
Page 1/26

The Activation of NLRP3 In�ammasome Potentiates
the Immunomodulatory Abilities of Mesenchymal
Stem Cells in Murine Colitis Model
Ji-Su Ahn 

Pusan National University
Yoojin Seo 

Pusan National University
Su-Jeong Oh 

Pusan National University
Ji Won Yang 

Pusan National University
Ye Young Shin 

Pusan National University
Byung-Chul Lee 

Seoul National University
Kyung-Sun Kang 

Seoul National University
Eui-Suk Sung 

Pusan National University Yangsan Hospital
Byung-Joo Lee 

Pusan National University Yangsan Hospital
Tae-Hoon Shin 

National Institutes of Health
Hyung-Sik Kim  (  hskimcell@pusan.ac.kr )

Pusan National University School of Dentistry

Research

Keywords: mesenchymal stem cell, in�ammasome, NLRP3, immunomodulation, colitis

Posted Date: February 18th, 2020

DOI: https://doi.org/10.21203/rs.2.23882/v1

https://doi.org/10.21203/rs.2.23882/v1
mailto:hskimcell@pusan.ac.kr
https://doi.org/10.21203/rs.2.23882/v1


Page 2/26

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://creativecommons.org/licenses/by/4.0/


Page 3/26

Abstract
Background

In�ammasomes are cytosolic, multiprotein complexes which act at the frontline of the immune responses
by recognizing pathogen or danger-associated molecular patterns of pathogens or abnormal host
molecules. Mesenchymal stem cells (MSCs) have been reported to possess multipotency to differentiate
into various cell types and immunoregulatory effects which make them a promising treatment for
regenerative medicine and immune-related diseases, respectively. However, little is known about the
expression and role of the in�ammasome in adult stem cells. In this study, we investigated the expression
and functional regulation of NLRP3 in�ammasome in human umbilical cord blood-derived MSCs (hUCB-
MSCs).

Methods

The expression of NLR Family Pyrin Domain Containing 3 (NLRP3) in�ammasome was detected in hUCB-
MSCs. Cell proliferation, death and differentiation were analyzed after NLRP3 in�ammasome activation.
To investigate the changes in immunoregulatory functions of hUCB-MSCs, naïve or NLRP3
in�ammasome-stimulated cells were infused into chemically induced colitic mice and symptoms were
monitored.

Results

NLRP3 in�ammasome activation suppressed the differentiation of hUCB-MSCs into osteoblasts, which
was restored when the expression of adaptor proteins for in�ammasome assembly was inhibited.
Moreover, the suppressive effects of MSCs on T cell responses and the macrophage activation were
augmented in response to NLRP3 activation. In vivo studies using colitic mice revealed that the protective
abilities of hUCB-MSCs increased after NLRP3 stimulation.

Conclusions

Our �ndings suggest that the NLRP3 in�ammasome components are expressed in hUCB-MSCs and its
activation can regulate the differentiation capability and the immunomodulatory effects of hUCB-MSCs.

Introduction
The mammalian immune system consists of innate and adaptive immunity, which cooperatively work for
the elimination of exogenous pathogens or endogenous danger signals. The innate immune system
eradicates the infective microbial pathogens upon their recognition and initiates further in�ammatory
responses (1–4). The innate immune cells possess various sensor proteins to distinguish self-molecules
from foreign substances (5, 6). Pattern recognition receptors (PRRs) are sensors for pathogen-associated
molecular patterns (PAMPs), including lipopolysaccharides (LPS), lipoteichoic acid, peptidoglycan (PGN),
lipopeptides and microbial nucleic acids (7). Toll-like receptors (TLRs) and Nod-like receptors (NLRs) are
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representative families of PRRs. Agonists for both receptor families have been reported to trigger the NF-
κB and mitogen-activated protein kinase (MAPK) in immune cells, followed by the cytokine production
(8–10). Previous studies have reported that TLRs and NLRs are functionally expressed in MSCs (11–15).
In our previous study, the stimulation of nucleotide-binding oligomerization domain 2 (NOD2) resulted in
the altered differentiation capabilities or immunoregulatory abilities (14). In�ammasome is the recently
reported cytosolic protein complex which is involved in the initiation of the in�ammatory responses in
response to exogenous microbial infection and endogenous danger signals. In�ammasome generally
contains three components: a cytosolic PRR (NLR or AIM2-like receptor family) that senses stimuli, the
enzyme caspase-1 which converts cytokine precursors into mature cytokines, and apoptosis-associated
speck-like protein containing a caspase recruitment domain (ASC), the adaptor protein (16, 17). Assembly
of the in�ammasome leads to the activation of caspase-1 which subsequently transforms the pro-
in�ammatory cytokines such as interleukin-1β (IL-1β) and interleukin-18 (IL-18) to their mature and active
forms (18).

The NLRP3 in�ammasome has been well studied and most frequently implicated as a key player in the
pathogenesis of various diseases. Unlike to in�ammasomes containing other NLR family members as
the sensor, the basal expression of NLRP3 is not enough for activation. NLRP3 in�ammasome is
activated via two-step processes including priming step (�rst step) and activation step (second step) (19,
20). Currently, little is known about the expression and role of in�ammasome in non-immune cells
including adult stem cells.

Mesenchymal stem cells (MSCs) have been reported to exhibit immunoregulatory properties against a
number of immune disorders including multiple sclerosis, sepsis, in�ammatory bowel disease,
rheumatoid arthritis, type I diabetes and graft-versus-host-disease, as well as differentiation potential into
mesodermal lineages (21–26). This immunomodulatory ability of MSCs on immune cells is mostly
exerted by soluble factors such as prostaglandin-E2 (PGE2), nitric oxide (NO), indoleamine 2,3-
dioxygenase-1 (IDO-1), transforming growth factor (TGF-β1) and galectins (27–33). In our previous
�ndings, we showed that the priming of NOD2 receptors in mesenchymal stem cells before the
administration led to the improved therapeutic e�cacy against colitis and atopic dermatitis by regulating
T cells or mast cells, respectively, via the production of PGE2 [34, 35]. Although few studies including the
one by Oh et al. revealed that MSCs can regulate the activation of NLRP3 in�ammasome in macrophages
or diseases (34, 35). Although few studies including the one by Oh et al. revealed that MSCs can regulate
the activation of NLRP3 in�ammasome in macrophages or diseases (36), only one study has been
reported regarding the expression of in�ammasome components and their functions in MSCs (37).
Moreover, in the study by Wang et al., changes in MSC function were solely focused on osteogenic and
adipogenic differentiation after NLRP3 in�ammasome activation. Therefore, in this study, for the �rst
time in our knowledge, we sought to investigate whether hUCB-MSCs express NLRP3 in�ammasome
complexes and the activation of NLRP3 in�ammasome have any in�uences on the immunoregulatory
function of hUCB-MSCs.
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Materials And Methods
Isolation and culture of hUCB-MSCs

hUCB-MSCs were provided from Kangstem Biotech (Seoul, Republic of Korea). This study was approved
by Boramae Hospital Institutional Review Board (IRB. No. P01-201605-BS-02). hUCB-MSCs were cultured
in complete KSB-3 complete medium (Kangstem Biotech, Seoul, Republic of Korea) with 10% fetal bovine
serum (FBS; Gibco, Grand Island, NY) and 100 U/mL penicillin/streptomycin (Gibco) at 37 °C and 5% CO2.
NLRP3 Activation In hUCB-MSCs

For NLRP3 in�ammasome activation, at the con�uency of 70 to 80% in relevant dishes or well plates,
cells were treated with 1 µg/mL LPS (InvivoGen, San Diego, CA) for 4 hours in complete KSB-3 media.
Cells were washed with phosphate-buffered saline (PBS) and 2 mM adenosine triphosphate (ATP,
InvivoGen) was added followed by additional incubation for 45 minutes. Then, cells were washed again
and immediately analyzed for further analysis or cultured in complete KSB media for maintenance.

RNA Extraction And PCR

The mRNA from cells was extracted with Trizol (Invitrogen, Carlsbad, CA) according to manufacturer’s
protocol. Then, cDNA was synthesized from 1 µg of total RNA using ReverTra Ace® qPCR RT Master Mix
(Toyobo, Osaka, Japan). The PCR condition was consisted of an initial denaturation at 95 °C for 5
minutes; 35 cycles of 94 °C for 30 seconds, 60 °C for 30 seconds and 72 °C for 1 minute; a �nal extension
at 72 °C for 5 minutes. The PCR products were separated on a 1% agarose gel, visualized, and
photographed using a gel documentation system. The following primers were used: interleukin 1 receptor
antagonist (IL-1RA), F: 5’-AGCTCCATCTCCACTCCAGA-3’, R: 5’-GAAGAAAGAACCCCCAGGAG-3’, interleukin
17 receptor A (IL-17RA), F: 5’-GGGGAGCTGTTAGCACGTAG-3’, R: 5’-CAGACCCTGAAGTCACAGCA-3’,
interleukin 18 binding protein (IL-18BP), F: 5’-TACCTGCATTTCCCACATGA-3’, R: 5’-
GAAGAGGCAGCATTTCAACC-3’, activated leukocyte cell adhesion molecule (ALCAM), F: 5’-
TAGCAGGAATGCAACTGTGG-3’, R: 5’-CGCAGACATAGTTTCCAGCA-3’, stromal cell-derived factor-1 alpha
(SDF-1α), F: 5’-CTAGTCAAGTGCGTCCACGA-3’, R: 5’-ACACACAGCCAGTCAACGAG-3’.

Protein Extraction And Western Blot Analysis

Cells were harvested and lysed using PRO-PREP Protein Extraction Solution (iNtRON Biotechnology,
Seoul, Republic of Korea) according to the protocol. Samples were centrifuged at 30,000 g for 15 minutes
at 4 °C and supernatants were harvested. Equivalent amounts of proteins were loaded and
electrophoresed using SDS-polyacrylamide (PAGE) on 10% gel. After electrophoresis, gels were
transferred to polyvinylidene di�uoride (PVDF) membranes (Millipore, Billerica, MA) and membranes were
blocked with blocking buffer (3% bovine serum albumin at TBST: tris-buffered saline and Tween 20) for 1
hour. Membranes were incubated with primary antibodies including NLRP3, ASC, pro/mature IL-1β, β-
tubulin (Cell Signaling Technology, Danvers, MA), pro/cleaved caspase-1 (Abcam, Cambridge, MA) at 4 °C
overnight. After washing with TBST buffer (10 mM Tris-Cl, 100 mM NaCl, 0.5% Tween-20), membranes
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were incubated with horseradish peroxidase conjugated anti-mouse or anti-rabbit antibody (1:10000,
Santa Cruz Biotechnology, CA) for 1 hour at room temperature and then washed with TBST buffer. After
washing, ProNA ECL Ottimo detection kit (TransLab, Daejeon, Republic of Korea) was added at the
membranes. Membranes were analyzed using ImageQuant LAS-4000 (GE Healthcare Life Sciences,
Pittsburgh, PA).

Cytokine Detection And Array

Culture supernatant from naïve and NLRP3 activated-hUCB-MSCs was collected, centrifuged and stored
at -80 °C. IL-1β, IFN-γ, interleukin 4 (IL-4), interleukin 10 (IL-10), and tumor necrosis factor-α (TNF-α)
concentration was measured by Duoset ELISA kit (R&D system, Abingdon, UK) according to the protocol.
PGE2 was measured by Prostaglandin E2 Parameter Assay Kit (R&D system). The expression level of 40
immunomodulation-related cytokines in culture supernatant was detected using C-Series Human
Cytokine Array (Raybiotech, Norcross, GA).

Cell Viability And Proliferation Assay

To determine the cell viability and proliferation, Cell Counting Kit-8 (Dojindo Molecular Technologies,
Rockville, MD) was used and cumulative population doubling level (CPDL) analysis was performed. For
the analysis of cell death, LIVE/DEAD Viability/Cytotoxicity Kit (Invitrogen) was applied. hUCB-MSCs were
seeded at 5 × 103 cells/well in 96 well plates in KSB media with 10% FBS for CCK-8 assay. After 24 hours,
cells were treated with LPS/ATP/LPS + ATP and CCK-8 was added and relevant absorbance was detected
according to manufacturer's instruction. For CPDL analysis, hUCB-MSCs were seeded at 6 × 104 cells/well
at 6 well plate in KSB media with 10% FBS and then treated with LPS/ATP/LPS + ATP next day. Cells were
subcultured every 3 day and cell numbers were counted for each subculture. The proliferation potential of
early-passage and late-passage cells was determined based on the total CPDL using the formula CPDL = 
ln (Nf / Ni) ln2, where Ni and Nf are the initial and �nal cell count numbers, respectively, and ln is the
natural log. The population was calculated at each passage and added to the population levels of the
previous passages. For LIVE/DEAD staining, cells were seeded at 8 × 104 cells/well into 12 well plates
and incubated 37 °C for 24 hours. LPS and ATP were added and the cell viability of cells was measured
using LIVE/DEAD cell viability assays according to the protocol.

hUCB-MSC Osteogenic Differentiation

Naïve and activated-hUCB-MSCs (ATP-MSC; LPS-MSC and LPS + ATP-MSC) were seeded in 6 well plates
at a density of 1.5 × 105 cells/well in duplication at KSB-3 media. Media was changed when the
con�uency reaches up to 40 to 50%. Cells were cultured in the presence of speci�c osteogenic media
containing DMEM media containing low glucose (Gibco), 10% FBS, 0.1 µM dexamethasone and 10 mM
beta-glycerophosphate (Sigma). Cells were cultured for 2 weeks and treated with LPS/ATP every 3 days
and then cells were washed and media was replaced. After 2 weeks of induction, cells were �xed with
70% ethanol at 4 °C for 20 minutes after washing with PBS. Cells were washed again and stained with
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1 mL of Alizarin red S (Kanto, Tokyo, Japan) at room temperature for 10 minutes. The staining solution
was aspirated and then cells were washed with distilled water. To quantify the staining, 1 mL of 10%
cetylpyridinium chloride (Sigma) was added to each well and incubated until complete elution of the
stain at room temperature. The eluted stain was read at 570 nm using a spectrophotometer.

hUCB-MSC Adipogenic Differentiation

Naïve or stimulated-hUCB-MSCs (ATP-MSC; LPS-MSC and LPS + ATP-MSC) were seeded in 6 well plates
at a density of 1.5 × 105 cells/well in duplication at KSB-3 media. Media was changed when the
con�uency reaches up to 80 to 90%. Cells were cultured in adipogenic differentiation media containing
DMEM media containing low glucose (Gibco), 10% FBS, 0.5 mM 3-isobutyl-1-methylxanthine (Sigma) and
0.2 mM indomethacin (Sigma). Cells were cultured for 2 weeks and treated with LPS/ATP every 3 days
and then cells were washed and media was replaced. After 2 weeks of differentiation, cells were �xed
with 70% ethanol after washed with PBS at 4 °C for 20 minutes. Cells were washed again and stained
with 1 mL of Oil Red O (Sigma) solution at room temperature for 1 hour. Staining solution was aspirated
and then cells were washed with distilled water. To quantify the staining, 1 mL of 100% isopropanol
(Merck, Darmstadt, German) was added to each well and incubated at room temperature. The eluted stain
was read at 500 nm using a spectrophotometer.

siRNA Transfection

hUCB-MSCs were plated at the density of 2 × 105 cells/well in 6 well plate. At 50% con�uency, media was
changed at OPTI-MEM without penicillin/streptomycin and FBS. A mixture of transfection reagent
DharmaFECT (Thermo Fisher Scienti�c, Waltham, MA) and ASC-siRNA (Thermo Fisher Scienti�c) was
prepared according to the manufacturer’s protocol (at a �nal concentration 100 nM). One day after
transfection, cells were washed with PBS and harvested using TryPLE (Gibco). Harvested hUCB-MSCs
were seeded again at 2 × 105cells/well into 6 well plate with KSB media (with 10% FBS and without
penicillin/streptomycin). Osteogenic differentiation was induced in naïve or ASC-inhibited hUCB-MSCs.

Flow Cytometry Analysis

The expression of positive or negative surface markers in MSCs was analyzed by �ow cytometry. hUCB-
MSCs were harvested and suspended in 50 µl of PBS with 5% FBS. Suspended cells were mixed with
antibody solution (1:100) and incubated for 1 hour at 4 °C in the dark. Cells were stained with FITC-,
PerCP/Cy5.5- or PE-conjugated antibodies speci�c for human CD14, CD29, CD31, CD34, CD44, CD45,
CD73. Non-speci�c isotype-matched antibodies served as controls. After incubation, cells were washed
with PBS and centrifuged for 5 minutes at 300 g. Samples were �xed with 500 µl of 0.4%
paraformaldehyde/PBS. All the antibodies were purchased from BD Biosciences (Franklin Lakes, NJ) and
�ow cytometry analysis was performed on a FACS Caliber instruments using FlowJo software (BD).

Peripheral Blood Mononuclear Cells (PBMCs) And T Cell Proliferation



Page 8/26

PBMC or T cell proliferation in response to Concanavalin A (ConA) or antibodies for CD3/CD28 were
determined by CellTraceTM Carboxy�uorescein succinimidyl ester (CFSE) Cell Proliferation Kit (Thermo
Fisher Scienti�c). PBMCs were prepared and labeled with CFSE according to the protocol. hUCB-MSCs
were seeded at 12 well plate and NLRP3 in�ammasome was activated. After NLRP3 activation, CFSE-
labeled PBMCs were added to hUCB-MSCs (MSC:PBMC cell ratio, 1:10) in RPMI media 1640 (Gibco) with
10% FBS and 100 U/mL penicillin/streptomycin in the presence of 5 µg/mL concanavalin A (5 µg/mL,
Sigma) or anti-CD3 (5 µg/mL, eBioscience, San Diego, CA)/anti-CD28 (2 µg/mL, eBioscience) for 5 days
at 37 °C. After co-culture, cells were harvested and analyzed by �ow cytometry.

Cd4+ Cell Isolation

CD4+ T cells were isolated from PBMCs using MACS CD4+ T cell isolation kit (Miltenyi Biotec, Auburn,
CA). Puri�ed T cells were cultured in RPMI 1640 with 10% FBS, 100 U/mL penicillin/streptomycin, 25 mM
HEPES (Gibco), 2 mM glutamex (Gibco), 50 mM β-mercaptoethanol at 37 °C.

Th1 Differentiation

hUCB-MSCs were seeded at 12 well plate and NLRP3 in�ammasome was activated. After hUCB-MSCs
were activated, Th0 cells were seeded (MSC:T cell ratio, 1:10) in complete RPMI media with 10% FBS. To
differentiate Th0 cells toward Th1 cells, cells were treated with anti-CD3 (5 µg/mL, eBioscience) and anti-
CD28 (2 µg/mL, eBioscience), in the presence of IL-12 (10 ng/mL, Peprotech, Rocky hill, NJ) and anti-IL-4
(5 µg/mL, Peprotech) for 5 days. Media was added on day 3. After co-culture, culture supernatant was
collected and IFN-γ level in supernatant was analyzed by ELISA (R&D system).

Th2 Differentiation

For Th2 cell differentiation, Th0 cells were differentiated with anti-CD3 (5 µg/mL, eBioscience) and anti-
CD28 (2 µg/mL, eBioscience), in the presence of IL-4 (20 ng/mL, Peprotech) and anti-IFNγ (5 µg/mL,
Peprotech) for 5 days. Media was added at day 3. After 5 days of co-culture, media was replaced with
fresh media and maintained for 1 day followed by harvesting of culture. IL-4 level in conditioned media
was measured by ELISA (R&D system).

Regulatory T Cell (Treg) Differentiation

Th0 cells were added to MSCs at same ratio and maintained for 5 days in complete RPMI media with
10% FBS. To prepare Treg cells as positive control group for IL-10 detection, Th0 cells were cultured with
anti-CD3 (5 µg/mL, eBioscience) and anti-CD28 (2 µg/mL, eBioscience), in the presence of TGFβ
(2 ng/mL, Peprotech) and IL-2 (5 µg/mL, Peprotech) for 5 days. Media was added at day 3. After co-
culture, culture supernatant was collected and IL-10 level in conditioned media was detected by ELISA
(R&D system).

M1 Macrophage Activation And NLRP3 Activation
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THP-1 cells were obtained from Korean Cell Line Bank (Seoul, Republic of Korea). Cells were seeded at 6
well plate in RPMI media with 10% FBS and stimulated with phorbol myristate acetate (PMA, 50 ng/mL,
Sigma) for 48 hours. After media replacement with normal media, THP-1 derived macrophages were
stabilized for 48 hours and polarized in M1 type using LPS (10 µg/mL, invivoGen) and interferon γ (IFN-γ,
20 ng/mL, Sigma). On day 4, naïve and activated-hUCB-MSCs were added (MSC:THP-1 ratio, 1:10) in the
presence of 1 µg/ml LPS (Invivogen) plus 20 ng/ml and IFN-γ (PeproTech) for the activation of
macrophages. After 24 hours, culture media was harvested and TNF-α level was analyzed by ELISA (R&D
system). NLRP3 activation in THP-1 derived macrophages were induced by LPS/ATP as utilized in hUCB-
MSCs. THP-1 cells were seeded with naïve or pre-activated hUCB-MSCs at 6 well in RPMI media with 10%
FBS (MSC:THP-1, 1:10). LPS/ATP were added and washed according to NLRP3 activation protocol.
Cultured media was harvested next day and IL-1β level was measured using ELISA (R&D system).

Colitis Induction And Assessment

Male C57BL/6J mice at 8–10 weeks were obtained from Jackson Laboratory (Bar Harbor, ME). All
experiments were approved by and followed the regulations of the Institute of Laboratory Animals
Resources (PNUH-2016-096, Pusan National University Hospital and PNU-2018-2034 Pusan National
University). Colitis was induced in mice by addition of 3%(w/v) dextran sulfate sodium (DSS; MP
Biochemicals, Solon, OH) in drinking water for 7 days. 2 × 106 of hUCB-MSCs were suspended in 200 µl of
PBS and injected intraperitoneally into mice 1 day after DSS administration. Mice were monitored for
body weight and survival rate for 11 days and sacri�ced for histopathological evaluation. Colitis severity
was measured by evaluating the disease activity index including stool consistency, rectal bleeding coat
roughness and general activity. The colon of DSS-treated mice was assessed for the destruction of the
entire epithelium, the severity of submucosal edema, and scattered in�ltration of in�ammatory cells in the
lamina propria and submucosa.

Statistical analysis

All results are presented as mean ± SD. All of the statistical comparisons were performed via two-tailed
Student’s t-test or one-way analysis of variance (ANOVA) followed by Bonferroni post hoc test for
multigroup comparisons using GraphPad Prism software (version 5.01; GraphPad Software, San Diego,
CA).

Results
In�ammasome components are expressed in hUCB-MSCs

We �rst investigated the expression of in�ammasome components such as NLRP3, ASC, caspase-1, as
well as �nal products of in�ammasome activation including IL-1β in hUCB-MSCs. The expression of
In�ammasome components on protein level was evaluated by western blot analysis. A human monocyte
leukemia cell line, THP-1 cells were used as the positive control. To activate NLRP3 in�ammasome, LPS
and ATP were treated for 4 hours and 45 minutes, respectively. In THP-1 cells, the expressions of NLRP3,
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cleaved caspase-1 and pro/mature IL-1β were elevated in hUCB-MSCs treated with LPS or LPS + ATP
compared to the control group or ATP treated group. hUCB-MSCs expressed NLRP3, ASC, caspase-1 and
IL-1β. Interestingly, LPS + ATP treatment in hUCB-MSCs increased the expression of NLRP3, cleaved
caspase-1 and pro IL-1β. However, the expression of mature IL-1β was not altered by LPS + ATP treatment
(Fig. 1a). We next measured the production of IL-1β and IL-18 from hUCB-MSCs after NLRP3
in�ammasome activation using ELISA. However, in hUCB-MSCs, NLRP3 activation did not induce the
production of IL-1β and the basal level of IL-1β production was too low to exert physiological functions
(Fig. 1b). Moreover, the level of IL-18 production in hUCB-MSCs was not detectable (data not shown).
Taken together, these �ndings indicate that hUCB-MSCs express the components of NLRP3
in�ammasome and its activation is induced as observed in macrophages. However, the �nal product of
its activation, mature IL-1β, was not robustly secreted from hUCB-MSCs in response to NLRP3 activation,
indicating that in�ammasome activation in mesenchymal non-immune cells might serve different
functions as reported in innate immune cells.

NLRP3 in�ammasome stimulation does not alter the proliferation and surface marker expression of
hUCB-MSCs

Pyroptosis is a caspase-1 mediated cell death which commonly occurs after in�ammasome activation in
macrophages and dendritic cells. Therefore, we investigated whether the viability or proliferation of hUCB-
MSCs are affected by NLRP3 in�ammasome activation-mediated pyroptosis. The viability and
proliferation of cells were assessed by CCK-8, CPDL analysis and LIVE/DEAD staining. NLRP3 activation
did not affect the viability, proliferation and death of hUCB-MSCs (Fig. 2a-c). It has been reported that
stimulation of cells with ligands or cytokines can modulate the expression of surface markers in MSCs.
We next analyzed the surface marker expression in naïve and activated-hUCB-MSCs. The expression
pattern of all negative (CD14, CD31, CD34, CD45) or positive (CD29, CD44, CD73) markers characterizing
MSCs was not altered after NLRP3 activation (Table 1, Additional �le 1: Fig S1a and b). Our results imply
that NLRP3 in�ammasome activation in hUCB-MSCs does not induce pyroptosis nor affect the surface
marker expression.
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Table 1
Surface marker expression of hUCB-MSCs in response to NLRP3 in�ammasome

activation.

  UCB#1 UCB#2

  (-) LPS ATP LPS + ATP (-) LPS ATP LPS + ATP

CD14 0.1 0.1 0.1 0.1 0.3 0.4 0.3 0.4

CD29 100 99.9 99.9 99.9 99.8 99.9 99.4 99.9

CD31 0.4 0.6 1.2 0.7 1.1 1.4 1.3 1.0

CD34 0.2 0.1 0.1 0.1 0.3 0.4 0.3 0.5

CD44 99.9 100 100 99.9 99.8 99.7 99.0 99.9

CD45 0.5 0.5 0.4 0.6 0.2 0.3 0.3 0.3

CD73 99.7 99.8 99.8 99.7 99.8 99.7 99.2 99.9

NLRP3 Activation Inhibits The Osteogenic Differentiation Of hUCB-MSCs

Several studies have shown that differentiation of MSCs can be modulated by triggering of innate
immune receptors. Therefore, the differentiation capability of hUCB-MSCs into osteoblasts or adipocytes
was determined after NLRP3 in�ammasome activation. The activated MSCs were cultured in speci�c
osteogenic or adipogenic medium for two weeks and cells were stained by Alizarin red S or Oil red O,
respectively. We observed that osteogenic differentiation was signi�cantly down-regulated upon NLRP3
in�ammasome activation compared with naïve hUCB-MSCs (Fig. 3a). On the other hand, NLRP3
in�ammasome activation did not have any in�uences on the potential of adipogenic differentiation
(Fig. 3b). To con�rm that this inhibitory effect of NLRP3 in�ammasome activation on osteogenic
differentiation is mediated via in�ammasome assembly, we used siRNA targeting ASC, an essential
component for in�ammasome assembly. ASC level was decreased after siRNA transfection in hUCB-
MSCs (Fig. 3c). Interestingly, ASC suppression restored the inhibitory effect of NLRP3 in�ammasome
activation on osteogenic differentiation (Fig. 3d), suggesting that NLRP3 in�ammasome is a negative
regulator of osteogenesis in hUCB-MSCs.

NLRP3 In�ammasome Activation Augments The Immunosuppressive Properties Of hUCB-MSCs

MSCs have been reported to regulate the proliferation, activation and maturation of various immune cells.
Therefore, we evaluated in vitro immunosuppressive effects of hUCB-MSCs after NLRP3 in�ammasome
activation. PBMCs were co-cultured with naïve or activated-MSCs at ratio of 1:10 (MSC:PBMC) with
concanavalin A or anti-CD3/CD28. NLRP3 in�ammasome activation enhanced the suppressive effect of
hUCB-MSCs on mitogen-induced PBMC proliferation or anti-CD3/CD28-induced T cell proliferation
(Fig. 4a and b). To determine whether NLRP3 in�ammasome activation in�uences the differentiation of
helper T cells, we measured Th cell type-speci�c cytokine production in co-culture media. Th1, Th2 and
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Treg cell differentiation were assessed by detecting IFN–γ, IL-4 and IL-10 production, respectively. Both
naïve or activated hUCB-MSCs signi�cantly reduced IFN–γ production from Th1 cells (Fig. 4c). Although
naïve or activated MSCs slightly inhibited IL-4 production from Th2 cells, this suppressive effect on Th2
cells was not signi�cant. To assess the ability of MSCs to induce regulatory T cells, Th 0 cells were co-
cultured with naïve or activated MSCs without any differentiation induction into Treg cells. Interestingly,
IL-10 production from T lymphocytes was signi�cantly elevated when they were co-cultured with
activated MSCs (Fig. 4e).

Given that MSCs can regulate macrophage activation, we next determined the regulatory function of
hUCB-MSCs on M1 activation or NLRP3 activation of macrophages using THP-1 derived macrophage-like
cells. PMA-stimulated THP-1 were polarized toward M1 type TNF-α level was measured after co-culture
with MSCs. When THP-1 derived macrophages were co-cultured with NLRP3 activated hUCB-MSCs, TNF-α
production was downregulated to a greater extent compared to naïve MSC addition (Fig. 4f). THP-1
derived macrophages secreted increased IL-1β in response to LPS and ATP treatment and co-culture with
hUCB-MSCs suppressed IL-1β production. Interestingly, activated hUCB-MSCs down-regulated IL-1β
production to a signi�cantly greater extent (Fig. 4g). Taken together, these results suggest that NLRP3
in�ammasome activation in hUCB-MSCs generally augments the immunoregulatory abilities including
suppressive effects on T cell proliferation, Th1 cell differentiation and macrophage activation, as well as
facilitating effects on Treg generation.

NLRP3 in�ammasome activation improves the protective e�cacy of hUCB-MSCs against DSS-induced
murine colitis

Since we found that in vitro anti-in�ammatory functions of hUCB-MSCs were accelerated after NLRP3
in�ammasome activation, we further investigated whether this activation can lead to any bene�cial
effects in vivo. To this aim, DSS-induced murine colitis model was utilized because this colitic model
involves T cell and macrophage-mediated immune r esponses in disease progression. DSS
administration for one week resulted in the macroscopic symptoms of colitis, including a lethality, body
weight loss, rectal bleeding, diarrhea and shortening of colon length. Intraperitoneal injection of hUCB-
MSCs protected mice from lethality and body weight loss (Fig. 5a). Importantly, activated hUCB-MSCs
exerted greater protective effects compared to naïve MSCs. On day 10, the disease activity index was
signi�cantly decreased by cell infusion and further improved by NLRP3 in�ammasome activation
(Fig. 5b). Gross �ndings after necropsy demonstrated that the colon length was signi�cantly restored by
the injection of hUCB-MSC from one donor (UCB#2, Fig. 5c). Upon histologic examination, destruction of
the entire epithelium and scattered in�ltration of in�ammatory cells were observed in the colon of DSS-
treated mice. In hUCB-MSC injected mice, mucosal destruction and lymphocyte in�ltration were reduced
(Fig. 5d). Consistent to gross evaluation, activated hUCB-MSC treatment more e�ciently attenuated
histopathological severity (Fig. 5d). Our �ndings demonstrate that NLRP3 in�ammasome activation can
augment the therapeutic e�cacy of hUCB-MSCs in vivo, as well as in vitro anti-in�ammatory abilities.
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NLRP3 activation does not affect the secretion of well-known immunoregulatory soluble factors in hUCB-
MSCs

MSCs have been reported to produce a variety of immunosuppressive soluble factors. To explore key
soluble factors in NLRP3 in�ammasome activation, we measured more than 40 soluble factors in culture
media from naïve and activated hUCB-MSCs using cytokine array or ELISA. Based on the analysis of
cytokine array, although there were slightly up-regulated factors including ALCAM and SDF-1α upon
NLRP3 activation in both hUCB-MSCs (Fig. 6a and Additional �le 2: Fig. S2), their mRNA expression after
treatment of LPS or LPS + ATP was not increased (Fig. 6b). We also investigated the expression of
recently reported physiological anti-in�ammatory antagonists such as IL-1RA, IL-17RA and IL-18BP. There
were no signi�cant differences between naïve and activated hUCB-MSCs in the expression of these
antagonists in mRNA level (Fig. 6b). We previously suggested PGE2 as one of the major anti-
in�ammatory mediators for the immunomodulatory function of MSCs. Therefore, we detected PGE2

concentration in culture supernatant of hUCB-MSCs. However, although LPS treatment slightly increased
the secretion of PGE2, NLRP3 in�ammasome activation by LPS and ATP treatment did not affect PGE2

production (Fig. 6c). These �ndings propose that NLRP3 in�ammasome activation potentiates the
immunoregulatory functions of hUCB-MSCs presumably through the regulation of novel paracrine factors
or other cell functions which have not been reported.

Discussion
In�ammasomes are multi-protein complexes that recognize in�ammatory stimuli, such as PAMPs and
DAMPs. The assembly of NLRP3 in�ammasome complex triggers caspase-1 activation, which leads to
the secretion of pro-in�ammatory cytokines such as IL-1β and IL-18, followed by pyroptosis, an
in�ammatory programmed cell death by the microbial pathogen (18). However, in the present study, we
could not observe the pyroptosis or signi�cant production of IL-1β in MSC in response to NLRP3
in�ammasome stimulation. Although these �nal phenotypes of in�ammasome activation were not
induced, osteogenic differentiation and immunomodulation of hUCB-MSCs were remarkably altered by
NLRP3 in�ammasome activation, which were not affected by single treatment of LPS or ATP. Several
previous studies have shown that in�ammasome or its components can regulate cell functions without
classical activation of in�ammasome. Wang et al. reported that NLRP3 can promote epithelial-
mesenchymal transition in colon cancer cells in an in�ammasome-independent manner (38). Another
study by Fang et al. demonstrated that NLRP3 and ASC facilitate the expression of genes responsible for
mucosal defense through the regulation of transcription factors including STAT6. In the study, authors
suggested that maintenance of innate immune homeostasis by NLRP3 and ASC was in�ammasome-
independent (39). In addition, Kim et al. showed that hypoxia increased the expression of NLRP3 without
IL-1β production in renal tubular cells to regulate the production of mitochondrial ROS (40). Moreover,
NLRP3 has been suggested as a transcriptional regulator in Th2 differentiation by binding to IL4
promoter (41).
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We showed here that the osteogenic differentiation of hUCB-MSCs was impeded when NLRP3
in�ammasome was activated. A number of previous researches have demonstrated that MSC
differentiation can be modulated through inhibition or activation of various innate immune receptors
(42). Our previous study indicated that NOD1 and NOD2 activation promoted osteogenic differentiation
and decreased adipocyte differentiation (14). Moreover, TLR2 activation inhibited osteogenic, adipogenic
and chondrogenic differentiation (43). Another study revealed that the activation of TLR3 and TLR4 in
MSCs increased osteogenic differentiation via PI3K/AKT signaling (44). Importantly, a recent study by
Wang et al. reported that human umbilical cord-derived MSCs expressed the components of NLRP3
in�ammasome and that its activation inhibited osteogenic differentiation while adipogenic differentiation
was enhanced (37). Consistently with this study, we observed that NLRP3 in�ammasome activation
suppressed the osteogenic differentiation of hUCB-MSCs, which was restored by the inhibition of ASC
expression. However, adipogenesis was not enhanced in the present study and this discrepancy might be
due to the difference between stimulators for in�ammasome activation. We used ATP for second step
activation of NLRP3 in�ammasome whereas palmitic acid was used in the previous study. ATP is an
established danger stimulus, which activate the purinergic P2 × 7 receptor.

More importantly, in the present study, for the �rst time, we demonstrated that NLRP3 in�ammasome
activation in hUCB-MSCs led to the increased the immunosuppressive effects. Some studies reported the
in�uence of PRR triggering on immunomodulation of MSCs. Studies from Lombardo et al. and Travassos
et al. showed that TLR activation did not impair the inhibitory effect of hMSCs on the proliferation of
peripheral blood mononuclear cells Lombardo, DelaRosa (13), (45). In contrast, in a study by Platten’s
group, TLR activation enhanced the immunosuppressive ability of hMSC by inducing IDO-1, an enzyme
responsible for tryptophan catabolism (46). In addition, Waterman et al. observed that TLR4-activated
hMSCs secrete pro-in�ammatory mediators, while TLR3-activated hMSCs e�ciently suppress
in�ammation Waterman, Tomchuck (47). Moreover, we previously demonstrated that NOD2 receptor
stimulation with muramyl dipeptide can e�ciently enhance anti-in�ammatory functions of hUCB-MSCs
(34, 35). In this study, NLRP3 in�ammasome activation augmented the therapeutic e�cacy of hUCB-
MSCs in vivo, as well as in vitro anti-in�ammatory abilities on several immune cells including Th cells
and macrophages. This result supports the possibility that MSCs could be activated where signals for
NLRP3 in�ammasome activation are provided and that robust stimulation of MSCs leads to
physiologically su�cient immunoregulatory effects. The limitation of our study is that crucial paracrine
factors have not been discovered although we performed various screening assay upon already known
major immunomodulatory factors. In this respect, it is apparent that future work will require the precise
elucidation of underlying mechanism for improved function of NLRP3 in�ammasome activated-MSCs by
uncovering pivotal soluble factors.

Conclusion
Our �ndings clari�ed that MSCs functionally expressed NLRP3 in�ammasome complex and can respond
to its activation. That is, NLRP3 stimulation decreased the differentiation potential of hUCB-MSCs into
osteoblasts and increased in vitro and in vivo immunosuppressive effects. We anticipate that these
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�ndings could provide a better understanding of the in�ammasome-mediated regulation of non-immune
cell functions, as well as a basis for development of highly e�cient cell therapy to treat several
intractable in�ammatory diseases.
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Figure 1

The expression of in�ammasome components and products in hUCB-MSCs. a, Expressions of NLRP3,
ASC, pro or cleaved caspase-1, pro or mature IL-1β were analyzed by immunoblotting in hUCB-MSCs after
treatment with LPS, ATP or LPS+ATP. THP-1 cells were used as a control group. b, Concentration of
mature IL-1β in culture supernatant of hUCB-MSCs was measured by ELISA. Results are shown as mean
± SD.
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Figure 2

Viability, proliferation and death of hUCB-MSCs after NLRP3 in�ammasome activation. a-c, hUCB-MSCs
were stimulated with LPS, ATP or LPS+ATP followed by the determination for cell viability, proliferation
and death. a, Cell viability was detected by CCK-8. b, Cell proliferation was determined by CPDL analysis.
c, Cell death was assessed by Live/Dead staining. 70% methanol was treated to induce cell death in
hUCB-MSCs as a control group. Bar, 500 μm. Results are shown as mean ± SD.
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Figure 3

Osteogenic and adipogenic differentiation of NLRP3-activated hUCB-MSCs. a, hUCB-MSCs were cultured
in induction media for osteoblast differentiation in the presence or absence of stimulants for NLRP3
in�ammasome activation. Osteoblasts were stained with Alizarin Red S and quanti�ed. Stain was eluted
by acetylpyridinium chloride and the absorbance was measured at 570 nm. Bar, 25 μm. b, Naïve or
NLRP3-activated hUCB-MSCs were differentiated into adipocytes using conditioned media and the
accumulation of lipid droplets in the cytosol was determined by Oil Red O staining. Stain was eluted by
100% isopropanol and the absorbance was measured at 500 nm. Bar, 500 μm. c, siRNA for ASC was
transfected to hUCB-MSCs and decrease in ASC expression on protein level was determined by western
blot. d, siRNA-treated hUCB-MSCs were harvested and seeded for osteogenic differentiation. Eluted stain
for osteoblasts was quanti�ed by measuring absorbance. Results are shown as mean ± SD. **P < .01,
***P < .001.
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Figure 4

Immunoregulatory properties of NLRP3-stimulated hUCB-MSCs. a and b, PBMCs were stained with CFSE
and then activated by concanavalin A (a) or anti-CD3/28 (b), to induce the proliferation of pan
lymphocytes or T cells, respectively. PBMCs were co-cultured with naïve or activated hUCB-MSCs and cell
proliferation was analyzed by measuring CFSE intensity using �ow cytometry. c-e, CD4+ T cells isolated
from PBMCs were co-cultured with hUCB-MSCs. c and d, Th1 and Th2 cell differentiation was induced in
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the presence or absence of hUCB-MSCs. IFN-γ and IL-4 productions were measured using ELISA. e, Naïve
CD4+ T cells were co-cultured with hUCB-MSCs and IL-10 production was measured to determine the
induction of Treg differentiation. f, THP-1 derived macrophages were activated for M1 polarization and
co-cultured with hUCB-MSCs. TNF-α in cultured media was detected by ELISA. g, NLRP3-activated THP-1
derived macrophages were co-cultured with hUCB-MSCs. IL-1β in culture media was detected by ELISA.
Results are shown as mean ± SD. *P < .05, **P < .01, ***P < .001.

Figure 5

Therapeutic e�cacy of NLRP3-stimulated hUCB-MSCs in DSS-induced colitis model. a-d, DSS-induced
colitis mice were i.p. injected with naïve and activated hUCB-MSCs, followed by monitoring for gross and
histological evaluation. (-) denotes control group provided with normal drinking water. Numbers of mice
per group; (-), 6; DSS+PBS, 11; DSS+UCB#1 (-), 10; DSS+UCB#1 LPS+ATP, 10; DSS+UCB#2 (-), 9;
DSS+UCB#2 LPS+ATP, 10. a, Mice were monitored for survival rate and body weight loss. b, At day 10,
disease activity index was determined. c, After sacri�ce on day 12, colon length was measured. d, Colon
sections were prepared and stained with H&E. Histopathologic evaluation was performed by determining
the destruction of epithelial structure and lymphocyte in�ltration. Upper panels: 40X, lower panels: 100X,
bar, 500μm. Results are shown as mean ± SD. *P < .05, **P < .01, ***P < .001.
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Figure 6

Screening for immunoregulatory soluble factors in NLRP3-activated hUCB-MSCs. a, Cytokines in
conditioned media of naïve or activated hUCB-MSCs were analyzed by cytokine array. Commonly up-
regulated factors in both hUCB-MSCs were presented. b, mRNA expression level of ALCAM, SDF-1α, IL-
1RA, IL-17RA and IL-18BP in hUCB-MSCs were analyzed by PCR. c, PGE2 concentration in culture
supernatant of hUCB-MSCs was measured by ELISA. Results are shown as mean ± SD
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