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injury by activating AMPK/SIRT1 pathway

Mengxue Yu'?, Min Zhou®', Jiahui Li", Ruobin Zong', Yufei Yan', Liangyi Kong', Qiang Zhu®" and
Changyong Li""

Abstract

Background: Notch signaling plays important roles in regulating innate immunity. However, little is known about
the role of Notch in mesenchymal stromal/stem cell (MSC)-mediated immunomodulation during liver inflammatory
response.

Methods: Notch activation in human umbilical cord-derived MSCs was performed by a tissue culture plate coated
with Notch ligand, recombinant human Jagged1 (JAG1). Mice were given intravenous injection of Notch-activated

MSCs after acetaminophen (APAP)-induced acute liver injury. Liver tissues were collected and analyzed by histology
and immunohistochemistry.

Results: MSC administration reduced APAP-induced hepatocellular damage, as manifested by decreased serum ALT
levels, intrahepatic macrophage/neutrophil infiltration, hepatocellular apoptosis and proinflammatory mediators. The
anti-inflammatory activity and therapeutic effects of MSCs were greatly enhanced by Notch activation via its ligand
JAG1. However, Notch2 disruption in MSCs markedly diminished the protective effect of MSCs against APAP-induced
acute liver injury, even in the presence of JAG1 pretreatment. Strikingly, Notch-activated MSCs promoted AMP-acti-
vated protein kinase (AMPKa) phosphorylation, increased the sirtuins 1 (SIRT1) deacetylase expression, but downregu-
lated spliced X-box-binding protein 1 (XBP1s) expression and consequently reduced NLR family pyrin domain-con-
taining 3 (NLRP3) inflammasome activation. Furthermore, SIRT1 disruption or XBP1s overexpression in macrophages
exacerbated APAP-triggered liver inflammation and augmented NLRP3/caspase-1 activity in MSC-administrated mice.
Mechanistic studies further demonstrated that JAG1-pretreated MSCs activated Notch2/COX2/PGE?2 signaling, which
in turn induced macrophage AMPK/SIRTT activation, leading to XBP1s deacetylation and inhibition of NLRP3 activity.

Conclusions: Activation of Notch2 is required for the ability of MSCs to reduce the severity of APAP-induced liver
damage in mice. Our findings underscore a novel molecular insights into MSCs-mediated immunomodulation by
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activating Notch2/COX2/AMPK/SIRT1 pathway and thus provide a new strategy for the treatment of liver inflamma-

tory diseases.

Keywords: Mesenchymal stromal/stem cell, Notch signaling, SIRT1T, XBP1, Acute liver injury

Introduction

Acetaminophen (APAP) overdose is a major cause of
acute liver failure worldwide [1]. Although APAP hepa-
totoxicity is generally thought to be caused by direct
interaction of its reactive metabolites with cellular mac-
romolecules, multiple lines of evidence indicates that
non-parenchymal cells, especially hepatic macrophages,
may also contribute to liver injury indirectly through
the release of cytotoxic mediators [2, 3]. Indeed, innate
immunity is a major contributing factor in which liver-
resident macrophages (Kupffer cells) and recruited
monocyte-derived macrophages play a central role in
disease progression. Recent evidence indicated that mac-
rophage depletion by gadolinium chloride pretreatment
abrogated disease development, whereas their reconsti-
tution by macrophage transplantation restored the sen-
sitivity to APAP [4]. Therefore, evidence from mouse
models and early clinical studies supports the notion that
targeting pathogenic macrophages can be successfully
translated into novel therapeutic strategies for inflamma-
tory liver diseases including APAP-induced liver injury
[5].

Multipotent mesenchymal stromal/stem cells (MSCs)
exert considerable promise for use in tissue engineering
and regenerative medicine as a source of tissue-specific
cells owing to unique properties, such as enhanced pro-
liferation, multilineage differentiation and their immu-
nomodulatory properties. With the ability to regulate
both the innate and adaptive immune systems, MSCs
have great potential for treating various inflammatory
diseases in animal models and humans, including acute
and chronic liver diseases [6, 7]. The mechanisms by
which MSCs exert their therapeutic effects are multi-
faceted, and most effector mechanisms were shown by
the secretion of soluble factors, including indoleamine
2, 3-dioxygenase, nitric oxide, prostaglandin E2 (PGE2),
tumor necrosis factor-inducible gene 6, transforming
growth factor p and hepatocyte growth factor [8]. Our
previous study also demonstrated that MSC-secreted
PGE2 contributed to MSCs-mediated immune regulation
through a direct interaction between yes-associated pro-
tein (YAP) and B-catenin [9]. Although much progress
has been made in the use of MSCs to treat various dis-
eases, further insights into the interaction between MSCs
and the inflammatory microenvironment will enable us
to make better use and enhance the therapeutic effects of
MSC:s for the treatment of inflammatory diseases.

Various signaling pathways have been implicated in
the regulation of MSC maintenance and expansion,
including the Notch signaling pathway [10]. Notch
signaling is an evolutionarily conserved pathway that
regulates multiple biological functions in mammalian,
such as cell proliferation, differentiation and fate deter-
mination [11]. The Notch family of transmembrane
receptors (Notchl-4) determines cell fate through
ligand binding and y-secretase-mediated cleavage that
generates Notch intracellular domain (NICD), which
binds RBP-]J (also named CSL or CBF1) and the nuclear
effector Mastermind-like to activate transcription of
canonical Notch targets including the hairy/enhancer
of split (Hes) and Hes-related family genes [12]. Canon-
ical Notch signaling is well recognized as a regulator of
stem cell proliferation, differentiation and self-renewal
in the hematopoietic, neural, intestinal, skeletal muscle
and bone marrow stromal cells [10, 13—17]. Emerging
evidence demonstrates that the Notch signaling path-
way has been implicated in regulating innate and adap-
tive immune homeostasis and function [18]. Recently,
data from other groups as well as our own indicated
that the Notch signaling modulates liver inflamma-
tory response through multiple mechanisms [19-21].
Intriguingly, a previous report showed that the Notch
signaling was required for production of PGE2 by
human bone marrow MSCs [22]. This finding suggests
that the Notch signaling may be involved in MSCs-
mediated immunomodulation. However, it remains
largely unknown as to whether and how MSC-specific
Notch signaling may influence inflammasome acti-
vation and mediate the immunosuppressive effect of
MSCs in APAP-induced liver injury.

In the present study, we investigated the therapeutic
potential of human umbilical cord-derived MSCs in
APAP-induced acute liver injury and identified a pre-
viously unrecognized regulatory mechanism of Notch
signaling in MSCs-mediated immunomodulation. We
demonstrated that Notch activation in MSCs by its
ligand Jaggedl (JAG1) increased cyclooxygenase-2
(COX2)/PGE2 production, which in turn activated
the AMP-activated protein kinase (AMPKa)/sirtuins
1 (SIRT1) pathway in macrophages, resulting in dea-
cetylation of spliced X-box-binding protein 1 (XBP1s)
and subsequent inhibition of NLR family pyrin domain-
containing 3 (NLRP3) inflammasome during APAP-
induced acute liver injury.
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Materials and methods
Animal treatment
Male C57BL/6 mice (6—-8 weeks old, 17-20 g) were pur-
chased from Hubei Provincial Center for Disease Con-
trol and Prevention (Wuhan, China). All animals were
housed in sterile cages with free access to food and water
at 12 h light/dark cycles. Animal welfare and experimen-
tal procedures were performed according to the Guide
for the Care and Use of Laboratory Animals published by
the National Institutes of Health. All animal experiments
and protocols were approved by the Committee of Ani-
mal Care and Use of Hubei Provincial Center for Food
and Drug Safety Evaluation and Animal Experiment.
APAP (Sigma-Aldrich, St. Louis, MO) solution was
freshly prepared for each experiment by dissolving APAP
in saline at a concentration of 10 mg/ml and warmed to
40 °C. Mice were fasted for 16 h and then either given
saline (i.p.) or APAP (400 mg/kg, i.p.). In some experi-
ments, mice were injected via the tail vein with 1 x 10°
MSCs (suspended in 200 pl PBS/mouse) or normal
human dermal fibroblasts (ATCC, Manassas, VA) 24 h
prior to APAP injection. Some mice were injected via
the tail vein with bone marrow-derived macrophages
(BMDMs, 5 x 10° cells/mouse) transfected with lentivirus
expressing XBP1s (Lv-XBP1s) or GFP control (Lv-GFP)
24 h prior to APAP injection. Some mice were injected via
the tail vein with SIRT1 siRNA or non-specific (control)
siRNA, (2 mg/kg) (Ribobio, Shanghai, China) mixed with
mannose-conjugated polymers (Polyplus transfection",
Illkirch, France) at a ratio according to the manufacturer’s
instructions 4 h prior to APAP injection as described [23].
Mice were killed for collecting serum and liver tissues at
24 h after APAP injection. Animal survival was observed
every 4 h for 72 h until they became moribund.

Preparation of human umbilical cord-derived MSCs
Human umbilical cord-derived MSCs were obtained
from Wuhan Hamilton Biotechnology Co. Ltd. The use
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of human umbilical cords from healthy donors who gave
birth and signed informed consent in Renmin Hospital
was supported by the Institutional Ethics Review Board
of Renmin Hospital of Wuhan University (Permit Num-
ber: WDRY2019-G001). MSCs were isolated, cultured
and identified as described in our previous study [24].
MSCs at passage 5 were used in this animal experiment.

Recombinant JAG1-coated culture plates

Culture plates were coated with anti-human IgG (10 pg/
ml) (Sigma-Aldrich) in PBS at 4 °C overnight and then
incubated in a solution containing human recombinant
JAG1 protein (10 pg/ml, Enzo Life Sciences, Farming-
dale, NY) at 4 °C overnight. The same concentrations of
human IgG were used to coat plates as controls.

Lentiviral vector construction

The 293 T cell line was cotransfected by lentivirus pack-
aging vectors with constructed XBP1ls-overexpressing
lentivirus (p-Lv-XBP1s, Applied Biological Materials
Inc., Canada). Cells were seeded in six-well plates and
transfected when they reached 60-70% confluence.
Cells were cotransfected with p-Lv-XBP1s, psPAX2 and
pVSVG using Lipofectamine 3000 reagent (Invitrogen)
to package the lentiviruses according to the manufac-
turer’s instructions, as previously described [21]. Forty-
eight hours after transfection, the viral vector-containing
supernatant was collected and filtered through a 0.45 pum
filter. GFP lentivirus (Lv-GFP, Applied Biological Materi-
als Inc.) was used as a control.

Hepatocellular function assay

Serum alanine aminotransferase (sALT) levels, an indi-
cator of hepatocellular injury, were measured by an
automated chemical analyzer (Olympus Automated
Chemistry Analyzer AU5400, Tokyo, Japan).

(See figure on next page.)

Fig. 1 Notch-activated MSCs enhance the protective effects against APAP-induced hepatotoxicity. A Mice were subjected to APAP-challenged liver
injury. Some mice were injected via the tail vein with human umbilical cord-derived MSCs, fibroblasts (1 x 10%) or PBS 24 h prior to APAP injection
(400 mg/kg, i.p.). Representative histological staining (H&E) of liver tissue (=5 mice/group) and percent of necrotic area. Scale bars: 100 pm. B
Hepatocellular function, as assessed by serum ALT levels (IU/L) (n=5 mice/group). C Quantitative RT-PCR-assisted detection of Notch1, Notch2,
Notch3, Notch4 and Cox2 expression in MSCs with or without LPS (100 ng/mL)/IFN-y (10 ng/mL) stimulation. Representative of three experiments.
D Western blot analysis of Notch2 and COX2 protein expression in MSCs with or without LPS (100 ng/mL)/IFN-y (10 ng/mL) stimulation. (E,

F) MSCs were transfected with Notch2 siRNA (siNotch2), non-specific siRNA (siNS) or COX2-siRNA (siCOX2) for 48 h. Some cells were cultured

on JAG1-coated (10 pg/ml) culture plates for 24 h. E Western blot analysis of COX2 expression in MSCs. F ELISA analysis of PGE2 levels in the

supernatants from MSCs. The data are means = SD of three independent experiments. G Representative histological staining (H&E) of liver sections
from MSC-siNS-, MSC-siCOX2-, MSC-siNotch2-, MSC-siNS + JAG1- or MSC-siNotch2 4 JAG1-treated animals (n =5 mice/group). Scale bars: 100 um. H
Hepatocellular function, as assessed by serum ALT levels (IU/L) (n =5 mice/group). I Animal survival curves after a single dose of APAP (650 mg/kg,
i.p.) injection over 72 h (n =10 mice/group). All data represent the mean £ SD. *p < 0.05,**p < 0.01
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Histology and immunohistochemistry staining

Liver sections were stained with hematoxylin and eosin
(H&E). The necrotic area was assessed by analyzing at
least 10 randomly selected areas per sample, with com-
puter-assisted image analysis with MetaMorph software
(Universal Imaging Corporation, Downingtown, PA).
Liver macrophages and neutrophils were detected using
primary rat anti-mouse F4/ 80" mAb (Mac-1, M1/70; BD
Biosciences, San Jose, CA) and Ly6G™ mAb (BD Bio-
sciences, San Diego, CA), respectively. After incubation
with secondary biotinylated goat anti-rat IgG (Vector,
Burlingame, CA), followed by treatment with immunop-
eroxidase (ABC Kit, Vector), the average number of posi-
tive cells was quantified by analyzing at least 10 random
high-power fields (HPF, original magnification x 400) per
animal, with Image-Pro Plus software.

TUNEL staining

The apoptosis of hepatocytes was measured by using a
TUNEL Apoptosis Assay Kit (Roche-Boehringer Man-
nheim, Germany). The TUNEL-positive cells were visu-
ally identified by fluorescence microscopy. The results
were scored semiquantitatively by averaging the num-
ber of apoptotic cells/HPF. Ten fields were evaluated per
sample.

Quantitative RT-PCR analysis

Total RNA was purified from liver tissues or cell cultures
using the RNeasy Mini Kit (Qiagen, Chatsworth, CA)
according to the manufacturer’s instructions. Comple-
mentary DNA synthesis reactions from the RNA (0.5 pg)
reverse transcription were carried out using Prime-
Script™ RT reagent kit with gDNA Eraser (Takara Bio-
technology Co. Ltd, Japan). Quantitative RT-PCR was
performed using Hieff ' qPCR SYBR® Green Master Mix
(YEASEN) and CFX 96 Detection System (Bio-Rad, Her-
cules, CA). Primer sequences used for the amplification
of Notch1-4, COX2, TNF-a, IL-13, MCP-1, CXCL-1 and
GAPDH are shown in Additional file 1: Table 1.

Immunoprecipitation

BMDMs were lysed in RIPA lysis buffer containing pro-
tease inhibitors. The lysates were incubated with anti-
bodies against IgG (1:1,000, Abcam, MA), acetyl-lysine
(1:300, Abcam, MA) and protein A/G beads at 4 °C
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overnight. After immunoprecipitation, the immunocom-
plexes were washed with lysis buffer three times and ana-
lyzed by standard immunoblot procedures.

Western blot analysis

Protein was extracted from liver tissues or cell cul-
tures. Monoclonal rabbit anti-mouse Notch2, COX2,
phos-AMPKa, AMPKa«, SIRT1, XBPls, NLRP3, ASC,
C-caspase-1 and p-actin Abs (1:1,000, Cell Signaling
Technology, San Diego, CA) were used. The relative quan-
tities of proteins were determined by a densitometer, and
the results were expressed in absorbance units (AU).

BMDM isolation and in vitro transfection

BMDMs were generated as previously described [9]. In
brief, bone marrow cells were removed from the femurs
and tibias of mice and cultured in DMEM supplemented
with 10% FBS and 20% 1.929-conditioned medium. Cells
(1 x 10%/well) were cultured for 7 days and then trans-
fected with 100 nM of SIRT1 siRNA (Santa Cruz Biotech-
nology) using Lipofectamine 2000 reagent (Thermo Fish
Scientific, Carlsbad, CA). The non-specific (NS) siRNA as
controls. In some experiments, BMDMs were transfected
with Lv-XBP1s or Lv-GFP control vector. After 48 h, cells
were supplemented with 100 ng/ml of LPS for additional
6 h. Then, these cells were harvested and cell lysates were
analyzed by Western blot analysis.

ELISA assay

PGE2, IL-18 and IL-1p levels in serum were measured by
ELISA, according to the manufacturer’s standard proto-
cols (eBioscience, San Diego, CA). Absorbance was read
on a Multiscan FC plate reader and analyzed with SkanlIt
for Multiskan FC software (Thermo Scientific, Schwerte,
Germany).

Statistical analysis

Data are expressed as mean=+SD and analyzed by Stu-
dent’s t tests. Per comparison two-sided p values less
than 0.05 were considered statistically significant. Mul-
tiple group comparisons were performed using one-way
ANOVA with a post hoc test. All statistical analysis was
performed using SPSS17.0 software.

(See figure on next page.)

Fig. 2 Notch-activated MSCs reduce macrophage/neutrophil infiltration and hepatocellular apoptosis after APAP challenge. A, B
Immunohistochemistry staining and quantification of F4/80" macrophages and Ly6G* neutrophils in livers (n =5 mice/group). Scale bars: 50 um.
C Quantitative RT-PCR-assisted detection of TNF-q, II-13, Mcp-1 and Cxcl-1 expression. D Representative images of TUNEL-staining liver sections and
quantification of TUNEL-positive nuclei per high-power field (HPF) for at least 10 fields per sample (n =5 mice/group). Scale bars, 50 um. Data are

presented as the mean =+ SD. *p <0.05, **p < 0.01
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Results
Administration with Notch-activated MSCs enhances
the protective effects against APAP-induced hepatotoxicity
We used a mouse model of APAP-induced acute liver
injury to test the therapeutic potential of MSCs in vivo.
To track the distribution of MSCs in the injured liver,
MSCs were predyed with CellTracker CMFDA. As
expected, increased number of MSCs (green-fluorescent)
were recruited to the injured livers compared with the
controls (Additional file 2: Fig. 1). Compared to those in
the PBS or fibroblast-treated controls, MSCs-treated liv-
ers showed a decreased necrotic area (Fig. 1A), and lower
serum ALT levels (IU/L) (Fig. 1B). We then investigated
whether the Notch signaling pathway played a key role in
the protective effect of MSCs. We analyzed the expres-
sions of all Notch receptors and COX2 genes in LPS/
IENy-stimulated MSCs. As shown in Fig. 1C, the mRNA
levels of Notch2 and COX2, but not Notch1, Notch3 and
Notch4, were dramatically upregulated in MSCs after
LPS/IFNy stimulation for 6 h or 12 h. Moreover, Western
blot analysis confirmed that the protein levels of Notch2
and COX2 were obviously increased in LPS/IFNy-
stimulated MSCs compared to that in untreated con-
trols (Fig. 1D). To determine whether Notch2 may affect
COX2/PGE2 activation in MSCs, we disrupted Notch2
in MSCs with Notch2 siRNA transfection. As expected,
Notch2 knockdown in MSCs significantly reduced COX2
expression (Fig. 1E). Moreover, treatment of recombinant
Notch ligand JAGI increased COX2 expression (Fig. 1E).
Consistent with the data, JAG1 treatment markedly
increased PGE2 secretion in MSCs, whereas Notch2 or
COX2 knockdown decreased PGE2 secretion (Fig. 1F).
Next, we tested whether Notch activation enhanced
the protective effect of MSCs against APAP-induced
liver damage. Indeed, administration of JAG1-pretreated
MSCs (JAG1-MSCs) resulted in further improvement of
histological damage and hepatocellular function as com-
pared with MSCs-treated controls (Fig. 1G and H). In
contrast, administration of COX2-silenced MSCs aggra-
vated APAP-induced liver damage as compared with the
MSCs-treated controls (Fig. 1G and H). Importantly,
Notch2 knockdown in MSCs markedly diminished the
protective effect of MSCs against APAP-induced acute
liver injury, even in the presence of JAG1 pretreatment
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(Fig. 1G and H). Moreover, analysis of survival rate
showed a decreased mortality in MSC-treated mice,
which was further improved by administration of JAG1-
MSCs. However, Notch2 disruption in MSCs dimin-
ished this protective effect (Fig. 1I). Taken together, these
results demonstrate the key role of Notch2/COX2 axis in
MSCs-mediated protective effect against APAP-induced
liver injury.

Notch-activated MSCs reduce macrophage/neutrophil
infiltration and hepatocellular apoptosis after APAP
challenge

To determine whether Notch-activated MSCs affected
inflammatory cell infiltration in APAP-challenged liv-
ers, F4/80" macrophages and Ly6G* neutrophils were
detected by immunohistochemistry. Compared to those
in the PBS-treated controls, MSCs-treated livers revealed
decreased F4/80" macrophage and Ly6G™ neutrophil
accumulation, which were further reduced by treatment
with JAG1-MSCs (Fig. 2A and B). However, administra-
tion of Notch2 siRNA-transfected JAG1-MSCs resulted
in increased infiltration of macrophages/neutrophils as
compared with NS siRNA-transfected controls (Fig. 2A
and B). Consistent with these data, MSC treatment
reduced the mRNA levels of proinflammatory cytokines
and chemokines including TNF-a, IL-1, MCP-1 and
CXCL-1 in liver tissues compared to that in PBS-treated
controls (Fig. 2C). Similarly, JAG1-MSC treatment fur-
ther decreased inflammatory mediators, whereas Notch2
silence abolished the beneficial effect of JAG1-MSCs on
APAP-induced liver inflammation (Fig. 2C).

Next, we investigated the effects of MSCs and JAG1-
MSCs on hepatocellular apoptosis associated with APAP-
induced liver damage. TUNEL staining showed that MSC
administration decreased the frequency of TUNEL" cells
in injured livers, and JAG1 stimulation enhanced the abil-
ity of MSCs to suppress hepatocellular apoptosis, which
was eliminated by Notch2 knockdown in MSCs (Fig. 2D).

Notch-activated MSCs inhibit XBP1s/NLRP3 activation

in APAP-induced liver injury

Previous studies have demonstrated that XBPls is
essential for the activation of NLRP3 inflammasome in
response to inflammatory stimuli [25, 26]. Our recent

(See figure on next page.)

Fig. 3 Notch-activated MSCs inhibit XBP1s/NLRP3 activation in APAP-induced liver injury. A Western blot analysis of XBP1s, NLRP3, ASC and
C-caspase-1 expression in liver tissues from the indicated animals. B, C ELISA analysis of serum IL-13 and IL-18 levels (n =5 mice/group). D Hepatic
macrophages (Kupffer cells) were isolated from mice after APAP injection, with or without MSC-siNS +JAG1 or MSC-siNotch2 + JAG]1 treatment.
Western blot analysis of XBP1s, NLRP3, ASC and C-caspase-1 expression in Kupffer cells. Representative of three experiments. Data are presented as

the mean = SD. *p <0.05, **p < 0.01
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study indicated that murine bone marrow-derived MSCs
attenuated ischemia/reperfusion-induced liver inflam-
matory injury through controlling NLRP3 activation [9].
Thus, we speculated that Notch-activated MSCs may
influence XBP1s/NLRP3-driven inflammatory response
during APAP-induced acute liver injury. As expected,
administration of JAGI1-MSCs significantly inhibited
XBP1s, NLRP3, ASC, cleaved caspase-1 expression
(Fig. 3A) and reduced serum IL-1p (Fig. 3B) and IL-18
(Fig. 3C) levels, which were abolished by Notch2 disrup-
tion in MSCs (Fig. 3A—C). To determine whether MSCs
specifically influence XBP1s/NLRP3 activation in hepatic
macrophages, we isolated Kupffer cells from APAP-
injected livers with or without MSC treatment (Addi-
tional file 3: Fig. 2). Indeed, MSC treatment reduced
XBP1s, NLRP3, ASC and cleaved caspase-1 expression in
hepatic macrophages (Fig. 3D). However, these decreased
expressions were markedly reversed when Notch2 was
blocked in JAG1-MSCs (Fig. 3D).

XBP1s repression is crucial for the anti-inflammatory effect
of MSCs in APAP-induced liver injury

We then tested whether XBP1s were required for MSCs-
mediated anti-inflammatory effect in APAP-induced
liver injury. BMDMSs were transfected with lentivirus
expressing XBP1s (Lv-XBP1s) or GFP control (Lv-GEP)
and adoptively transferred into JAG1-MSC-treated mice
(Additional file 4: Fig. 3). Clearly, adoptive transfer of
Lv-XBP1s-transfected BMDMs into JAG1-MSC-treated
mice aggravated APAP-induced liver damage, as mani-
fested by increased necrotic area (Fig. 4A), serum ALT
level (Fig. 4B), F4/80" macrophage (Fig. 4C) and Ly6G™
neutrophil (Fig. 4D) infiltration and pro-inflammatory
mediator expression (Fig. 4E). Moreover, unlike livers
treated with Lv-GFP-transfected control cells, livers in
JAG1-MSC-injected mice treated with Lv-XBP1s-trans-
fected BMDMs revealed augmented NLRP3, ASC and
cleaved caspase-1 expression (Fig. 4F). These results sug-
gest that administration of Notch-activated MSCs alle-
viates APAP-induced hepatotoxicity and inflammatory
response through inhibiting XBP1/NLRP3 inflamma-
some activation.
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Notch-activated MSCs inhibit XBP1s/NLRP3 activation

in an AMPK/SIRT1-dependent manner

As SIRT1 has been identified to deacetylate XBP1s and
inhibit its transcriptional activity [27, 28], we then asked
whether MSCs may regulate XBP1s/NLRP3 activation
through SIRT1-dependent pathway. We first analyzed
whether MSCs influenced AMPK/SIRT1 signaling in
APAP-injured livers. APAP challenge resulted in down-
regulation of AMPKa phosphorylation and SIRT1
expression (Fig. 5A). Administration of JAG1-MSCs
markedly enhanced p-AMPKa and SIRT1 expression,
whereas Notch2 disruption in JAG1-MSCs diminished
p-AMPKa and SIRT1 expression (Fig. 5A). Next, we dis-
rupted SIRT1 in JAG1-MSC-treated livers using SIRT1
siRNA with an in vivo mannose-mediated delivery sys-
tem that enhances delivery to cells expressing a man-
nose-specific membrane receptor to macrophages as
previously described by ours and others [23, 29, 30].
Unlike NS siRNA-treated controls, SIRT1 siRNA treat-
ment augmented XBP1s, NLRP3 and cleaved caspase-1
expression in the JAG1-MSC-treated livers (Fig. 5B),
accompanied by increased serum IL-1p and IL-18 lev-
els (Fig. 5C and D). Moreover, SIRT1 knockdown in the
JAG1-MSC-treated mice aggravated APAP-induced
hepatotoxicity, evidenced by increased necrotic area
(Fig. 5E) and serum ALT levels (Fig. 5F), compared to the
NS siRNA-treated controls. These results suggest that
AMPK/SIRT1 axis is required for MSCs-mediated regu-
lation of XBP1s/NLRP3 function in APAP-induced liver
inflammatory response.

Notch-activated MSCs promote XBP1s deacetylation

and inhibit XBP1s/NLRP3 activation in macrophages

To elucidate the mechanistic role of the Notch2/COX2/
SIRT1 pathway in the control of XBP1/NLRP3 inflam-
masome activation in MSCs-mediated immunomodu-
lation, bone marrow-derived macrophages (BMDMs)
were cultured with conditioned media (CM) from JAG1-
MSCs transfected with Notch2 siRNA or COX2-siRNA.
Notably, Notch activation in MSCs by JAG1 promoted
AMPKa phosphorylation, SIRT1 expression and inhibited
XBP1s, NLRP3, cleaved caspase-1 expression in BMDMs

(See figure on next page.)

liver tissues. Data are presented as the mean = SD. *p < 0.05, **p < 0.01

Fig. 4 XBP1s repression is crucial for the anti-inflammatory effect of MSCs in APAP-induced liver injury. Bone marrow-derived macrophages
(BMDMs; 5 x 10° cells/mouse) were transfected with lentivirus expressing XBP1s (Lv-XBP1s) or GFP control (Lv-GFP) and adoptively transferred into
JAG1-MSC-treated mice 24 h prior to APAP injection. A Representative histological staining (H&E) of liver tissue (=5 mice/group) and percent of
necrotic area. Scale bars: 100 um. B Hepatocellular function, as assessed by serum ALT levels (IU/L) (n =5 mice/group). C, D Immunohistochemistry
staining and quantification of F4/80" macrophages and Ly6G™ neutrophils in livers (n=5 mice/group). Scale bars: 50 um. E Quantitative
RT-PCR-assisted detection of TNF-q, II-6, II-1(3, Mcp-1 and Cxcl-1 expression. F Western blot analysis of NLRP3, ASC and C-caspase-1 expression in
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after LPS stimulation. However, Notch2 knockdown in
JAG1-MSCs depressed AMPKa phosphorylation, SIRT1
expression while enhancing XBP1s, NLRP3 and cleaved
caspase-1 expression in macrophages (Fig. 6A). Consist-
ently, JAG1-MSC treatment reduced IL-1p and IL-18
production in macrophages, which was abolished by
Notch2-silenced JAG1-MSCs (Fig. 6B). In addition, we
analyzed whether COX2 was responsible for MSCs-medi-
ated AMPK/SIRT1 activation and subsequent XBP1ls/
NLRP3 inhibition. Indeed, COX2 knockdown in JAG1-
MSCs significantly inhibited AMPKa phosphorylation,
SIRT1 expression, but augmented XBP1ls, NLRP3 and
cleaved caspase-1 expression in macrophages (Fig. 6C).
Furthermore, we examined whether SIRT1 was essential
for MSCs-mediated XBP1s deacetylation in macrophages.
As expected, unlike NS siRNA-treated controls, SIRT1
disruption reduced deacetylation of XBP1s and promoted
XBP1s, NLRP3 and cleaved caspase-1 expression in JAG1-
MSC-treated macrophages (Fig. 6D). Collectively, these
results suggest that Notch2/COX2 axis in MSCs induces
AMPK/SIRT1 activation, leading to XBP1s deacetylation
and NLRP3 inflammasome inhibition in macrophages.

Discussion

It is well documented that many types of innate and
adaptive immune cells are present at sites of inflamma-
tion and can be regulated by MSCs [6, 7]. In particular,
hepatic macrophages are essential pathogenic drivers for
liver inflammation, fibrosis and hepatocarcinogenesis,
and thus, they are an attractive target for novel thera-
peutic approaches to treat liver diseases [5]. The present
study demonstrates that MSCs-specific Notch signal-
ing regulates macrophage XBP1s/NLRP3 activation for
orchestrating inflammatory responses in APAP-induced
acute liver injury. First, MSC administration signifi-
cantly alleviated APAP-induced liver injury. Moreover,
the anti-inflammatory activity and therapeutic effects
of MSCs were greatly enhanced by Notch activation.
However, Notch2 or COX2 disruption in MSCs dimin-
ished the protective effect of MSCs against liver dam-
age. These results demonstrate that Notch2/COX2 axis
is crucial for the ability of MSCs to reduce the severity
of APAP-induced liver injury in mice. Second, Notch-
activated MSCs induced macrophage AMPK/SIRT1
activation, which in turn inhibited XBP1s/NLRP3
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inflammasome activity. Furthermore, SIRT1/XBP1s
signaling was required for MSCs-mediated immunosup-
pression and protective effect against APAP-induced
liver damage. Third, mechanistic studies further demon-
strated that MSCs-mediated AMPK/SIRT1 activation in
macrophages resulted in XBP1s deacetylation and sub-
sequent inhibition of NLRP3 inflammasome. These find-
ings highlight the importance of Notch2/COX2/AMPK/
SIRT1 pathway in MSCs-mediated immunomodulation
during liver inflammation.

The discovery that MSCs contribute to tissue repair due
to their immunomodulatory and regenerative potentials
has revolutionized stem cell therapy for the treatment of
inflammatory diseases [31]. Although much progress has
been made in the use of MSCs to treat various diseases,
many of them have shown therapeutic failure, especially
in humans [32]. Thus, exploring the underlying immu-
nomodulatory mechanisms that govern the immunosup-
pressive potential of MSCs will lead to the development
of novel therapeutic strategies for inflammatory dis-
eases. Accumulating evidence demonstrates that Notch
signaling can regulate cell fate decisions including pro-
liferation, lineage commitment and terminal differentia-
tion in various adult stem cells [10, 13—-17]. A previous
report indicated that blocking Notch signaling in MSCs
with two inhibitors y-secretase decreased COX2 expres-
sion and PGE2 secretion [22]. The main finding of this
study was that JAG1-mediated Notch signaling promoted
COX2/PGE2 production and enhanced the protective
effects of MSCs against APAP-induced acute liver injury.
Furthermore, our study showed that Notch2 disruption
in JAG1-pretreated MSCs significantly reversed the pro-
tective effect of MSCs, suggesting that Notch2 activation
was required for the immunomodulatory capabilities
of MSCs. In addition, Notch-activated MSCs reduced
macrophage/neutrophil infiltration in the injured liver,
at least in part, through inhibiting the expression of
chemokines including MCP-1 and CXCL-1. These find-
ings support the hypothesis that JAG1-activated Notch
signaling pathway in MSCs may serve as a novel strat-
egy to enhance their therapeutic potentials in vivo owing
to the elevated production of PGE2. Indeed, multiple
lines of evidence from our own and other groups dem-
onstrates that PGE2 is one of the most potent therapeu-
tic soluble factors of MSCs and mediates most of the

(See figure on next page.)

Fig. 5 Notch-activated MSCs inhibit XBP1s/NLRP3 activation in an AMPK/SIRT1-dependent manner. JAG1-MSCs-treated mice were injected via

the tail vein with SIRT1 siRNA (siSIRT1; 2 mg/kg) or non-specific control siRNAs (siNS) mixed with mannose-conjugated polymers 4 h prior to drug
induction. A Western blot analysis of p-AMPKa, AMPKa and SIRT1 expression in liver tissues. B Western blot analysis of SIRT1, XBP1s, NLRP3, ASC and
C-caspase-1 protein expression in liver tissues. C, D ELISA analysis of serum IL-1p and IL-18 levels. E Representative histological staining (H&E) of liver
tissue (n=>5 mice/group) and percent of necrotic area. Scale bars: 100 um. F Hepatocellular function, as assessed by serum ALT levels (IU/L). Data

are presented as the mean £ SD. *p <0.05, **p < 0.01
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immunomodulatory capacity [7, 9, 22, 33, 34]. Although
the present study clearly showed the importance of
Notch2 in COX2 expression and PGE2 secretion by
MSCs, the exact mechanism by which Notch2 regulates
COX2 expression in MSCs remains to be determined.

Another important implication of the present study is
that inhibition of XBP1/NLRP3 inflammasome contrib-
utes to MSCs-mediated immunomodulation in APAP-
induced liver inflammation. It is well known that the
NLRP3 inflammasome is a complex which is composed of
a series of protein such as the NOD-like receptor NLRP3,
the adaptor molecule apoptosis-associated speck-like
protein containing a caspase recruitment domain (ASC)
and the enzyme caspase-1 [35-38]. The biochemical
function of NLRP3 inflammasomes is to activate cas-
pase-1, which leads to the maturation of IL-1f and IL-18
[39]. The importance of the NLRP3 inflammasome in
immunity and various inflammatory diseases includ-
ing acute or chronic liver inflammation has been well
documented [9, 25, 37, 40]. Several regulators of NLRP3
inflammasome activation, including double-stranded
RNA-dependent protein kinase, guanylate-binding pro-
tein 5 and NEK7, have been reported [36]. However, a
unified mechanism has not yet emerged. Recently, data
from other groups as well as our own showed that XBP1s
promoted NLRP3 inflammasome activation in acute and
chronic liver inflammation [9, 25, 26, 41]. XBP1s has mul-
tiple roles in regulating the immune response. Previous
studies have demonstrated that Toll-like receptors specif-
ically activated the endoplasmic reticulum stress sensor
kinase IREla and its downstream target, the transcrip-
tion factor XBP1s, which identified a critical function for
XBP1s in innate immune responses in macrophages [42].
In line with these findings, our present data showed that
adoptive transfer of Lv-XBP1s-transfected macrophages
into MSC-treated mice augmented NLRP3 inflamma-
some activation and exacerbated APAP-induced liver
damage. These findings proved that XBP1s repression
is crucial for the anti-inflammatory effect of MSCs in
APAP-induced liver damage. The present study further
supports the notion that the development of pharma-
cological inhibitors of the XBP1/NLRP3 pathway could
present a new therapeutic strategy aimed at diminishing
inflammatory liver diseases.
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Given the demonstrated role of XBP1/NLRP3 inflam-
masome in MSCs-mediated immunomodulation, we
then investigated how MSCs could influence XBP1/
NLRP3 activation in APAP-induced acute liver injury.
Several previous studies showed that PGE2 was observed
to significantly induce the phosphorylation of AMPKa
(Thr-172) in various cell types, including bone marrow-
derived cells [43—45]. It is currently recognized that the
phosphorylation at site Thr-172 of the a-subunit is essen-
tial for AMPK activation [46], and that AMPK is a central
regulator of multiple metabolic pathways and may have
therapeutic importance for treating metabolic diseases
including obesity, type 2 diabetes, non-alcoholic fatty
liver disease and cardiovascular disease [47]. Importantly,
the deacetylase SIRT1, a target of p-AMPK, has marked
anti-inflammatory effects in diverse tissues and cell mod-
els [48-51]. Additionally, it has been reported that mac-
rophage AMPK activation promoted the deacetylase
SIRT1 expression [52], and that SIRT1 inhibited inflam-
matory pathways in macrophages and modulated insulin
sensitivity [53]. Based on these findings, we speculated
that MSC-secreted PGE2 could activate AMPK/SIRT1
pathway in macrophages, leading to attenuation of liver
inflammation. As expected, our results indicated that
APAP challenge resulted in downregulation of p-AMPK
and SIRT1; however, administration of JAGI1-MSCs
markedly enhanced AMPK/SIRT1 activation in mac-
rophages. Furthermore, SIRT1 knockdown in the JAG1-
MSC-treated mice augmented XBP1/NLRP3 activation
and exacerbated liver damage. These results suggest that
AMPK/SIRT1 activation is required for MSCs-mediated
inhibition of XBP1/NLRP3 and attenuation of liver dam-
age. Moreover, our data showed that Notch2 disruption
in JAG1-MSCs diminished AMPK/SIRT1 activation and
enhanced XBP1/NLRP3 activity in macrophages, sug-
gesting an important role of Notch2 in MSCs-mediated
AMPK/SIRT1 activation.

SIRT1, as a nicotinamide adenine dinucleotide-depend-
ent deacetylase, can deacetylate histones, non-histones
and other transcription factors, which participates in vari-
ous physiological functions including cell aging, gene tran-
scription, energy balance and regulation of oxidative stress
[54, 55]. Recent evidence demonstrates that SIRT1 is a key
player in liver physiology and a therapeutic target against

(See figure on next page.)

Fig. 6 Notch-activated MSCs promote XBP1s deacetylation and inhibit XBP1s/NLRP3 activation in macrophages. Bone marrow-derived
macrophages (BMDMs, 1 x 10% were treated with MSC-derived conditioned media (MSC-CM) for 24 h followed by LPS (100 ng/ml) stimulation.
A Western blot analysis of p-AMPKa, AMPKa, SIRT1, XBP1s, NLRP3 and C-caspase-1 expression in BMDMs. B ELISA analysis of IL.-13 and IL-18 levels
from BMDM supernatant. C Western blot analysis of p-AMPKa, AMPKa, SIRT1, XBP1s, NLRP3 and C-caspase-1 expression in BMDMs. D BMDMs
were transfected with NS siRNA or SIRT1 siRNA and then treated with JAG1-MSC-CM. The XBP1s acetylation level was evaluated by performing
immunoprecipitation (IP) with anti-acetylation antibody and Western blotting with anti-XBP1s antibody. The expressions of XBP1s, NLRP3 and
C-caspase-1 in the whole-cell lysates were examined by Western blot analysis. All data are presented as means =+ SD. *p <0.05; **p <0.01
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liver inflammation including hepatic ischemia/reperfu-
sion injury and APAP-induced liver injury [56, 57]. Here,
we demonstrated that MSCs promoted AMPK/SIRT1
activation, leading to XBP1s deacetylation and NLRP3
inflammasome inhibition in macrophages. This result is
consistent with a recent report that SIRT1 ameliorated cad-
mium-induced endoplasmic reticulum stress and NLRP3
inflammasome-dependent pyroptosis through XBP1s
deacetylation in human renal tubular epithelial cells [28].
Taken together, these findings suggest that AMPK/SIRT1
activation may be of therapeutic benefit for the treatment
of inflammatory diseases.

Conclusion

We identify a key role of Notch2/COX2/AMPK/SIRT1
pathway in controlling XBP1/NLRP3 activation in MSCs-
mediated immunomodulation. Our data indicate that
Notch activation enhances the protective effect of MSCs
against APAP-induced liver damage. We further demon-
strate that Notch-activated MSCs promote COX2/PGE2
production, which in turn activate AMPK/SIRT1 path-
way, leading to XBP1s deacetylation and subsequent inhi-
bition of NLRP3 inflammasome in macrophages (Fig. 7).
Thus, our findings suggest an effective strategy to prevent
and/or treat liver inflammatory diseases by modulating
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the AMPK/SIRT1 pathway and targeting the XBP1/
NLRP3 activity in macrophages using genetically modi-
fied MSC approaches or pharmacological interventions.
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