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Hepatology, Vol. 0, No. 0, 2021 

CD47- Mediated Hedgehog/SMO/GLI1 
Signaling Promotes Mesenchymal Stem 
Cell Immunomodulation in Mouse Liver 
Inflammation
Mingwei Sheng,1,2* Yuanbang Lin,1,3* Dongwei Xu ,1,4* Yizhu Tian,1 Yongqiang Zhan,1 Changyong Li,1 Douglas G. Farmer,1 
Jerzy W. Kupiec- Weglinski,1 and Bibo Ke 1

BaCKgRoUND aND aIMS: The cluster of  differentiation 
47 (CD47)– signal regulatory protein alpha (SIRPα) signaling 
pathway plays important roles in immune homeostasis and 
tissue inflammatory response. Activation of the Hedgehog/
smoothened (SMO)/GLI family zinc finger 1 (Gli1) path-
way regulates cell growth, differentiation, and immune func-
tion. However, it remains unknown whether and how the 
CD47– SIRPα interaction may regulate Hedgehog/SMO/Gli1 
signaling in mesenchymal stem cell (MSC)– mediated immune 
regulation during sterile inflammatory liver injury.

appRoaCH aND ReSUltS: In a mouse model of is-
chemia/reperfusion (IR)– induced sterile inflammatory liver 
injury, we found that adoptive transfer of MSCs increased 
CD47 expression and ameliorated liver IR injury. However, 
deletion of CD47 in MSCs exacerbated IR- induced liver 
damage, with increased serum ALT levels, macrophage/neutro-
phil infiltration, and pro- inflammatory mediators. MSC treat-
ment augmented SIRPα, Hedgehog/SMO/Gli1, and Notch1 
intracellular domain (NICD), whereas CD47- deficient MSC 
treatment reduced these gene expressions in IR- stressed livers. 
Moreover, disruption of myeloid SMO or Notch1 increased 
IR- triggered liver inflammation with diminished Gli1 and 
NICD, but enhanced NIMA related kinase 7 (NEK7) and 
NLR family pyrin domain containing 3 (NLRP3) activation in 
MSC- transferred mice. Using a MSC/macrophage co- culture 

system, we found that MSC CD47 and macrophage SIRPα 
expression were increased after LPS stimulation. The CD47- 
SIRPα interaction increased macrophage Gli1 and NICD  
nuclear translocation, whereby NICD interacted with Gli1 and 
regulated its target gene Dvl2 (dishevelled segment polarity 
protein 2), which in turn inhibited NEK7/NLRP3 activity.

CoNClUSIoNS: The CD47- SIRPα signaling activates the 
Hedgehog/SMO/Gli1 pathway, which controls NEK7/NLRP3 
activity through a direct interaction between Gli1 and NICD. 
NICD is a coactivator of Gli1, and the target gene Dvl2 
regulated by the NICD- Gli1 complex is crucial for the mod-
ulation of NLRP3- driven inflammatory response in MSC- 
mediated immune regulation. Our findings provide potential 
therapeutic targets in MSC- mediated immunotherapy of ster-
ile inflammatory liver injury. (Hepatology 2021;0:1-18).

Mesenchymal stem cells (MSCs) are multi-
potent cells capable of differentiation into 
mesenchymal lineages. They have become 

the most frequently used cell type for tissue repair 
and regeneration because of their remarkable immu-
noregulatory properties. MSCs exert extensive immu-
nomodulation through interaction with immune cells 
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Cas9, CRISPR associated protein 9; CD47, cluster of  differentiation 47; ChIP, chromatin immunoprecipitation; ChIP- seq, ChIP sequencing; 
CRISPR, clustered regularly interspaced short palindromic repeats; CXCL, chemokine (C- X- C motif ) ligand; Dvl2, dishevelled segment polarity 
protein 2; Gli1, GLI family zinc f inger 1; GSK3β, glycogen synthase kinase 3β; IR, ischemia/reperfusion; IRI, ischemia/reperfusion injury; KO, 
knockout; LPS, lipopolysaccharide; Ly6G, lymphocyte antigen 6 complex, locus G; mAb, monoclonal antibody; MSC, mesenchymal stem cell; NEK7, 
NIMA related kinase 7; NICD, Notch1 intracellular domain; NLRP3, NLR family pyrin domain containing 3; NRX, nucleoredoxin; PTCH1, 
protein patched 1; sALT, serum alanine aminotransferase; SIRPα, signal regulatory protein alpha; SMO, smoothened; WT, wild- type; XBP1, X- box- 
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in innate and adaptive immune systems.(1) Although 
MSC- based therapy has been applied successfully 
in various immune- mediated diseases in humans,(2) 
some critical questions remain elusive, as the low 
immunosuppressive efficacy of engrafted cells could 
not meet the primary endpoints in many clinical tri-
als of MSC immunotherapy.(3) Thus, understanding 
immunoregulatory mechanisms of MSCs to develop 
new approaches has emerged as one of the key chal-
lenges of MSC therapy.

Cluster of  differentiation 47 (CD47), which is 
also known as integrin- associated protein, is a cell- 
surface protein of the Ig superfamily that is expressed 
by virtually all cells in the body.(4) CD47  expression 
is up- regulated in hematopoietic stem cells after 
mobilization or induced inflammation.(5) Ligation 
of CD47 can induce intracellular signaling, result-
ing in cell activation and differentiation in response 
to stress.(6) By binding to signal regulatory protein 
alpha (SIRPα), an inhibitory transmembrane receptor 
present on myeloid cells, CD47 can regulate cell func-
tions in the monocyte/macrophage lineage.(7) Indeed, 
SIRPα is abundantly expressed in macrophages and 
has been implicated in regulating innate immunity 
during inflammatory responses,(8) indicating that 
SIRPα is an essential endogenous regulator of tissue 
inflammation.

The Hedgehog signaling pathway has been shown 
to regulate cell differentiation, tissue development, 

homeostasis, and regeneration.(9,10) Activation of the 
Hedgehog pathway involves two essential proteins: 
the G- protein- coupled receptor smoothened (SMO) 
and the 12- pass transmembrane protein patched 1 
(PTCH1). The Hedgehog signaling is activated fol-
lowing binding the ligand to PTCH1, which activates 
SMO, leading to the promotion of the downstream tar-
geting gene, the transcriptional activator GLI family zinc 
finger 1 (Gli1).(11) Indeed, increasing Gli1 activity inhib-
its pro- inflammatory mediators and tissue inflammation, 
whereas deletion of Gli1 promotes immune cell activation 
and inflammatory response.(12,13) Moreover, the Notch1 
pathway has been indicated to control the homeostasis of 
innate cell populations and regulate immune cell devel-
opment and function.(14) Activation of Notch1 and its 
ligand Jagged- 1 increases cell growth and differentiation 
during liver regeneration.(15) Disruption of the tran-
scription factor RBP- J increases cell apoptosis/necrosis 
and inflammatory response, leading to aggravated liver 
injury.(16) Our recent study has shown that activation 
of Notch1 signaling inhibits innate immune responses 
during liver inflammatory injury.(17,18) Although both the 
Hedgehog signaling and Notch1 pathway are essential 
for the modulation of tissue inflammatory responses,(19) 
it remains largely unknown as to whether and how the 
CD47- SIRPα signaling may regulate the Hedgehog/
SMO/Gli1 and Notch1 pathways to control innate 
immune response in MSC- mediated immune modula-
tion during liver inflammatory injury.

View this article online at wileyonlinelibrary.com.
DOI 10.1002/hep.31831
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Here, we identify a functional role and regula-
tory mechanism of the CD47- mediated Hedgehog/
SMO/Gli1 signaling in MSC- mediated immune 
regulation. We demonstrate that interaction between 
MSC CD47 and macrophage SIRPα activates 
Hedgehog/SMO/Gli1 and Notch1 pathways. The 
CD47- mediated Hedgehog/SMO/Gli1 signaling 
controls NIMA related kinase 7 (NEK7)/NLR fam-
ily pyrin domain containing 3 (NLRP3) activation 
through a direct interaction between Notch1 intra-
cellular domain (NICD) and Gli1, which in turn 
regulates the target gene dishevelled segment polarity 
protein 2 (Dvl2), leading to inhibited NEK7/NLRP3 
function in ischemia/reperfusion (IR)- triggered liver 
inflammation.

Experimental Procedures
aNIMalS

The floxed SMO (SMOFL/FL) mice ( Jackson 
Laboratory, Bar Harbor, ME) and the mice express-
ing Cre recombinase under the control of the lyso-
zyme 2 promoter (LysM- Cre; Jackson Laboratory) 
were used to generate myeloid- specific SMO knock-
out (SMOM- KO) mice (Supporting Fig. S1) and the 
myeloid- specific Notch1 knockout (Notch1M- KO) 
mice, as described.(17) This study was performed 
in strict accordance with the recommendations 
in the Guide for the Care and Use of Laboratory 
Animals published by the National Institutes of 
Health. Animal protocols were approved by the 
Institutional Animal Care and Use Committee 
of the University of California, Los Angeles. See 
Supporting Materials.

MoUSe lIVeR IR INJURy MoDel
We used an established mouse model of warm 

hepatic ischemia (90  minutes) followed by reperfu-
sion (6  hours), as described.(20) Some animals were 
injected through the tail vein with bone marrow– 
derived MSCs, genetically modified MSCs (1  ×  106 
cells in PBS/mouse), or MSCs prelabeled with 
5- chloromethylfluorescein diacetate (CMFDA) green 
fluorescent dye (Invitrogen, Carlsbad, CA) 24  hours 
before ischemia. See Supporting Materials.

HepatoCellUlaR FUNCtIoN 
aSSay

Serum alanine aminotransferase (sALT) levels, an 
indicator of hepatocellular injury, were measured by 
IDEXX Laboratories (Westbrook, ME).

HIStology, 
IMMUNoHIStoCHeMIStRy, 
aND IMMUNoFlUoReSCeNCe 
StaININg

Liver sections (5  μm) were stained with hema-
toxylin and eosin (H&E). The severity of IR injury 
(IRI) was analyzed by Suzuki’s histological crite-
ria.(21) Histological changes were scored from 0 to 4 
based on the degree of sinusoidal congestion, cyto-
plasmic vacuolization, and necrosis of parenchymal 
cells (Supporting Table S1): 0, no sinusoidal con-
gestion, cytoplasmic vacuolization, and necrosis of 
parenchymal cells; 1, minimal sinusoidal congestion/
cytoplasmic vacuolization and single- cell necrosis 
of parenchymal cells; 2, mild sinusoidal congestion/
cytoplasmic vacuolization and up to 30% necrosis of 
parenchymal cells; 3, moderate sinusoidal congestion/
cytoplasmic vacuolization and up to 60% necrosis of 
parenchymal cells; and 4, severe sinusoidal conges-
tion/cytoplasmic vacuolization and more than 60% 
necrosis of parenchymal cells. Liver macrophages and 
neutrophils were detected using CD11b, CD68, and 
lymphocyte antigen 6 complex, locus G (Ly6G) rat 
monoclonal antibodies (mAbs). The primary mouse 
SMO, Gli1, NICD, Dvl2, and NLRP3 mAbs were 
used for immunofluorescence and immunohistochem-
istry staining. Images for immunofluorescence stain-
ing were captured using a fluorescence microscope 
(BZ- X810; Keyence, Osaka, Japan). See Supporting 
Materials.

QUaNtItatIVe Real- tIMe pCR 
aNalySIS

Quantitative real- time PCR was performed as 
described.(22) Quantitative real- time PCR was carried 
out using the QuantStudio 3 (Applied Biosystems, 
Foster City, CA). Amplification conditions were as 
follows: 50°C (2  minutes), 95°C (5  minutes), fol-
lowed by 40 cycles of 95°C (15  seconds) and 60°C 
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(30  seconds). Primer sequences used to amplify IL- 
1β, TNF- α, IL- 6, chemokine (C- X- C motif ) ligand 
(CXCL) 2, CXCL10, NICD, Gli1, and β- actin 
are given in Supporting Table S2. See Supporting 
Materials.

WeSteRN Blot aNalySIS
Protein was extracted from liver tissue or cell cul-

tures as described.(22) Protein was extracted from 
liver tissue or cell cultures and subjected to 4%- 20% 
sodium dodecyl sulfate– polyacrylamide gel elec-
trophoresis and then transferred to nitrocellulose 
membrane (Bio- Rad Laboratories, Hercules, CA). 
The nuclear and cytosolic fractions were prepared 
with NE- PER Nuclear and Cytoplasmic Extraction 
Reagents (Thermo Fisher Scientific, Waltham, MA). 
The SIRPα, phosphorylated glycogen synthase kinase 
3β (p- GSK3β), GSK3β, NICD, β- catenin, X- box- 
binding protein 1 (XBP1), apoptosis- associated 
speck- like protein  containing a caspase recruitment 
domain (ASC), cleaved caspase- 1, lamin B2, β- actin 
(Cell Signaling Technology, Danvers, MA), CD47, 
SMO, Dvl2, nucleoredoxin (NRX) (Santa Cruz 
Biotechnology, Inc., Dallas, TX)), Gli1 (Invitrogen), 
NEK7, and NLRP3 (Abcam, Cambridge, UK) 
mAbs were used. The membranes were incubated 
with Abs, and then Western ECL substrate mixture 
(Bio- Rad) was added for imaging with the iBright 
FL1000 (Thermo Fisher Scientific). Relative quan-
tities of protein were determined by comparing the 
β- actin expression using iBright image analysis soft-
ware (Thermo Fisher Scientific). See Supporting 
Materials.

ISolatIoN oF pRIMaRy 
HepatoCyteS, KUpFFeR CellS, 
BoNe MaRRoW– DeRIVeD 
MaCRopHageS, aND BoNe 
MaRRoW– DeRIVeD MSCs

Primary hepatocytes and Kupffer cells from the 
SMOFL/FL, SMOM- KO, or wild- type (WT) mice were 
isolated as described.(22) Briefly, the livers were per-
fused in situ with warmed (37°C) HBSS solution, 
followed by a collagenase buffer (collagenase type 
IV; Sigma- Aldrich, St. Louis, MO). Perfused liv-
ers were dissected and teased through 70- μm nylon 

mesh cell strainers (BD Biosciences, San Jose, CA). 
Nonparenchymal cells (NPCs) were separated from 
hepatocytes by centrifuging at 50g for 2 minutes three 
times. NPCs were suspended in HBSS and layered 
onto a 50%/25% two- step Percoll gradient (Sigma- 
Aldrich) in a 50- mL conical centrifuge tube and 
centrifuged at 1,800g at 4°C for 15 minutes. Kupffer 
cells in the middle layer were collected and allowed to 
attach onto cell culture plates in DMEM for 15 min-
utes at 37°C. Bone marrow– derived MSCs were iso-
lated, as described.(23) In brief, the bone marrow cells 
were cultured with Minimum Essential Medium 
Eagle alpha modification. After 24  hours, the cul-
ture medium was refreshed to remove nonadherent 
cells. MSCs were used in the experiments only after 
two to three expansion passages to ensure depletion 
of monocytes/macrophages. Murine bone marrow– 
derived macrophages (BMMs) were generated as 
described.(22) See Supporting Materials.

IN VITRO tRaNSFeCtIoN
MSCs (1 × 106) were transfected with clustered regu-

larly interspaced short palindromic repeats (CRISPR)/
CRISPR associated protein 9 (Cas9) CD47 knockout 
(KO), and BMMs (1  ×  106) were transfected with 
CRISPR/Cas9 Notch1 KO, SIRPα KO, Dvl2 KO, 
NRX KO, CRISPR Dvl2 or SIRPα activation, and 
CRISPR control vector (Santa Cruz Biotechnology) 
by using Lipofectamine 3000 according to the manu-
facturer’s instructions (Invitrogen). After 24- 48 hours, 
cells were supplemented with 100 ng/mL of lipopoly-
saccharide (LPS) for an additional 6 hours.

Co- CUltURe oF MSCs aND 
MaCRopHageS

MSCs were co- cultured with macrophages as pre-
viously described.(24) Briefly, BMMs (1  ×  106/well) 
were plated on 0.1% gelatin- coated six- well plates for 
24 hours and transfected with CRISPR/Cas9 Notch1 
KO, SIRPα KO, Dvl2 KO, NRX KO, CRISPR Dvl2 
activation, or CRISPR control vector. After 48 hours, 
MSCs (2  ×  105/well) were co- cultured with macro-
phages followed by LPS (100  ng/mL) stimulation 
for 6  hours. Co- culture was washed extensively to 
remove MSCs. The attached macrophages were col-
lected for fluorescence- activated cell sorting analysis 
(Supporting Fig. S2) and used for further experiments.
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elISa aSSay
Murine serum and cell culture supernatants were 

harvested for cytokine analysis. The ELISA kit 
(Thermo Fisher Scientific) was used to measure levels 
of IL- 1β.

IMMUNopReCIpItatIoN 
aNalySIS

BMMs from co- culture were lysed in NP- 40 lysis 
buffer (Thermo Fisher Scientific) containing protease 
inhibitors. The lysates were incubated with Gli1 anti-
body (Santa Cruz Biotechnology), NICD antibody 
(Cell Signaling Technology), or control IgG and pro-
tein A/G beads at 4°C overnight. After immunopre-
cipitation, the immunocomplexes were washed with 
lysis buffer, and analyzed by standard immunoblot 
procedures.

CHRoMatIN 
IMMUNopReCIpItatIoN

The chromatin immunoprecipitation (ChIP) anal-
ysis was carried out using a ChIP Assay Kit accord-
ing to the manufacturer’s instructions (Abcam). For 
sequential ChIP, sheared chromatin was first immu-
noprecipitated with NICD antibody (Cell Signaling 
Technology) and then eluted with a second immuno-
precipitation using Gli1 antibody (Novus Biologicals, 
Littleton, CO). DNA from each immunoprecipitation 
reaction was examined by PCR. The primer for the 
Gli1- responsive region of Dvl2 promoter was forward, 
5′-  GATGGGAAGTTTAGGGGCCAA - 3′; and 
reverse, 5′-  AACTATAAGAGGGGCGGGGAT - 3′.  
See Supporting Materials.

ChIp SeQUeNCINg
ChIP DNA was amplified to generate a library 

for sequencing with an Illumina HiSeq3000 (San 
Diego, CA) at the Technology Center for Genomics 
& Bioinformatics at the University of California, Los 
Angeles. See Supporting Materials.

RNa IN SITU HyBRIDIZatIoN
RNA in situ hybridization was carried out 

using the RNAscope 2.5 HD Assay- RED KIT 
(324510; Advanced Cell Diagnostics, Newark, 

CA) according to the manufacturer’s instructions. 
Mouse Dvl- 2 (Mm- Dvl- 2- C1 and 1038481- C1) 
negative and positive control probes were purchased 
from Advanced Cell Diagnostics. See Supporting 
Materials.

CaSpaSe- 1 eNZyMatIC aCtIVIty 
aSSay

Caspase- 1 enzymatic activity was determined by a 
colorimetric assay kit (R&D Systems, Minneapolis, 
MN), as described.(18) Briefly, after co- cultured with 
MSC, 50 µL of cell lysate from BMMs was added to 
50 µL of caspase- 1 reaction buffer in a 96- well flat- 
bottom microplate. Each sample was then added to 
200 mM caspase- 1 substrate, WEHD- pNA, followed 
by 2 hours of incubation at 37C. The enzymatic activ-
ity of caspase- 1 was measured on an ELISA reader at 
405- nm wavelength.

StatIStICal aNalySIS
Data are expressed as mean ± SD and analyzed by 

permutation test and Pearson correlation. For compar-
ison, two- sided P values less than 0.05 were considered 
statistically significant. Multiple group comparisons 
were made using one- way ANOVA followed by 
Bonferroni’s post hoc test. When groups showed 
unequal variances, we applied Welch’s ANOVA to 
make multiple group comparisons. All analyses were 
used by SAS/STAT software, version 9.4.

Results
DISRUptIoN oF CD47 IN MSCs 
eXaCeRBateS IR- INDUCeD 
lIVeR INJURy aND aUgMeNtS 
pRoINFlaMMatoRy MeDIatoRS

In a mouse model of hepatic IRI, we found 
that adoptive transfer of MSCs increased CD47 
expression in IR- stressed livers (Fig. 1A). Unlike 
in MSC control– treated livers, which showed well- 
preserved hepatic architecture, with minimal sinu-
soidal congestion and without edema, vacuolization 
or necrosis (Fig. 1B), disruption of CD47 in MSCs 
by transfecting CRISPR/Cas9- CD47 KO vector 
showed moderate or severe sinusoidal congestion, 
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cytoplasmic vacuolization, and hepatocellular necrosis  
(Fig. 1B). The sALT levels were significantly 
increased after the adoptive transfer of CD47- 
deficient MSCs compared with the MSC control– 
treated mice (Fig 1C). We further confirmed that 
they have similar amounts of MSCs in mice after 
the adoptive transfer of MSCs or CD47- deficient 
MSCs prelabeled with CMFDA green fluorescent 
dye. Immunofluorescence staining revealed that 
disruption of CD47 in MSCs did not affect MSC 
homing in ischemic livers (Supporting Fig. S3). As 
our previous studies have demonstrated that NLRP3 
is crucial for triggering liver inflammatory response 
in liver IRI,(18,22,25) we then highlight the NLRP3- 
mediated liver inflammation in liver IRI. Indeed, 
immunohistochemistry staining revealed that 
CD47- deficient MSC treatment augmented NLRP3 
expression (Fig. 1D) in ischemic livers, accompanied 
by increased expression of pro- inflammatory IL- 1β, 
TNF- α, IL- 6, CXCL2, CXCL- 10 (Fig. 1E), and 
IL- 1β release (Fig. 1F), compared with the MSC 
control– treated groups.

CD47- SIRpα INteRaCtIoN 
aCtIVateS HeDgeHog/SMo/gli1 
patHWay, Notch1 SIgNalINg, aND 
INHIBItS NeK7/NlRp3 aCtIVatIoN 
IN IR- StReSSeD lIVeRS

We then analyzed whether CD47 may influence the 
Hedgehog/SMO/Gli1 pathway and Notch1 signaling 
in MSC- treated livers after IR stress. Indeed, adop-
tive transfer of MSCs increased CD47 and SIRPα 
expression in IR- stressed livers (Fig. 2A). MSC treat-
ment augmented SMO, Gli1, p- GSK3β, and NICD 
expression (Fig. 2A). However, CD47- deficient MSC 
treatment reduced SIRPα, SMO, Gli1, p- GSK3β, and 
NICD expression in ischemic livers (Fig. 2A). Unlike 
MSC- treated livers, CD47- deficient MSC treatment 
augmented CD11b+ macrophage and Ly6G+ neutro-
phil infiltration (Fig. 2B,C). Interestingly, reduced 
expression of SMO, nuclear Gli1, and NICD was 
observed in Kupffer cells but not in hepatocytes from 
WT mice treated with CD47- deficient MSCs, com-
pared with the MSC control– treated groups (Fig. 

FIg. 1. Disruption of CD47 in MSCs exacerbates IR- induced liver injury and augments proinflammatory mediators. WT mice were 
adoptive transferred MSCs or CD47- deficient MSCs (1 × 106) 24 hours before liver ischemic insult. (A) The CD47 expression was 
detected by western blot assay in ischemic livers. (B) Representative histological staining (H&E) of ischemic liver tissue (n = 4- 6 mice/
group) and Suzuki’s histological score. Scale bars, 200 μm and 50 μm. (C) Liver function was evaluated by serum ALT levels (IU/L) 
(n = 4- 6 samples/group). (D) Immunohistochemistry staining of NLRP3 in ischemic livers (n = 4- 6 mice/group). Scale bars, 50 μm and 20 
μm. (E) Quantitative real- time PCR analysis of IL- 1β, TNF- α, IL- 6, CXCL- 2, and CXCL- 10 in ischemic livers (n = 3- 4 samples/group). 
(F) ELISA analysis of serum IL- 1β levels (n = 3- 4 samples/group). All data represent the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001.
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FIg. 2. The CD47- SIRPα interaction activates Hedgehog/SMO/Gli1 pathway, Notch1 signaling, and inhibits NEK7/NLRP3 activation 
in IR- stressed livers. WT mice were adoptive transferred MSCs or CD47- deficient MSCs (1 × 106) 24 hours before liver ischemic insult. 
(A) Western blot analysis and relative density ratio of CD47, SIRPα, sonic hedgehog, SMO, Gli1, p- GSK3β, GSK3β, and NICD in 
ischemic livers. (B) Immunofluorescence staining of CD11b+ macrophages in ischemic livers (n = 4- 6 mice/group). Quantification of 
CD11b+ macrophages. Scale bars, 50 μm. (C) Immunohistochemistry staining of Ly6G+ neutrophils in ischemic livers (n = 4- 6 mice/
group). Quantification of Ly6G+ neutrophils. Scale bars, 100 μm. (D) Western blot analysis and relative density ratio of SMO, Gli1, and 
NICD in Kupffer cells and hepatocytes. (E) Immunofluorescence staining for SMO or NICD expression in macrophages from the WT 
liver tissues (n = 3- 4 samples/group). DAPI was used to visualize nuclei. Scale bars, 100 μm and 20 μm. (F) Western blot analysis and 
relative density ratio of NEK7, NLRP3, ASC, and cleaved caspase- 1 in ischemic livers. All western blots represent three experiments, and 
the data represent the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001. Abbreviation: Shh, sonic hedgehog.
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2D). Immunofluorescence staining revealed that 
CD47- deficient MSC treatment diminished SMO 
and NICD expression in ischemic livers (Fig. 2E). 
The expression of NEK7, NLRP3, ASC, and cleaved 
caspase- 1 was significantly decreased in MSC- treated 
livers (Fig. 2F). However, CD47- deficient MSC treat-
ment markedly increased NEK7, NLRP3, ASC, and 
cleaved caspase- 1 in ischemic livers (Fig. 2F).

MyeloID SMo DeFICIeNCy 
IN MSC- tReateD lIVeRS 
aggRaVateS IR- INDUCeD 
HepatoCellUlaR DaMage 
aND pRoMoteS NlRp3 
INFlaMMaSoMe aCtIVatIoN IN 
IR- StReSSeD lIVeRS

As increased SMO/Gli1 expression was found in 
hepatic Kupffer cells after MSC treatment, we next 
determined whether myeloid SMO/Gli1 may play a 
role in regulating the NLRP3 activation in IR- stressed 
livers after MSC treatment. We isolated both hepato-
cytes and liver macrophages (Kupffer cells) from the 
SMOFL/FL and SMOM- KO ischemic livers. SMOM- KO 
did not change hepatocyte SMO expression. However, 
the SMO expression was lacking in liver macrophages 
from the SMOM- KO but not the SMOFL/FL livers (Fig. 
3A). Unlike livers in the MSC- treated SMOFL/FL con-
trols, MSC- treated SMOM- KO or CD47- deficient MSC 
treatment augmented IR- induced liver damage, as evi-
denced by the increased histological Suzuki’s scores (Fig. 
3B) and sALT levels (Fig. 3C). MSC- treated SMOM- KO 
or CD47- deficient MSC treatment increased CD11b+ 
macrophage infiltration (Fig. 3D) and proinflammatory 
IL- 1β, TNF- α, IL- 6, CXCL- 2, and CXCL- 10 expres-
sion (Fig. 3E). Strikingly, MSC- treated SMOM- KO or 
CD47- deficient MSC treatment markedly reduced 
Gli1 but augmented NEK7, NLRP3, ASC, and cleaved 
caspase- 1 protein expression in ischemic livers (Fig. 3F), 
compared with the MSC- treated SMOFL/FL mice.

DISRUptIoN oF MyeloID 
Notch1 IN MSC- tReateD 
lIVeRS eNHaNCeS NeK7/NlRp3 
FUNCtIoN IN IR- StReSSeD 
lIVeRS

As MSCs promoted Notch1 signaling, we 
then determined the role of Notch1 signaling in 

MSC- mediated immune regulation. Unlike in 
MSC- treated Notch1FL/FL controls, MSC- treated 
Notch1M- KO or CD47- deficient MSC treatment 
increased IR- induced liver damage (Fig. 4A), sALT 
levels (Fig. 4B), CD11b+ macrophage (Fig. 4C), and 
Ly6G+ neutrophil (Fig. 4D) accumulation. Moreover, 
MSC- treated Notch1M- KO or CD47- deficient MSC 
treatment inhibited NICD but enhanced NEK7/
NLRP3, ASC, and caspase- 1 activation (Fig. 4E). 
The expression of IL- 1β, TNF- α, IL- 6, CXCL- 2, and 
CXCL- 10 was significantly increased in the MSC- 
treated Notch1M- KO or CD47- deficient MSC- treated 
livers, compared with the MSC- treated Notch1FL/FL 
controls (Fig. 4F).

CD47- SIRpα SIgNalINg 
RegUlateS tHe INteRaCtIoN 
BetWeeN MaCRopHage gli1 
aND NICD IN MSC- MeDIateD 
IMMUNe RegUlatIoN

As the CD47- SIRPα interaction activates both 
Hedgehog/SMO/Gli1 and Notch1 pathways in the 
modulation of NLRP3 function after adoptive trans-
fer of MSCs in vivo, we next tested whether there 
is crosstalk between the Hedgehog/SMO/Gli1 path-
way and Notch1 signaling in MSC- mediated immune 
regulation. Using MSC/macrophage co- culture, we 
found increased CD47 expression in MSCs (Fig. 5A) 
and SIRPα expression in macrophages (Fig. 5B) after 
LPS stimulation. Moreover, increased mRNA and 
protein expression of Gli1 and NICD were observed 
in LPS- stimulated macrophages after co- culture with 
MSCs but not CD47- deficient MSCs (Fig. 5C). This 
was further confirmed by immunofluorescence stain-
ing, which showed increased nuclear Gli1 and NICD 
expression in macrophages after co- culture with MSCs 
(Fig. 5D), whereas ablation of CD47 in MSCs dimin-
ished nuclear Gli1 and NICD expression in macro-
phages after co- culture (Fig. 5D). Interestingly, Gli1 
and NICD were co- localized in the nucleus (Fig. 5E). 
Co- immunoprecipitation assays revealed that NICD 
bound to endogenous Gli1 in macrophages after co- 
culture with MSCs (Fig. 5F). Furthermore, disrup-
tion of SIRPα by CRISPR/Cas9- SIRPα KO reduced 
mRNA levels of Gli1 and NICD in LPS- stimulated 
macrophages after co- culture with MSCs (Supporting 
Fig. S4A). Western blot assay showed that SIRPα 
deletion reduced nuclear Gli1 and NICD protein 
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levels (Supporting Fig. S4B). Immunofluorescence 
staining revealed that Gli1 and NICD expression 
were decreased (Supporting Fig. S4C) in macrophages 
after co- culture with MSCs compared with the con-
trol vector- transfected cells. In contrast, induction of 
SIRPα by CRISPR- SIRPα activation increased Gli1 
and NICD mRNA and protein expression (Supporting 
Fig. S5A,B). Immunofluorescence staining showed 
that induction of SIRPα increased Gli1 and NICD 
expression (Supporting Fig. S5C) in LPS- stimulated 

macrophages after transfection with CRISPR- SIRPα 
activation vector.

gli1- NICD INteRaCtIoN 
taRgetS DVl2 aND MoDUlateS 
NeK7/NlRp3 FUNCtIoN IN MSC- 
MeDIateD IMMUNe RegUlatIoN

To explore the potential mechanism of the Gli1- 
NICD interaction in the modulation of NEK7/

FIg. 3. Myeloid SMO deficiency in MSC- treated livers aggravates IR- induced hepatocellular damage and promotes NLRP3 
inflammasome activation in IR- stressed livers. The SMOFL/FL and SMOM- KO mice were adoptive transferred MSCs or CD47- deficient 
MSCs (1 × 106) 24 hours before liver ischemic insult. (A) Western blot analysis and relative density ratio of SMO in ischemic livers. (B) 
Representative histological staining (H&E) of ischemic liver tissue (n = 4- 6 mice/group) and Suzuki’s histological score. Scale bars, 200 
μm and 50 μm. (C) Serum ALT levels (IU/L) (n = 4- 6 samples/group). (D) Immunofluorescence staining of CD11b+ macrophages in 
ischemic livers (n = 4- 6 mice/group). Quantification of CD11b+ macrophages. Scale bars, 50 μm. (E) Quantitative real- time PCR analysis 
of IL- 1β, TNF- α, IL- 6, CXCL- 2, and CXCL- 10 (n = 3- 4 samples/group). (F) Western blot analysis and relative density ratio of Gli1, 
NEK7, NLRP3, ASC, and cleaved caspase- 1 in ischemic livers. All western blots represent three experiments, and the data represent the 
mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001.
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NLRP3 activation in MSC- mediated immune reg-
ulation, we performed Gli1 ChIP coupled with 
massively parallel sequencing (ChIP sequencing 
[ChIP- seq]) (Fig. 6A). Clearly, Gli1 ChIP- seq 
peaks were identified within the Dvl2 gene. One 
was located in the promoter region, and the others 
were located within the intron or exon (Fig. 6B). 
To validate the ChIP- seq peak located in the Dvl2 
promoter region, ChIP PCR was performed using 
Gli1 and NICD antibodies in MSC- treated BMMs. 
After ChIP with NICD or Gli1 antibody, the primer 
was designed to detect the Gli1- DNA binding site 

in Dvl2 promoter by PCR analysis. To confirm that 
NICD is co- localized with Gli1 on the promoter of 
Dvl2, sequential ChIPs were performed. The first 
ChIP was performed with Gli1 antibody, and the 
second ChIP was carried out with either NICD or 
Gli1 antibody using the chromatin eluted from the 
first ChIP. Following the second ChIP, both NICD 
and Gli1 were still bound to the Gli1- binding motif 
in the Gli1- chromatin complex (Fig. 6C), confirm-
ing that NICD and Gli1 are present at the same pro-
moter region of Dvl2. Hence, Dvl2 is a target gene 
regulated by the NICD- Gli1 complex. Moreover, 

FIg. 4. Disruption of myeloid Notch1 in MSC- treated livers enhances NEK7/NLRP3 function in IR- stressed livers. The Notch1FL/

FL and Notch1M- KO mice were adoptive transferred MSCs or CD47- deficient MSCs (1 × 106) 24 hours before liver ischemic insult. (A) 
Representative histological staining (H&E) of ischemic liver tissue (n = 4- 6 mice/group) and Suzuki’s histological score. Scale bars, 200 
μm and 50 μm. (B) Serum ALT levels (IU/L) (n = 4- 6 samples/group). (C) Immunofluorescence staining of CD11b+ macrophages in 
ischemic livers (n = 4- 6 mice/group). Quantification of CD11b+ macrophages. Scale bars, 50 μm. (D) Immunohistochemistry staining 
of Ly6G+ neutrophils in ischemic livers (n = 4- 6 mice/group). Quantification of Ly6G+ neutrophils. Scale bars, 50 μm. (E) Western blot 
analysis and relative density ratio of NICD, NEK7, NLRP3, ASC, and cleaved caspase- 1 ischemic livers. (F) Quantitative real- time PCR 
analysis of IL- 1β, TNF- α, IL- 6, CXCL- 2, and CXCL- 10 (n = 3- 4 samples/group). All western blots represent three experiments, and the 
data represent the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001.
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RNA in situ hybridization assay revealed that the tar-
get gene Dvl2 transcript expression was up- regulated 
in LPS- stimulated macrophages after co- culture with 
MSC (Fig. 6D). In contrast, disruption of CD47 in 
MSCs down- regulated macrophage Dvl2 transcripts 
after co- culture (Fig. 6D). Increased Dvl2 and β- cat-
enin and reduced NRX protein expression were 
observed in LPS- stimulated macrophages after co- 
culture with MSCs but not CD47- deficient MSCs 
(Fig. 6E). Disruption of CD47 in MSCs augmented 
macrophage NEK7, NLRP3, ASC, and cleaved 
caspase- 1 expression (Fig. 6E) as well as increased 
proinflammatory IL- 1β, TNF- α, IL- 6, CXCL- 2, 
and CXCL- 10 after co- culture (Fig. 6F).

Notch1 SIgNalINg IS ReQUIReD 
FoR tHe HeDgeHog/SMo/
gli1 patHWay– MeDIateD Dvl2 
aCtIVatIoN aND NeK7/NlRp3 
INHIBItIoN IN MSC- MeDIateD 
IMMUNe RegUlatIoN

To elucidate the mechanistic role of the Notch1 
signaling in MSC- mediated immune regulation, we 
used macrophage/MSC co- culture followed by LPS 
stimulation. Immunofluorescence staining revealed 
that macrophage Gli1 expression was increased in 
SMO- proficient (SMOFL/FL) after co- culture with 
MSCs but not CD47- deficient MSCs (Fig. 7A). The 

FIg. 5. The CD47- SIRPα signaling regulates the interaction between macrophage Gli1 and NICD in MSC- mediated immune regulation. 
BMMs (1 × 106) were co- cultured with MSCs or CD47- deficient MSCs (2 × 105) for 6 hours followed by LPS (100 ng/mL) stimulation. 
(A,B) Western blot analysis and relative density ratio of CD47 and SIRPα in LPS- stimulated macrophages. (C) Analysis of mRNA levels 
and protein expression of Gli1 and NICD in macrophages after co- culture with MSCs or CD47- deficient MSCs by quantitative real- time 
PCR and western blot assay. (D) Immunofluorescence staining of nuclear Gli1 (red) and NICD (green) in macrophages after co- culture 
with MSCs or CD47- deficient MSCs. DAPI was used to visualize nuclei (blue). Scale bars, 20 μm. (E) Immunofluorescence staining 
for macrophage Gli1 (red) and NICD (green) co- localization in the nucleus after co- culture with MSCs. DAPI was used to visualize 
nuclei (blue). Scale bars, 10 μm. (F) Immunoprecipitation analysis of NICD and Gli1 in macrophages after co- culture with MSCs. All 
western blots represent three experiments, and the data represent the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001. Abbreviation: IP, 
immunoprecipitation.
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protein expression of macrophage Dvl2 and β- catenin 
was augmented, whereas NRX and NEK7/NLRP3 
were reduced after co- culture with MSCs (Fig. 7B). 
However, disruption of CD47 in MSCs reduced 
Dvl2 and β- catenin but augmented NRX and NEK7/
NLRP3 expression in LPS- stimulated SMOFL/FL mac-
rophages after co- culture (Fig. 7B). Interestingly, unlike 
in control vector– treated groups, immunofluorescence 
staining showed that CRISPR/Cas9- mediated Notch1 
KO inhibited Dvl2 expression in macrophages after co- 
culture with MSCs (Fig. 7C). Moreover, Notch1 defi-
ciency diminished Dvl2 and β- catenin but augmented 

NRX and NEK7/NLRP3 protein expression (Fig. 7D) 
and increased caspase- 1 activity (Fig. 7E) and mRNA- 
level coding for IL- 1β, TNF- α, IL- 6, CXCL- 2, and 
CXCL- 10 (Fig. 7F) in macrophages after co- culture.

Dvl2 IS CRUCIal to RegUlate 
NlRp3- DRIVeN INFlaMMatoRy 
ReSpoNSe IN MSC- MeDIateD 
IMMUNe RegUlatIoN

To further test the functional role of Dvl2 in 
the regulation of NEK7/NLRP3 activation in 

FIg. 6. The Gli1- NICD interaction targets Dvl2 and modulates NEK7/NLRP3 function in MSC- mediated immune regulation. (A) 
Experimental design of Gli1 ChIP- seq analysis. BMMs were collected and fixed after co- culture with MSCs. Following chromatin shearing 
and Gli1 antibody selection, the precipitated DNA fragments bound by Gli1- containing protein complexes were used for sequencing. 
(B) Localization of Gli1- binding sites on the mouse Dvl2 gene. The 15 exons, 14 introns, 3′ untranslated region, 5′ untranslated region, 
and transcription start sites of the mouse Dvl2 gene on chromosome 11 are shown. (C) ChIP- PCR analysis of Gli1 and NICD binding 
to the Dvl2 promoter. Protein- bound chromatin was prepared from BMMs and immunoprecipitated with Gli1 or NICD antibodies. For 
sequential ChIP, the protein- bound chromatin was first immunoprecipitated with the Gli1 antibody followed by elution with a second 
immunoprecipitation using NICD antibody, and then the immunoprecipitated DNA was analyzed by PCR. The normal IgG was used 
as a negative control. (D) RNA in situ hybridization for Dvl2 transcripts in LPS- stimulated macrophages after co- culture with MSCs or 
CD47- deficient MSCs (n = 3- 4 samples/group). (E) Western blot analysis and relative density ratio of SMO, Gli1, NICD, Dvl2, NRX, 
NEK7, NLRP3, ASC, and cleaved caspase- 1 in macrophages after co- culture with MSCs or CD47- deficient MSCs. (F) Quantitative 
real- time PCR analysis of IL- 1β, TNF- α, IL- 6, CXCL- 2, and CXCL- 10 in LPS- stimulated macrophages (n = 3- 4 samples/group). All 
western blots represent three experiments, and the data represent the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001. Abbreviations: TSS, 
transcription start site; UTR, untranslated region.
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MSC- mediated immune regulation, BMMs were 
isolated from the SMOFL/FL and SMOM- KO mice 
and co- cultured with MSCs. Indeed, CRISPR/
Cas9- mediated Dvl2 KO diminished β- catenin 
while increasing NRX, XBP1, NEK7, NLRP3, and 
ASC– cleaved caspase- 1 expression in SMOFL/FL  

macrophages after co- culture with MSCs, com-
pared with the control vector– treated controls (Fig. 
8A). This result was confirmed by immunofluo-
rescence staining, which showed that disruption of 
macrophage Dvl2 increased reactive oxygen spe-
cies production (Supporting Fig. S6A) and NLRP3 

FIg. 7. Notch1 signaling is required for the Hedgehog/SMO/Gli1 pathway– mediated Dvl2 activation and NEK7/NLRP3 inhibition 
in MSC- mediated immune regulation. (A) BMMs were isolated from SMOFL/FL mice and co- cultured with MSCs or CD47- deficient 
MSCs followed by LPS stimulation. Immunofluorescence staining for Gli1 expression in macrophages (n = 3- 4 samples/group). DAPI was 
used to visualize nuclei. Scale bars, 40 μm and 20 μm. (B) Western blot analysis and relative density ratio of Gli1, Dvl2, NRX, β- catenin, 
NEK7, and NLRP3 in LPS- stimulated macrophages. (C) BMMs were isolated from SMOFL/FL mice and transfected with CRISPR/
Cas9- Notch1 KO or control vector, and then co- cultured with MSCs followed by LPS stimulation. Immunofluorescence staining for Dvl2 
expression in macrophages (n = 3- 4 samples/group). DAPI was used to visualize nuclei. Scale bars, 100 μm and 40 μm. (D) Western blot 
analysis and relative density ratio of NICD, Dvl2, NRX, β- catenin, NEK7, and NLRP3 in LPS- stimulated macrophages. (E) Caspase- 1 
activity (U) in macrophages after co- culture (n = 3- 4 samples/group). (F) Quantitative real- time PCR analysis of TNF- α, IL- 1β, IL- 6, 
CXCL- 2, and CXCL- 10 (n = 3- 4 samples/group). All western blots represent three experiments, and the data represent the mean ± SD. 
*P < 0.05, **P < 0.01, ***P < 0.001. Abbreviations: Ctrl, control; KC, Kupffer cell.
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expression (Fig. 8B), and pro- inflammatory IL- 1β, 
TNF- α, IL- 6, CXCL- 2, and CXCL- 10 expres-
sion (Supporting Fig. S6B). Notably, CRISPR- 
mediated Dvl2 activation increased β- catenin yet 
diminished NRX, XBP1, NEK7, NLRP3, ASC, and 

cleaved caspase- 1 expression in SMOM- KO mac-
rophages after co- culture with MSCs (Fig. 8C). 
Activation of Dvl2 inhibited macrophage NLRP3 
expression after co- culture with MSCs compared 
with the control vector– treated groups (Fig. 8D) 

FIg. 8. Dvl2 is crucial to regulate NLRP3- driven inflammatory response in MSC- mediated immune regulation. BMMs were isolated 
from SMOFL/FL and SMOM- KO mice and transfected with the CRISPR/Cas9- Dvl2 KO, CRISPR- Dvl2 activation, CRISPR/Cas9- 
NRX KO or control vector, and then co- cultured with MSCs followed by LPS stimulation. (A) Western blot analysis and relative density 
ratio of Dvl2, NRX, β- catenin, XBP1, NEK7, NLRP3, ASC, and cleaved caspase- 1 in LPS- stimulated macrophages after transfection of 
CRISPR/Cas9- Dvl2 KO or control vector. (B) Immunofluorescence staining for NLRP3 expression in macrophages (n = 3- 4 samples/
group). DAPI was used to visualize nuclei. Scale bars, 100 μm and 40 μm. (C) Western blots analysis and relative density ratio of Dvl2, 
NRX, β- catenin, XBP1, NEK7, NLRP3, ASC, and cleaved caspase- 1 in LPS- stimulated macrophages after transfection of CRISPR- 
Dvl2 activation or control vector. (D) Immunofluorescence staining for NLRP3 expression in macrophages (n = 3- 4 samples/group). 
DAPI was used to visualize nuclei. Scale bars, 100 μm and 40 μm. (E) Western blot analysis and relative density ratio of NRX, β- catenin, 
XBP1, NEK7, NLRP3, ASC, and cleaved caspase- 1 in LPS- stimulated macrophages after transfection of CRISPR/Cas9- NRX KO or 
control vector. (F) Putative molecular mechanisms by which CD47- mediated Hedgehog/SMO/Gli1 signaling regulates NEK7/NLRP3 
activation in MSC- mediated immune regulation. All western blots represent three experiments, and the data represent the mean ± SD. 
*P < 0.05, **P < 0.01, ***P < 0.001. Abbreviation: Ctrl, control.
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by immunofluorescence staining. To determine the 
role of NRX in the regulation of NLRP3 activa-
tion in MSC- mediated immune regulation, BMMs 
from SMOM- KO mice were co- cultured with MSCs. 
Strikingly, CRISPR/Cas9- mediated NRX KO aug-
mented β- catenin but diminished XBP1, NEK7, 
NLRP3, ASC, and cleaved caspase- 1 expression in 
macrophages after co- culture with MSCs, compared 
with the control vector– treated controls (Fig. 8E).

Discussion
In this study, we reveal the mechanistic role of the 

CD47- mediated Hedgehog signaling in the modu-
lation of NLRP3- driven inflammatory response in 
MSC- mediated immune regulation. We demonstrate 
that (1) the interaction between MSC CD47 and 
macrophage SIRPα activates Hedgehog/SMO/Gli1 
pathway and Notch1 signaling in IR- stressed livers; 
(2) NICD is co- localized and interacts with Gli1, 
which in turn regulates its target gene Dvl2 activa-
tion; (3) Dvl2 is crucial in the regulation of NEK7/
NLRP3 activity in MSC- mediated immune regu-
lation. Our results highlight the importance of the 
CD47- mediated Hedgehog/SMO/Gli1 signaling 
as a key regulator of the NLRP3 function in MSC- 
mediated immune regulation during IR stress- induced 
liver injury.

Although various studies have demonstrated that 
MSCs exert immunosuppressive effects by secret-
ing  multiple paracrine soluble factors,(26) direct 
cell– cell interaction– dependent mechanisms may 
be crucial for MSC- mediated immune regulation. 
Indeed, MSCs possess broad immunoregulatory 
properties through interaction with immune cells in 
innate and adaptive immune systems.(1) MSCs can 
induce differentiation of CD4+ T cells to regulatory T 
cells by secreting a multitude of immune- modulatory 
factors, cytokines, and growth factors.(27) Our previ-
ous study showed that MSCs promoted the Hippo/
YAP pathway and controlled macrophage- mediated 
inflammatory response through the secretion of 
PGE2,(25) suggesting that MSC– macrophage inter-
action exerts a distinct function in the modulation 
of innate immunity during inflammatory responses. 
The current studies revealed that adoptive transfer of 
MSCs promoted CD47 and SIRPα expression, lead-
ing to alleviated IR- induced liver damage. However, 

CD47- deficient MSC treatment exacerbated IR- 
induced liver injury, indicating that MSC- mediated 
CD47 and its ligand receptor SIRPα are essential for 
MSC- mediated immune regulation in IR- stressed 
livers. Interestingly, MSC treatment promoted the 
Hedgehog/SMO/Gli1 pathway and activated Notch1 
signaling, whereas treatment with CD47- deficient 
MSCs inhibited Hedgehog downstream SMO/Gli1 
and NICD but enhanced NLRP3- inflammasome 
activation in IR- stressed livers. These results suggest 
that the CD47- SIRPα interaction plays a central role 
in the regulation of Hedgehog/SMO/Gli1 pathway 
and Notch1 signaling in MSC- mediated immune 
regulation during liver IRI.

The Hedgehog/SMO/Gli1 pathway has been 
shown to regulate cell differentiation, tissue develop-
ment, homeostasis, and regeneration.(9) Hedgehog sig-
naling is activated following binding of the ligand to 
PTCH1, which leads to SMO activation of the tran-
scriptional activator Gli1.(11) As increasing Gli1 activ-
ity inhibits pro- inflammatory mediators, and deletion 
of Gli1 promotes immune cell activation and tissue 
inflammation,(12) the Hedgehog/SMO/Gli1 pathway 
induced by CD47- SIRPα interaction could function 
as a negative regulator of NLRP3- driven inflamma-
tory response during liver IRI. As expected, we found 
that myeloid SMO deficiency exacerbated IR- induced 
liver damage even with concomitant MSC treatment. 
Disruption of SMO activated NEK7, an essential 
mediator for the initiation of NLRP3 activation.(28) 
Notably, MSC treatment augmented Gli1 and inhib-
ited NEK7/NLRP3 activation in SMO- proficient 
mice. However, adoptive transfer of CD47- deficient 
MSCs into SMO- proficient mice depressed Gli1 
but enhanced NLRP3 activation, accompanied by 
increased proinflammatory mediators in IR- stressed 
livers, suggesting that CD47- SIRPα interaction acti-
vates the Hedgehog/SMO/Gli1 pathway, which in 
turn inhibits NEK7/NLRP3 activity in IR- triggered 
liver inflammation.

We also found that CD47- SIRPα interaction acti-
vated Notch1 signaling in IR- stressed livers after 
MSC treatment. Indeed, the Notch signaling pathway 
relies on a proteolytic cascade to release its transcrip-
tionally active intracellular domain (NICD), which 
binds to the RBP- J to activate Notch target genes.(29) 
Disruption of the transcription factor RBP- J increases 
cell apoptosis/necrosis and aggravated liver inflam-
matory injury.(16) Increasing Notch1 expression 
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contributes to cell growth and survival during liver 
regeneration.(15) Moreover, our recent studies have 
demonstrated that activation of Notch1 modulates 
liver inflammatory response by controlling TLR4 sig-
naling to program innate and adaptive immunity,(17) 
suggesting that Notch signaling regulates innate 
immune cell homeostasis and function. In line with 
these findings, our current results revealed that dis-
ruption of CD47 in MSCs reduced NICD while 
augmenting NEK7/NLRP3 activity and IR- induced 
inflammatory injury, implying that Notch1 could 
be one of the critical signaling molecules in MSC- 
mediated immune regulation.

As our current studies implicate that both 
Hedgehog/SMO/Gli1 pathway and Notch1 signal-
ing are involved in the regulation of NLRP3 func-
tion in liver IRI after MSC intervention, the question 
arises as to what molecular mechanisms may confer 
the Hedgehog/SMO/Gli1 signaling with its ability to 
regulate NLRP3 function in MSC- mediated immune 
regulation. Using MSC/macrophage co- culture sys-
tem, we found that the expression of CD47 in MSCs 
and SIRPα in macrophages was markedly increased 
after LPS stimulation. This indicates that CD47- 
SIRPα interaction is vital for cross- communication 
between MSCs and macrophages in MSC- mediated 
immune regulation. In line with our in vivo findings, 
which showed that MSC treatment augmented Gli1 
and NICD, while CD47- deficient MSC treatment 
reduced Gli1 and NICD nuclear translocation in 
Kupffer cells from IR- stressed liver, our in vitro data 
revealed that disruption of SIRPα reduced mRNA and 
protein levels of Gli1 and NICD in LPS- stimulated 
macrophages after co- culture with MSCs (Supporting 
Fig. S4). Moreover, activation of SIRPα augmented 
Gli1 and NICD activity in LPS- stimulated macro-
phages (Supporting Fig. S5). These results suggest that 
CD47- SIRPα interaction is essential for modulating 
Gli1 and NICD activity in MSC- mediated immune 
regulation. Thus, we speculate that nuclear localiza-
tion of endogenous Gli1 and NICD is necessary for 
transcriptional activity in MSC- mediated immune 
regulation during liver IRI. Our in vitro study pro-
vided further evidence revealing that macrophage Gli1 
and NICD co- localized in the nucleus and increased 
nuclear expression of Gli1 and NICD in response 
to LPS stimulation. Notably, NICD interacted with 
Gli1 through direct binding. Furthermore, the ChIP 
and ChIP- sequencing data revealed that NICD was 

co- localized with Gli1 on the promoter of Dvl2, sug-
gesting that Dvl2 is a target gene of Gli1 regulated by 
the Gli1 and NICD complex. Moreover, disruption 
of Notch1 signaling reduced Dvl2 expression, indicat-
ing that NICD acts as a transcriptional coactivator of 
Gli1 in MSC- mediated immune regulation.

Another striking finding is that Dvl2 is key for 
controlling NLRP3 function in MSC- mediated 
immune regulation. Indeed, Dvl2 is an essential com-
ponent of the Wnt/β- catenin pathway.(30) The Wnt 
signal is propagated following the binding of the 
Wnt ligand to a heterodimeric complex consisting of 
a Frizzled receptor and an LDL receptor– related 5/6 
protein, which recruits dishevelled protein, resulting in 
inhibition of β- catenin phosphorylation and thereby 
promoting β- catenin stabilization.(31) Activation of 
Dvl2 stimulated β- catenin- dependent transcription 
of Wnt target genes,(32) while disruption of Dvl2 
resulted in constitutive β- catenin degradation and 
failure to β- catenin accumulation in response to the 
Wnt signal,(33) suggesting that Dvl2 serves as a crit-
ical regulator of the β- catenin signaling. In line with 
these findings, we found that MSCs promoted Dvl2 
transcript expression, whereas disruption of the SMO 
inhibited Dvl2 transcript expression (Supporting 
Fig. S7A) accompanied by diminished protein levels 
of Gli1, Dvl2, and β- catenin but augmented NRX 
and NEK7/NLRP3 levels (Supporting Fig. S7B) in 
LPS- stimulated macrophages after co- culture. MSC 
treatment activated macrophage Notch1 signaling, 
while ablation of Notch1 diminished Dvl2 and aug-
mented NRX expression after co- culture. These data 
indicate that both the Hedgehog/SMO/Gli1 and 
Notch1 pathways can positively regulate Dvl2 func-
tion in MSC- mediated immune regulation. NRX, 
a thioredoxin- related redox- regulating protein, is a 
negative regulator of β- catenin activation.(34) Our 
previous study has demonstrated that activation of 
β- catenin inhibits IR- triggered liver inflammation 
by modulating its target gene XBP1 activation.(20,25) 
Thus, we speculate that Dvl2 controls NLRP3- 
driven liver inflammation through the regulation of  
NRX/β- catenin/XBP1 signaling. As expected, disrup-
tion of macrophage Dvl2 augmented NRX and XBP1 
but reduced β- catenin expression, whereas activation 
of Dvl2 inhibited NRX and XBP1 but enhanced β-   
catenin signaling, leading to reduced NEK7/NLRP3 
activity after co- culture with MSCs. Consistent with 
this finding, disruption of NRX promoted β- catenin 
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signaling and inhibited XBP1 and NLRP3 function 
in SMO- deficient macrophages after co- culture with 
MSCs. Taken together, these results reveal a role 
of Dvl2 in controlling dynamic crosstalk with the 
NLRP3 in MSC- mediated immune regulation.

Figure 8F depicts putative molecular mechanisms 
by which CD47- mediated Hedgehog/SMO/Gli1 
signaling may regulate NEK7/NLRP3 activation in 
MSC- mediated immune regulation. The interac-
tion between MSC CD47 and macrophage SIRPα 
activates the Hedgehog/SMO/Gli1 signaling and 
Notch1, leading to increased macrophage Gli1 and 
NICD nuclear translocation. Strikingly, macrophage 
Gli1 and NICD co- localized in the nucleus, whereby 
NICD interacted with Gli1 and regulated its target 
gene Dvl2, which in turn inhibited NEK7/NLRP3 
activity in IR- triggered liver inflammation.

In conclusion, we identify a role of CD47- mediated 
Hedgehog/SMO/Gli1 signaling in regulating NEK7/
NLRP3 function in MSC- mediated immune reg-
ulation. Our findings demonstrate that Hedgehog/
SMO/Gli1 signaling controls NLRP3- driven liver 
inflammation through a direct interaction between 
Gli1 and NICD. NICD is a coactivator of Gli1, and 
the target gene Dvl2 that is regulated by the NICD- 
Gli1 complex is crucial for the modulation of NEK7/
NLRP3- driven inflammatory response in MSC- 
mediated immune regulation. Our findings provide 
potential therapeutic targets in MSC immunotherapy 
of liver sterile inflammatory injury.
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