis showed that JAK/STAT signalling pathway was one of the most
significantly enriched gene pathways in T cells co-cultured with hUC-MSCs with CHI3L1 knockdown, and further study
revealed that CHI3L1 secreted by hUC-MSCs inhibited the STAT1/3 signalling in T cells by upregulating peroxisome
proliferator-activated receptor & (PPARS). Collectively, our data showed that CHI3LT was a novel MSC-secreted
immunosuppressive factor and provided new insights into therapeutic treatment of immune-mediated liver injury.

Introduction

Abnormal immune responses and immune cell infil-
tration, elicited by various liver injuries (such as viral or
parasite infection, drug toxicity, alcohol abuse and meta-
bolic diseases), can destroy the immune privileged state of
the liver and result in liver inflammation’. Mesenchymal
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stem cells (MSCs), a multipotent progenitor cells that
could differentiate into osteoblasts, adipocytes, chon-
drocytes, have attracted widespread attention as their
unique immunomodulatory effects towards a large num-
ber of effector immune cells, including T lymphocytes,
B cells, natural killer cells, dendritic cells, macrophages and
neutrophils™®. Preclinical and clinical studies have shown
that MSC transplantation may reduce liver inflammation,
thus improving regeneration of hepatocytes and serving as
a promising strategy for patients with immune-mediated
liver injuries™”. However, the underlying mechanisms by
which MSCs alleviate immune-mediated liver injuries
remain not yet been fully elucidated.

Chitinase-3-like protein 1 (CHI3L1), a highly evolutio-
narily conserved secreted protein, have an important role
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in the pathogenesis of inflammatory diseases because of
its upregulation in inflamed tissues of ulcerative colitis,
Crohn’s disease, rheumatoid arthritis, osteoarthritis and
liver cirrhosis, as well as in solid cancers®®. Elevated
CHI3L1 expression plays a major role in microenviron-
ment remodelling in different diseases'®. Recent studies
revealed that CHI3L1 had an immunosuppressive func-
tion, such as, CHI3L1 negatively regulates T cell activa-
tion, and deficiency of CHI3L1 accelerates stroke
development through enhancement of neuroinflamma-
tion via decreasing M2 macrophage polarisation' '3,

Interestingly, CHI3L1 is also reported to express on
MSCs, and was increased when stimulated with cytokines or
during differentiation'*'. In this study, using Con A-
induced hepatitis, a commonly used experimental model to
study immune-mediated liver injury, we identified that
CHI3L1 was a key mediator of immunomodulatory function
of hUC-MSCs. CHI3L1 was abundantly secreted by hUC-
MSCs and knocking down CHI3L1 in hUC-MSCs alleviated
its therapeutic effect on Con A-induced liver injury in
mouse models. Specifically, decreasing CHI3L1 expression
attenuated the ability of hUC-MSCs to inhibit CD3" T cell
activation and proliferation and suppress the production of
tumour necrosis factor-a (TNF-a) and interferon-y (IFN-y)
in vitro and in vivo. In contrast, administration of recom-
binant CHI3L1 (rCHI3L1) was sufficient to inhibit T cell
proliferation and function in vitro and alleviate Con A-
induced liver injury in vivo. Mechanistically, the immuno-
suppressive effect of hUC-MSC-derived CHI3L1 was
dependent on the upregulation of PPARS and subsequent
inhibition of STAT1/3 phosphorylation in T cells. In sum-
mary, we demonstrated that CHI3L1 is a novel secreted
factor that mediates the immunosuppressive effects of hUC-
MSCs and provided new insights into promising ther-
apeutics for refractory liver diseases.

Results
CHI3L1 was highly expressed in hUC-MSCs

MSCs have been isolated from various tissues, including
bone marrow, adipose tissue, umbilical cord, and many
others. Although the cells shared similar cell surface mar-
kers, MSC heterogeneity exist at multiple levels, including
among tissues'®'”. To determine the differences between
MSC:s isolated from different tissues, we performed RNA
sequencing on MSCs isolated from human bone marrow
(BM-MSCs), olfactory mucosa (OM-MSCs), and umbilical
cord (UC-MSCs) (2 donors for each). The data showed that
although the cells were isolated from two individuals, cells
from the same tissues shared more similarities (Supple-
mentary Fig. 1A). Interestingly, CHI3L1, an evolutionarily
conserved secreted glycoprotein, was highly expressed in
hUC-MSCs (Supplementary Fig. 1B). The abundant
expression of CHI3L1 in hUC-MSCs compared to human
BM-MSCs and OM-MSCs was validated by RT-qPCR,
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western blot and ELISA (Supplementary Fig. 1C-E). Since
the effect of CHI3L1 in regulating immune responses,
we were very interested in what role it would play in MSC-
mediated immune modulation.

MSCs inhibited the activation and proliferation of T cells
through CHI3L1 in vitro

To evaluate the role of CHI3L1 in MSCs, two specific
shRNAs were designed to downregulate CHI3L1 in hUC-
MSC:s. Effective knockdown was confirmed by RT-qPCR,
western blot analysis of cell lysates, and ELISA analysis of
culture supernatant (Supplementary Fig. 1F-H). Knocking
down CHI3L1 did not influence the morphology, pro-
liferation, surface marker expression (including CD90,
CD105, CD73, CD45 and CD34), as well as osteogenic
and adipogenic differentiation potential of hUC-MSCs
(Supplementary Fig. 1I and 1J).

Followed, we investigated the role of CHI3L1 in MSC-
mediated immunomodulation using T cells/MSCs co-
culture model, a classical assay for evaluating the immu-
nosuppression of MSCs. we co-cultured human CD3"
T cells with hUC-MSCs and performed T cell activation
and proliferation assays. CD3"CD25 T cells were sorted
by FACS and cultured alone (naive T cells) or activated
with PHA (2.5 ug/mL) for 24h. For co-culture, sorted
T cells were co-cultured with MSCs in the presence of
PHA for 24 h. As shown in Figs. 1A and 1B, control MSCs
(MSC*™TC) significantly inhibited the expression of
CD69 and CD25 (two widely used surface markers of
T cell activation) on CD3"* T cells, while the inhibitory
effect was alleviated upon knockdown of CHI3L1 in hUC-
MSCs (MSCCHIBLY, Similarly, the proliferation ratio of
CD3" T cells was significantly inhibited by MSC*™T€,
and downregulating CHI3L1 potently attenuated the
inhibitory effect of MSCs (Fig. 1C and 1D).

Activated T cells (especially CD4" Th cells and CD8*
cytotoxic T lymphocytes (CTLs)) can classically produce a
series of pro-inflammatory cytokines, including IFN-y and
TNE-q, to promote inflammation'®, Next, we co-cultured
hUC-MSCs with CD3™ T cells and analysed intracellular
IFN-y and TNF-a expression using FACS. MSCshNTC
suppressed IFN-y and TNF-a expression in activated
CD3" T cells, and knocking down CHI3L1 alleviated this
suppression (Fig. 2A-D). These results demonstrated that
hUC-MSCs suppressed the activation, proliferation, and
pro-inflammatory cytokine production of CD3" T cells
in vitro, and CHI3L1 was involved in the MSC-mediated
T cell suppression.

MSCs alleviated Con A-induced liver injury through CHI3L1

To evaluate whether CHI3L1 mediates the immunosup-
pressive effects of hUC-MSCs in vivo, experimental AIH, a
commonly used experimental model to study immune-
mediated liver injury'®, was induced by Con A (15 mg/kg)
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Fig. 1 hUC-MSCs inhibit the activation and proliferation of T cells through CHI3L1 in vitro. A Representative flow cytometry plots of CD69 and
CD25 expression on CD3™ T cells in indicated groups. CD3*CD25 T cells were sorted by FACS and cultured alone (naive T cells) or activated with
PHA (2.5 ug/mL) for 24 h. For co-culture, sorted T cells were co-cultured with MSCs in the presence of PHA for 24 h. Without MSCs, activated T cells
cultured alone; + MSC™TC, activated T cells co-cultured with hUC-MSCs transduced with ShNTC; + MSC"™P activated T cells co-cultured with
hUC-MSCs transduced with shRNA for CHI3L1. B Quantification of CD69 (left) and CD25 (right) positive CD3™ T cells in (A). C Representative flow
cytometry plots and quantification (D) of flow cytometry analysis for proliferation of CD3* T cells labelled with CFSE in indicated groups. Data in (B)
and (D) are shown as mean + SD (n = 3 biological replicates) with the indicated significance (*p < 0.05, **p < 0.01).

in mice, and PBS, MSC*™T or MSC™"BL! was admi-
nistered intravenously. Histological analysis after 24h
showed that, similar with MSCs from other origins*>*,
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hUC-MSCs effectively ameliorated Con A-induced hepa-
tocyte necrosis and disseminated haemorrhage (Fig. 3A). In
addition, compared to the serum from the PBS group,
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Fig. 2 hUC-MSCs downregulate the pro-inflammatory cytokine production of CD3™ T cells partially through CHI3L1 in vitro.
A Representative plots and quantification (B) of flow cytometry analysis for IFN-y-producing CD3* T cells in indicated groups. C Representative plots
and quantification (D) of flow cytometry analysis for TNF-a-producing CD3™ T cells in indicated groups. Flow cytometry analysis were conducted
3 days after CD3™ T cells co-cultured with MSCs. Data in (B) and (D) are shown as mean = SD (n = 3 biological replicates) with the indicated
significance (*p < 0.05, **p < 0.01).

serum collected from the MSC™ ' group showed sig-

nificantly decreased levels of ALT and AST activity (two
liver injury markers), indicating effective improvement of
Con A-induced liver injury by hUC-MSCs. Knocking down
CHI3L1 (the MSC™*BX! group) markedly abolished the
therapeutic effects of hUC-MSCs, as evidenced by both
histological and serum analyses (Fig. 3A-C). We also
investigated the effect of hUC-MSCs on Con A-induced
mortality. As expected, MSC*"™™'C treatment improved the
survival rate from 10% to 80% at 48 h, while knocking down
CHI3L1 resulted in a survival rate of 40%—50% (Fig. 3D).
These results showed that CHI3L1 effectively mediated the
therapeutic effect of hUC-MSCs on Con A-induced hepa-
titis in vivo.

MSCs suppressed T cell activation and production of pro-
inflammatory cytokines in Con A-induced mouse hepatitis
models through CHI3L1

Activation of immune cells (T cells, natural killer T cells,
neutrophils, and macrophages) and their cytokine pro-
ducts, especially IFN-y and TNF-«, has been reported to
contribute to Con A-induced hepatitis'®. MSCs could
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ameliorate Con A-induced hepatitis by reducing both the
infiltration and activity of autoreactive T cells in the
liver’*?, Next, we investigated whether CHI3L1 produced
by hUC-MSCs could affect the number and activity of
hepatic T cells in vivo. Flow cytometry analysis of CD3™"
T cells in liver lymphocytes revealed that the number of
CD3" T lymphocytes was markedly reduced after
MSC*™NTE treatment, while MSC™*“**-! induced a much
weaker effect in limiting CD3" T lymphocyte infiltration
than MSC*™ T (Fig. 4A and 4B). Interestingly, analysis of
hepatic T cells also showed a significant decrease in the
frequency of CD69" or CD25" T cells in the MSCS"™NTC
group compared to the PBS group and a marked recovery
of CD69" and CD25" T cell frequency after knocking
down CHI3L1 in hUC-MSCs (Fig. 4C-F). These results
indicated that CHI3L1 mediated the suppression of both
infiltration and activation of hepatic CD3™ T cells by hUC-
MSCs in Con A-induced hepatitis.

Furthermore, we performed intracellular staining to ana-
lyse the role of CHI3L1 in mediating hUC-MSC suppression
on pro-inflammatory cytokine production by hepatic CD3™"
T cells in vivo. The results showed that IFN-y and TNF-«
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secretion by hepatic CD3" T cells was suppressed after
MSC*™™NTC treatment compared to the PBS group. The
suppression by hUC-MSCs was significantly alleviated after
knocking down CHI3L1 (Fig. 4G-J). Mouse serum CBA
analysis of IL6, IFN-y, and TNF-a was consistent with the
results of the intracellular cytokine staining analysis (Fig. 4K).
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Recombinant CHI3L1 protected against Con A-induced
hepatic injury

To further verify that CHI3L1 mediates the protective
effect of hUC-MSCs on Con A-induced, T cell-mediated
hepatic injury, we examined whether rCHI3L1 could inhibit
the function of T cells in vitro and alleviate hepatic
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for each group) with indicated significance (*p < 0.05, **p < 0.01).

Fig. 4 hUC-MSCs suppress the activation and pro-inflammatory cytokine secretion of hepatic T cells through CHI3L1 in Con A-induced

hepatitis. A Representative plots and quantification (B) of flow cytometry analysis for CD3" T cells in liver MNCs 24 h after Con A administration in
indicated groups. C-F Representative plots and quantification of flow cytometry analysis for CD25 (C-D) and CD69 (E-F) expression in CD3™ T cells in
liver MNCs 24 h after Con A administration in indicated groups. G-J Representative plots and quantification of flow cytometry analysis for IFN-y (G-H)
and TNF-a (I-J) -producing CD3™ T cells in liver MNCs 24 h after Con A administration in indicated groups. K Serum concentrations of IL6, IFN-y, and
TNF-a 24 h after Con A administration in indicated groups were detected by CBA kit. Analyses in (G-J) were conducted with liver MNCs stimulated with
PMA (50 ng/mL), ionomycin (500 ng/mL) and BFA (10 ug/mL) for 6 h after isolation. Data in (B), (D), (F), (H), J), and (K) are shown as mean £SD (n=5

pathology induced by Con A in vivo. As shown in Fig. 5A
and 5B, rCHI3L1 inhibited human CD3" T cell prolifera-
tion in vitro in a dose-dependent manner. Next, we tested
T cells activation (using CD25 and CD69 as activation
markers) and pro-inflammatory cytokine production of
T cells treated with rCHI3L1. rCHI3L1 significantly inhibit
T cell activation (Fig. 5C-F) and secretion of IFN-y and
TNF-a (Fig. 5G-J). Consistent with the in vitro studies,
administration of rCHI3L1 after Con A treatment also
significantly improved liver histology and decreased the
activities of serum ALT and AST (Fig. 5K-M), indicating
that rCHI3L1 protected against Con A-induced liver injury.

CHI3L1 alleviated Con A-induced hepatic injury through
PPARS/STAT1/3 signalling

To investigate the mechanism by which hUC-MSC-
derived CHI3L1 regulates T cell immunity and alleviates
Con A-induced liver injury, we performed RNA sequen-
cing analysis of activated T cells cultured alone (T cells) or
in the presence of hUC-MSCs with or without CHI3L1
knockdown (T +MSC™TC or T 4+ MSCHhHBLL) - and
conducted gene set enrichment analysis (GSEA). The IL6-
JAK-STATS3 signalling pathway was one of the most sig-
nificantly enriched pathways in the T + MSC™"“"B group
compared with the T + MSC*™ T group (Fig. 6A and 6C).
Interestingly, this pathway was repressed in T cells co-
cultured with MSC*™T (T + MSC™™T€ group) compared
to activated T cells (Fig. 6B and 6D). Previous studies have
shown that activation of the JAK/STAT system is impor-
tant for T cell activation, proliferation, and function®.
Thus, we hypothesised that CHI3L1 expressed in hUC-
MSCs suppressed T cell function by inhibiting the JAK/
STAT signalling pathway in T cells (Fig. 7).

To validate this hypothesis, we performed western blot
analysis for phosphorylated STAT1 and STAT3, which
are hallmarks of JAK/STAT signalling pathway activa-
tion, in activated human T cells cultured alone or in the
presence of hUC-MSCs with or without CHI3L1
knockdown. Consistent with the RNA sequencing data,
phosphorylated STAT1/3 was upregulated upon T cell
activation, while it was significantly inhibited in T cells
co-cultured with MSC*™T€ and was recovered in the
hUC-MSCHBEL co_cultured group (Fig. 6E). In
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contrast, rCHI3L1 decreased STAT1/3 phosphorylation
in activated T cells (Fig. 6F). These results showed that
hUC-MSCs expressed CHI3L1 inhibited T cell function
by inhibiting the JAK/STAT pathway.

Previous studies showed that CHI3L1 suppresses
inflammation and ER stress by inducing PPARS**, and
PPARS could inhibit the IL6-induced phosphorylation of
STATS3 both in vitro and in vivo>>*’. We examined our
RNA sequencing data and found that PPARS was upre-
gulated in T cells co-cultured with MSC*™ T compared
to activated T cells but was decreased in T cells co-
cultured with MSChCHBL (Fig. 6G), which is in contrast
to the phosphorylated STAT1/3 levels. Thus, we mea-
sured the expression of PPARS in T cells cultured alone
and in the presence of MSC*™TC or MSCS"HBLI Both
RT-qPCR and western blot showed that MSC*"™N'< could
increase the expression of PPARS in T cells, while this
effect was mitigated upon CHI3L1 knockdown in hUC-
MSCs (Fig. 6H-J).

We also measured phosphorylated STAT1/3 and
PPARS expression in liver MNCs in Con A-induced
mouse models. Consistent with in vitro cultured T cells,
phosphorylation of STAT1/3 was decreased in MNCs in
the MSC*™" group, and recovered to levels comparable
to those of PBS group in the MSC™“*BL! treatment
group, while PPARS showed an opposite trend (Fig. 6K).
These results indicated that hUC-MSCs secreted CHI3L1
may inhibit the JAK/STAT signalling pathway by indu-
cing PPARS. Next, we performed western blot for phos-
phorylated STAT1/3 in naive T cells, activated T cells
(stimulated with PHA), activated T cells co-cultured with
hUC-MSCs, and activated T cells co-cultured with hUC-
MSCs in the presence of PPARS inhibitor (GSK3787)
(Fig. 6L). The results showed that the inhibition of
STAT1/3 phosphorylation by hUC-MSCs was abrogated
by PPARS inhibitor (GSK3787). Then, we used a PPARS
agonist (GW501516) to treat T cells in vitro. As expected,
GW501516 inhibited STAT1 and STAT3 phosphoryla-
tion and inflammatory cytokine (IFN-y and TNF-a)
secretion in T cells (Fig. 6M-O), supporting the conclu-
sion that PPARS is the mediator of STAT pathway inhi-
bition by hUC-MSCs. The above results showed that
hUC-MSCs alleviated Con A-induced hepatitis by
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Fig. 5 (See legend on next
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mean + SD with indicated significance (*p < 0.05, **p < 0.01).

Fig. 5 Recombinant CHI3L1 (rCHI3L1) ameliorates Con A-induced hepatitis. A Representative flow cytometry plots for analysing proliferation of
CD3* T cells labelled with CFSE treated with rCHI3L1 in indicated conditions. PBS was used as a control. B Quantification of flow cytometry analysis
for proliferation of CD3™ T cells labelled with CFSE in PBS (control) or rCHI3LT (100 ng/mL) treated group (n = 3 biological replicates). C-F

Representative plots (C-D) and quantification (E-F) of flow cytometry analysis for CD25 and CD69 expression in CD3" T cells treated with control
(PBS) or rCHI3L1 (100 ng/mL) (n = 3 biological replicates). G-J Representative plots (G-H) and quantification (I-J) of flow cytometry analysis for IFN-y
and TNF-a expression in CD3" T cells treated with control (PBS) or rCHI3L1 (100 ng/mL) (n = 3 biological replicates). K Representative H&E staining
photographs of liver tissues 24 h after Con A administration in control (PBS) and rCHI3L1 (500 ng) treated groups. Scale bar = 100 um. L Serum ALT
and AST (M) levels 24 h after Con A treatment in indicated groups (n = 4-7 mice per group). Data in (B), (E), (F), (I), ), (L), and (M) are shown as

modulating T cells through CHI3L1/PPARS/STAT1/
3 signalling (Fig. 7).

Discussion

The beneficial effects of MSC transplantation in various
liver diseases, including liver fibrosis/cirrhosis, chronic-
on-acute liver failure, fulminant hepatitis, ischemia-
reperfusion injury and other complications after liver
transplantation and AIH, have been reported in both
animal models and clinical studies®*®*°, The therapeutic
effects of MSCs are considered to exert through either
direct cell-to-cell contact or paracrine secretion of soluble
factors®>>!. However, the underlying mechanisms by
which MSCs improve liver diseases were still not yet been
fully elucidated. In this study, we identified CHI3L1 as a
novel mediator of the immunosuppressive effects of hUC-
MSCs and the therapeutic effect of hUC-MSCs on Con A-
induced liver injury in mice. CHI3L1 could inhibit T cell
activation, proliferation, and inflammatory cytokine
secretion, which contributed to alleviation of immune-
mediated liver injury by MSCs. More importantly,
rCHI3L1 could also suppress T cell responses and
improve Con A-induced liver injury. These results sug-
gested that CHI3L1 acted as a novel immunosuppressive
mediator in immune-mediated liver diseases, and might
serve as a target for developing therapeutic strategies to
treat immune-mediated liver injury, even other T cell-
mediated diseases.

CHI3L1 is considered to be an important pro-
inflammatory mediator, as it is often elevated in both
the serum and tissues of patients with inflammatory
conditions'®*?, including a range of liver diseases.
CHI3L1 is highly expressed in liver tissues and is induced
in both acute and chronic liver injury in animal models®*.
Studies using knockout mice showed that deletion of
CHI3L1 protects against ethanol-induced liver injury®’
and liver fibrosis®®. However, other groups reported that
CHI3L1 protected livers from APAP-induced liver injury
by inhibiting the secretion of inflammatory factors and
macrophage infiltration®”. These results indicated that the
role of CHI3L1 in liver diseases may vary depending on
the aetiology and pathogenesis of liver injuries, and it
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would be interesting to delineate the detailed roles of
CHI3L1 in different liver injuries using cell type-specific
knockout models.

During the Con A-induced liver injury, CHI3L1
increased significantly and induced the tissue factor that
promoted intrahepatic activation of coagulation and
tissue injury. However, deletion of CHI3L1 increased the
serum levels of TNF-a after Con A treatment>®, indi-
cating that CHI3L1 might play multiple roles in this
model. Emerging evidence indicates that T cell-
produced pro-inflammatory cytokines, including TNEF-
a and IFN-y, are mediators of inflammatory deregula-
tion in various liver diseases'®*°. Combined with the
fact that CHI3L1 negatively regulates T cell activation®,
we speculate that CHI3L1 might serve as a negative
regulator of T cell response in Con A-induced liver
injury. Our results showed that MSC-derived CHI3L1 or
rCHI3L1, administrated followed the Con A adminis-
tration, could significantly supressed T cell activation
and pro-inflammatory cytokine production to mitigate
the immune-mediated liver injury. Taken together,
CHI3L1 acted as a negative regulator of immune
response in Con A-induced liver injury.

Indeed, CHI3L1 functions as an anti-inflammatory
factor in most cases, which is consistent with our find-
ings that CHI3L1 is a mediator of the immunosuppression
functions of hUC-MSCs. CHI3L1 plays a negative role in
T cell activation, especially Thl cytokine expression®,
inhibits macrophage pyroptosis and inflammasome acti-
vation®. In addition, knockout of CHI3LI in donor cells
dramatically exacerbated acute graft-versus-host disease
by promoting Tth differentiation and Tth-related cytokine
secretion®'. More recently, it was reported that cancer-
associated fibroblast-derived CHI3L1 enhances the
migration and growth of breast cancer by suppressing the
T cell population and IFN-y and TNF-a expression'®.
Another interesting finding is that, consistent with the
previous study showing that CHI3L1 activates the TGFp
pathway in different contexts®*?, we also observed a
positive correlation of the TGFpP pathway in T cells co-
cultured with MSC*™T€ compared to T cells cultured
with MSCHBLL (data not shown). As TGFp is a
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Fig. 6 hUC-MSC-derived CHI3L1 inhibits T cells through PPARS/STAT1/3. A GSEA showing that the IL6-JAK-STAT3 pathway is enriched in T cells
co-cultured with MSC"“"5t" compared with T+ MSC™T group. B GSEA showing that the IL6-JAK-STAT3 pathway is repressed in T cells co-cultured
with MSC*"™NTC compared to activated T cells. C-D Heatmap of RNA-sequencing data showing the expression level of genes involved in IL6-JAK-
STAT3 pathway in indicated samples. E Western blot for phosphorylated and total STAT1 and STAT3 in T cells with indicated treatments for 2 days.
F Western blot for phosphorylated and total STAT1 and STAT3 in T cells cultured with or without rCHI3L1 (100 ng/mL). G Heatmap of RNA-
sequencing data showing the expression level of PPARD in activated T cells (T cells), T cells co-cultured with MSC"™TC (4+ MSCP™NTS) and T cells co-
cultured with MSCSPTBLT (4 MSC *NHPLT) H RT-qPCR for PPARD in T cells cultured alone or co-cultured with hUC-MSCs with or without CHI3L1
knockdown. I Western blot and corresponding densitometry analysis (J) for PPARS in T cells culture alone, or co-cultured with MSC™T® or
MSCH5L K Western blot for phosphorylated and total STAT1 and STAT3 in liver MNCs in indicated groups. L Representative western blot for
testing phosphorylated-STAT1 (p-STAT1), total STAT1, phosphorylated-STAT3 (p-STAT3), and total STAT3 in human naive CD3" T cells, CD3* T cells
activated by PHA, activated CD3™ T cells co-cultured with MSCs, and activated CD3™ T cells co-cultured with MSCs in the presence of PPARS inhibitor
(GSK3787, 58025, Selleck). GSK3787 was added simultaneously with PHA at a concentration of 1 uM for 48 h. M Western blot for phosphorylated and
total STAT1 and STAT3 in T cells stimulated with PHA in the absence or presence of PPARS agonist GW501516 (10 uM). N Representative flow
cytometry plots and quantification (O) of IFN-y (upper) and TNF-a (lower)-producing CD3" T cells treated with GW501516. DMSO was used as a

control in (L-O).
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Fig. 7 hUC-MSCs alleviate experimental immune-mediated liver
injury via CHI3L1-mediated T cell suppression. Schematic
demonstration of the main message of our work.
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canonical pathway for inducing regulatory T (Treg) cells,
it would be interesting to investigate whether CHI3L1
mediates the immunosuppressive effects of hUC-MSCs by
inducing Treg cells in the future.

The function of CHI3L1 is mediated by two putative cell
surface receptors, CRTH2 and IL-13Ra2**. However, the
intracellular downstream effector of CHI3L1 remains to
be characterised. Our RNA sequencing data showed that
STAT signalling (including IL2/STAT5 and JAK/STAT?3)
were the top signalling pathways affected in T cells co-
cultured with CHI3L1-knockdown hUC-MSCs. Interest-
ingly, consistent with our observation, previous studies
showed that STAT1/5 phosphorylation was increased in
CHI3L1-knockout T cells*. STAT signalling pathways
were reported to be important for the proliferation, dif-
ferentiation, survival, and apoptosis of various cells,
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including T lymphocytes*. Hence, we hypothesised that
the STAT signalling pathway might contribute to the
immunosuppressive effects of CHI3L1 on T cells. This
hypothesis was further validated in vitro and in vivo. A
positive correlation between PPARS expression and
STAT3 phosphorylation has been noted previously™.
CHI3L1 was reported to ameliorate LPS-induced ather-
osclerotic reactions via PPARS-mediated suppression of
inflammation and ER stress®*. Therefore, we hypothesised
that the suppression of STAT phosphorylation might be
the consequence of CHI3L1-induced PPARS expression.
Previous studies showed that CHI3L1 induced Wnt/
B-catenin, Erk1/2, Akt signaling and STAT6 activa-
tion®!*3%7=% "and all of these pathways were evidenced
to be able to induce PPARS expression in different cell
contexts®® >, We found that MSC-derived CHI3L1
indeed promoted PPARS expression and decreased the
phosphorylation of STAT1/3 in T cells and the PPARS
agonist could inhibit the function of T cells. In contrast,
PPARS inhibitor abrogated the inhibition of STAT1/3
phosphorylation in T cells by hUC-MSCs. These findings
demonstrated that the PPARS/STAT1/3 axis is a target of
CHI3L1 and elucidated the intracellular downstream
effectors of CHI3L1.

Materials and methods
Isolation and expansion of hUC-MSCs

Umbilical cord collection and processing were approved
by the Institutional Human Ethics Committee of The
Third Affiliated Hospital of Sun Yat-sen University.
Informed consent was obtained from all participants
included in the study. MSCs were isolated and expanded
from human umbilical cord according to the protocol
reported previously by Bhonde RR et al.>*. In brief, the UC
was dissected and the umbilical cord vein and arteries
were manually removed. The UC tissues and Wharton’s
jelly were minced into small fragments of about 2 mm
diameter and were cultured in L-DMEM (Gibco)



Liu et al. Cell Death and Disease (2021)12:240

supplemented with 10% FBS, 1% glutamine, 1% penicillin/
streptomycin and kept at 37 °C with 5% CO?2 in a water-
jacketed incubator. The hUC-MSCs started to migrate
from the explants within 7-12 days. Cells were cultured
for 3 more days and non-adherent cells were removed by
changing the medium completely. The rest of the adher-
ent cells were hUC-MSCs.

RNA isolation and quantitative real-time PCR

Total RNA was extracted with TRIzol reagent (Invi-
trogen, Carlsbad, CA), followed by reverse transcription
(RT) with the RevertAid First Strand cDNA Synthesis Kit
(Thermo Scientific). cDNA was used as the template in
real-time PCR with SYBR Green reagent (Catalog
#4887352001, SYBR Green I Master, Roche) to determine
specific gene expression. All reactions were performed in
triplicates and GAPDH was used as the internal control.
The relative mRNA abundance was calculated using the
AACt methods. Primers were listed in Supplementary
Table 1.

Western blot

Whole-cell lysate of MSCs in 6-well plates or CD3"
T cells in 24-well plates were prepared using lysis buffer
containing 62.5mM Tris-HCl (PH =6.8), 2% SDS, 10%
glycerol, 0.02% bromophenol blue and 50 mM DTT. Pro-
teins were separated by 8% or 10% sulfate-polyacrylamide
gel electrophoresis. After the separation, proteins were
transferred to polyvinylidene fluoride membrane, blocked
with TBST containing 5% non-fat dry milk, and analysed for
target proteins with specific primary antibodies. Antibodies
were listed in Supplementary Table 2.

RNA sequencing

The sample preparation, sequencing, and data analysis
were performed as previously described® and the sequen-
cing data are available in the Gene Expression Omnibus
database under the accession number GSE166327.

Gene knockdown using shRNA

Short hairpin RNAs (shRNAs) were designed, synthe-
sised (Sangon Biotech, Shanghai, China), and cloned into
pLKO.1_TRC Cloning Vector (addgene #8453). MSCs
were transduced with lentiviral supernatants generated
from HEK293T cells with the addition of 8 ug/ml poly-
brene (TR-1003, Sigma-Aldrich). Non-targeting sequence
construct was used as the negative control. shRNA
sequences were listed in Supplementary Table 3.

Flow cytometry

Flow cytometric analysis was performed on LSR II (BD)
or CytoFLEX flow cytometer (Beckman Coulter, Full-
erton, CA, USA), and data were analysed with
Flow]Jo7.6 software (Treestar, Ashland, OR, USA) or
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CytoExpert software (Beckman Coulter). Anti-human
CD73-FITC (Catalog #561254), CD105-FITC(Catalog
#561443), CD44-APC (Catalog #559942), CD34-PE-Cy7
(Catalog #560710), CD45-PE-Cy7 (Catalog #557748), and
corresponding isotype control antibodies were purchased
from BD Bioscience. Anti-human CD3-FITC (Catalog
#555332), CD8-APC (Catalog #555369), CD4-BV421
(Catalog #562424), anti-human TNF-a-PE (Catalog
#502909), anti-human IFN-y-PE-Cy7 (Catalog #557643)
were purchased from BD Pharmingen. Fixation/Permea-
bilization Solution Kit (Catalog #554714, BD Pharmingen)
was used for staining intracellular cytokines.

Differentiation assays

For osteogenic and adipogenic differentiation, MSCs
were seeded in L-DMEM complete medium before
induction. When the cells reached 80-90% confluence,
the medium was replaced with bone induction medium
containing L-DMEM, 10% (v/v) foetal calf serum, 2 mM
glutamine, 100 IU/mL penicillin, 100 mg/mL streptomy-
cin, dexamethasone (0.1 uM, Merck), ascorbic acid
(50 pg/mL, Sigma-Aldrich) and B-glycerol phosphate
(1o0mM, Sigma-Aldrich). After 2-3 weeks, osteogenic
differentiation was identified by mineralisation of extra-
cellular matrix and calcium deposits with 0.5% Alizarin
Red S (v/v) (Sigma-Aldrich) staining. Adipogenic differ-
entiation was induced with adipogenic induction medium
containing H-DMEM (Gibco), 10% (v/v) foetal calf serum,
2mM glutamine, 100IU/mL penicillin, 100 mg/mL
streptomycin, dexamethasone (1pM, Merck), insulin
(10 pg/mL, Prospect), isobuthylmethylxanthine (IBMX,
0.5mM, Sigma-Aldrich) and indomethacin (0.2 mM,
Sigma-Aldrich) when the cells reached 100% confluence.
Adipogenic differentiation was verified by the typical
production of lipid droplets staining with Oil Red O
(00625, Sigma-Aldrich).

Lymphocytes proliferation assays

MSCs (1x10° cells) were plated into 24-well plate
(Corning) and cultured 24 h before co-culture with lym-
phocytes. The next day, human peripheral blood mono-
nuclear cells (MNCs) were collected from healthy donors
and red blood cells were removed by ammonium chloride
lysis buffer for 5min at room temperature, and then cen-
trifuged at 300 g for 5 min. After washed twice with PBS
(containing 3% fetal calf serum (FCS)), cells were incubated
with an anti-mouse CD3 antibody (Catalog #100204, Bio-
legend) at 4 °C for 30 min. CD3™ T cells were sorted by CD3
MicroBeads (Catalog #130-050-101, Miltenyi Biotec, Ger-
many). 5, 6-carboxyfluorescein diacetate succinimidyl ester
(CFSE, Invitrogen, Carlsbad, CA) staining was used to assess
CD3" T cell proliferation according to the manufacture’s
instruction. Briefly, CD3" T cells were re-suspended at 5 x
10° cells/mL in PBS containing 0.1% BSA, then CFSE was
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added at a final concentration of 5puM and the cell sus-
pension was incubated in dark for 10 min in the water bath
at 37°C. Labelling was stopped by washing with cold
RPMI1640 (Hyclone) containing 10% (v/v) FCS. CD3"
T cells were suspended in RPMI1640 at 2.5 x 10° cells/mL
and add 1mL to the 24-well plates in the presence or
absence of MSCs. T cell proliferation was induced by phy-
tohaemagglutinin (PHA, Sigma-Aldrich) at the final con-
centration of 5 pg/mL. After co-culture for 3 days, CD3"
T cells were collected and analysed by flow cytometry
(CytoFLEX, Beckman Coulter). To investigate the inhibition
of MSCs on the CD3" T cell activation, the collected cells
were also stained with anti-mouse CD3 (Catalog #100336,
Biolegend), CD69 (Catalog #104506, Biolegend) and CD25
antibodies (Catalog #102016, Biolegend).

Intracellular cytokine assays

For in vitro experiments, purified CD3" T cells were
cultured in the presence or absence of MSCs at ratios of
5:1. TNF-a and IFN-y were analysed by flow cytometer
after 2 days. 6 h before analysis, cells were stimulated with
PMA (50 ng/mL) plus ionomycin (500 ng/mL), and bre-
feldin A (BFA, 10 pg/mL) was used to inhibit the secretion
of cytokines. PMA, ionomycin, and BFA all obtained from
Sigma-Aldrich. For in vivo experiments, liver MNCs were
isolated 24 h after Con-A administration and directly
analysed for TNF-a (506306, Biolegend) and IFN-y
(554412, BD Pharmingen) with flow cytometer.

Animals

C57BL/6] mice were housed under specific pathogen-
free conditions. Experiments were performed with female
animals at 6-8 weeks of age under ethical conditions
approved by the Institutional Animal Care and Use Com-
mittee of The Third Affiliated Hospital of Sun Yat-sen
University. Sample size was calculated based on the
resource equation approach, which is widely used to
determine the sample size in animal studies by calculating
the minimum and maximum numbers of animals required.

Con A-induced hepatitis and cell transplantation

A single dose of Con A (Sigma-Aldrich) was admini-
strated at 15 or 20 mg/kg through the tail vein. PBS or 1 x
10° hUC-MSCs (MSC™NTC or MSCShCHBLL (N =10))
suspended in 200 puL PBS were transplanted intravenously
(i.v) 30 min after Con A injection. Blood and liver tissues
were collected 24 h later for further analysis. For recom-
binant CHI3L1 study, PBS or rCHI3L1 (100 ng/mL) was
administrated and observed.

Hematoxylin and eosin (H&E) staining

Liver tissues were fixed in 4% paraformaldehyde and
embedded in paraffin. 4 um sections were prepared and
stained with H&E.
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Serum alanine aminotransferase (ALT) and aspartate
transaminase (AST) measurement

Mouse serum samples were obtained at 24 h post Con A
injection. Serum ALT and AST was measured using
Hitachi 7020 automatic biochemical analyzer (Hitachi,
Tokyo, Japan).

Analysis of serum cytokines

IEN-y, TNF-a, and IL6 concentrations in serum were
assessed using Cytometric Bead Array (CBA) kits (BD
biosciences, USA) according to the manufacturer’s
instructions.

Isolation of liver MNCs

Liver tissues were minced to dissociate cells followed by
filtration through a 200 um pore mesh. Hepatocytes were
removed by centrifuging at 50 ¢ for 2min and the super-
natant was collected. After centrifuging at 580 ¢ for 10 min,
the cell pellet was re-suspended in the culture medium. For
the isolation of MNCs, the cell pellet was re-suspended with
a40% Percoll solution and overlaid on a 70% Percoll solution.
After centrifuging at 2000 rpm for 30 min, the interphase was
collected and re-suspended in the culture medium.

Statistical analysis

No statistical methods were used to predetermine the
sample sizes. No data exclusions were made in experi-
mental sections. No data show significant deviation from
normal distribution and data from different treatment
groups show good homogeneity of variances. The exact
sample size for each experimental group has been shown in
figure legends. All results were expressed as mean + SD.
Statistical comparison was made by two-tailed Student’s
¢ test between two groups or one-way ANOVA for multi-
group comparison. Survival was analysed by the
Kaplan—Meier log-rank test. P<0.05 was considered sig-
nificant. Analyses and graphs were performed using
GraphPad Prism version 7 (San Diego, CA).
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