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NAD™ salvage governs the immunosuppressive capacity of

mesenchymal stem cells
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Mesenchymal stem/stromal cells (MSCs) possess robust immunoregulatory functions and are promising therapeutics for
inflammatory disorders. This capacity is not innate but is activated or ‘licensed’ by inflammatory cytokines. The licensing
mechanism remains unclear. Here, we examined whether inflammatory cytokines metabolically reprogrammed MSCs to confer this
immunoregulatory capacity. In response to stimulation by inflammatory cytokines, MSCs exhibited a dramatic increase in the
consumption of glucose, which was accompanied by an enhanced use of nicotinamide adenine dinucleotide (NAD™) and increased
expression of nicotinamide phosphoribosyltransferase (NAMPT), a central enzyme in the salvage pathway for NAD™ production.
When NAD™ synthesis was blocked by inhibiting or depleting NAMPT, the immunosuppressive function of MSCs induced by
inflammatory cytokines was greatly attenuated. Consequently, when NAD™ metabolism in MSCs was perturbed, their therapeutic
benefit was decreased in mice suffering from inflammatory bowel disease and acute liver injury. Further analysis revealed that
NAMPT-driven production of NAD" was critical for the inflammatory cytokine-induced increase in glycolysis in MSCs. Furthermore,
the increase in glycolysis led to succinate accumulation in the tricarboxylic acid cycle, which led to hypoxia-inducible factor 1a (HIF-
1a) stabilization and subsequently increased the transcription of key glycolytic genes, thereby persistently maintaining glycolytic
flux. This study demonstrated that unlike its proinflammatory role in immune cells, NAD" metabolism governs the anti-

inflammatory function of MSCs during inflammation.
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INTRODUCTION

Mesenchymal stem cells (MSCs), which are a population of tissue
stem cells in almost all tissues, can differentiate into adipocytes,
osteoblasts and chondrocytes [1-3]. Beyond the perceived
replacement of damaged cells, MSCs orchestrate local and
systemic innate and adaptive immune responses through the
release of various immunoregulatory factors, which makes them
highly effective in treating many autoimmune and hyperinflam-
matory disorders, such as graft-versus-host disease (GvHD),
multiple sclerosis (MS), systemic lupus erythematosus (SLE), and
inflammatory bowel disease (IBD) [4-8].

The inflamed tissue microenvironment critically shapes the
immunoregulatory properties of MSCs. MSCs activated by appro-
priate inflammatory cues, such as interferon-y (IFN-y) with tumor
necrosis factor-a (TNF-a) or interleukin-1 (IL-1), can express large
amounts of inducible nitric oxide synthase (iNOS) in rodents
(indoleamine-2,3-dioxygenase, or IDO, in humans and non-rodent
mammalian species) and chemokines, particularly the ligands of the
T-cell-specific chemokine receptors CC-chemokine receptor 5 (CCR5)
and CXC-chemokine receptor 3 (CXCR3). In this scenario, immune

cells are recruited to the vicinity of MSCs and are subsequently
inhibited by nitric oxide (NO) [9, 10]. In addition, inflammatory
cytokine-primed MSCs can reprogram lipopolysaccharide (LPS)-
stimulated macrophages toward anti-inflammatory phenotypes by
releasing prostaglandin E, (PGE;) [11]. Although several preclinical
and clinical studies have demonstrated that MSC-mediated immu-
nomodulation requires inflammatory cytokines, the underlying
mechanisms, especially metabolic requirements, have yet to be
characterized.

Nicotinamide adenine dinucleotide (NAD™) not only functions as
an essential cofactor in cellular bioenergetics but also acts as an
indispensable cosubstrate for NAD"-consuming enzymes, such as
sirtuins, poly(ADP-ribose) polymerases (PARPs) and cyclic ADP-
ribose (cADPR) synthetases. NAD™ is required for approximately 500
different enzymatic reactions in almost all known biological
processes [12-17]. Intracellular NAD" levels reflect the balance
between NAD' consumption and net biosynthesis via three
discrete pathways: the de novo biosynthetic pathway, the Preiss-
Handler pathway, and the salvage pathway [12-18]. In mammals,
the NAD"' salvage pathway is primarily responsible for NAD™
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production [19, 20]. In this context, the rate of NAD" synthesis is
largely limited by the first step of the salvage pathway, in which
nicotinamide (NAM) is converted to nicotinamide mononucleotide
(NMN) by NAM phosphoribosyltransferase (NAMPT) [21]. Dynamic
NAMPT levels fluctuate in response to NAD" demands and intrinsic
cellular stresses under inflammatory conditions, such as type 2
diabetes mellitus (T2DM), rheumatoid arthritis (RA), and IBD [22-24].

In the present study, we investigated the role of NAD™
dynamics in the acquisition of immunomodulatory capabilities in
MSCs in response to inflammatory priming. We found that
intracellular NAD™ levels in MSCs were dramatically decreased in
response to inflammatory stimulation. Detailed analysis demon-
strated that the NAD™ salvage pathway was crucial for the
immunosuppressive properties of MSCs. Inhibition or depletion of
NAMPT, a key enzyme in the NAD™ salvage pathway, abrogated
the expression of chemokines and immunosuppressive factors
and thus decreased the therapeutic efficacy of MSCs in mouse
models of inflammatory conditions. Mechanistically, inhibiting
NAMPT activity disrupted aerobic glycolysis and the subsequent
immunoregulatory functions of MSCs. Interestingly, an increase in
NAMPT-dependent glycolysis was accompanied by the accumula-
tion of succinate, an intermediate metabolite of the mitochondrial
tricarboxylic acid (TCA) cycle, which stabilizes hypoxia-inducible
factor-1a (HIF-1a) protein. The increase in HIF-1a further
transactivated key glycolytic genes to persistently maintain
glycolytic flux in MSCs. Taken together, our findings reveal a
novel immunoregulatory mechanism of MSCs involving an NAD™
metabolism-mediated feedback loop and suggest that augment-
ing NAMPT activity may increase the therapeutic efficacy of MSCs
in the clinical treatment of inflammatory diseases.

MATERIALS AND METHODS

Animals

C57BL/6J mice were obtained from Charles River Experimental Animal
Technology Co., Ltd. (Beijing, China) and maintained in a specific
pathogen-free barrier facility of the Laboratory Animal Center of Soochow
University. The mice used for tissue harvesting or experimental procedures
were males aged between 8 and 10 weeks. These mice were housed in
ventilated cages at 21 °C to 23 °C with a 12 h light-dark cycle. The relative
humidity in the animal facility was between 40 and 60%. Irradiated food
purchased from Jiangsu Xie Tong Pharmaceutical Bioengineering Co., Ltd.
(Nanjing, China) and sterile water were provided ad libitum. All animal
experimental procedures were approved by the Institutional Animal Care
and Use Committee of Soochow University (SUDA20210916A07).

MSC isolation and culture

MSCs were isolated and cultured as previously described [25, 26]. Briefly,
bone marrow was harvested from the tibias and femurs of C57BL/6 J mice.
The cells were cultured in DMEM supplemented with 10% fetal bovine
serum (FBS), 2mM glutamine, 100 U/ml penicillin, and 100 ug/ml
streptomycin (all from Invitrogen, Carlsbad, CA). Nonadherent cells were
removed after 24 h, and adherent cells were retained. The medium was
changed every 3 days. To obtain MSC clones, confluent cells were
harvested and seeded into 96-well plates by limited dilution. Individual
clones were then chosen and expanded. These MSCs were capable of
differentiating into adipocytes and osteocytes under the appropriate
differentiation conditions. All details regarding the characterization of
cultured MSCs are shown in Fig. S1 of the Supporting Information.

Apoptosis analysis
MSCs were stained with Annexin V and 7-AAD, incubated for 15 min at room
temperature (25 °C) in the dark and subsequently analyzed by flow cytometry.

Quantitative real-time polymerase chain reaction

Total RNA was extracted from each sample using TRIzol reagent
(Invitrogen) and reverse-transcribed using a QuantiTect Reverse Transcrip-
tion Kit (Qiagen, Germany) according to the manufacturer’s instructions.
Gene expression was measured by a QuantStudio 6 Flex System using
SYBR Green Master Mix (Applied Biosystems, Foster City, CA). The total
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amount of mRNA was normalized to endogenous f-actin mRNA. The
primers for the target genes were designed and are listed in Supplemen-
tary Table 1 of the supporting information.

RNA sequencing

Total RNA was extracted from each sample using TRIzol reagent, quantified
and purified with a Bioanalyzer 2100 and RNA 6000 Nano LabChip Kit
(Agilent, CA) according to the manufacturer’s instructions. The RNA
libraries were prepared and sequenced on an lllumina Novaseq™ 6000
platform by LC Bio Technology Co., Ltd. (Hangzhou, China). Data analysis
and visualization were performed using R (https://www.r-project.org/) and
the OmicStudio platform of LC Bio Technology Co. Ltd. (https://
www.omicstudio.cn/tool). Specifically, log processing was performed on
all data obtained by RNA-seq. Log pretreatment refers to adding a value to
the data before log processing, which is applicable when the distribution
range of the data crosses orders of magnitude. In this case, log processing
can enhance the visualization effect of the heatmap without changing the
linear relationship of the data. Then, after log pretreatment these data
were processed by centralization, which refers to the value of a gene
minus its mean across all samples.

Western blotting

Cells were washed twice with ice-cold PBS, harvested and lysed in RIPA
buffer (Beyotime, Shanghai, China) containing a cocktail of protease
inhibitors (Roche, Nutley, NJ) and PMSF (Beyotime) for 30 min on ice. The
lysates were collected by centrifugation at 12,000 xg for 20 min and
heated in sodium dodecyl sulfate sample buffer at 95 °C for 10 min. The
protein concentration of the supernatant was determined by BCA protein
assays (Bio-Rad, Hercules, CA). The protein samples were separated on
polyacrylamide gels, transferred onto polyvinylidene fluoride membranes
(Millipore, Temecular, CA) and incubated for 1h in 5% nonfat dry milk
dissolved in TBST (150 mM NaCl, 50 mM Tris-HCl, 0.05% Tween 20, pH 7.5)
at room temperature. The membranes were incubated with primary
antibodies overnight at 4 °C, extensively washed in TBST, incubated with
horseradish peroxidase-conjugated secondary antibodies for 2 h at room
temperature, and washed again with TBST. The membranes were
developed with chemiluminescent detection (Millipore) according to the
instructions provided by the manufacturer.

NAMPT knockdown

To achieve NAMPT knockdown, MSCs were transfected with NAMPT-
targeting short hairpin RNA (shRNA) carried by a lentiviral vector (PGLV3/
H1/GFP/Puro, GenePharma, Shanghai, China) and incubated with poly-
brene (5ug/mL, GenePharma) for 12 h. The shRNA target sequence for
Nampt was 5-GGTTACAGAGGAGTCTCTTCG-3. The scrambled shRNA
target sequence was 5-TTCTCCGAACGTGTCACGT-3'". Puromycin (5 pg/mL,
from Gibco, San Francisco, CA) was added to the culture medium to screen
successfully transfected cells.

Metabolic assays

Intracellular NAD™ levels were determined using an NAD'/NADH
Quantitation Colorimetric Kit (Beyotime) according to the manufacturer’s
instructions. Briefly, 10° cells were lysed in 200 uL NAD"/NADH extraction
buffer and centrifuged at 12,000xg for 10 min. Then, 20 uL of the
supernatant was directly transferred to a 96-well plate for NADo (NAD™"
and NADH) measurement, and the residues were heated in a water bath at
60 °C for 30 min for NADH detection. Next, 90 pL of alcohol dehydrogenase
working solution was gently added to each well and incubated at 37 °C for
10 min. Subsequently, 10 uL of NADH developer was added and incubated
at 37 °C for 30 min. The optical density at 450 nm was measured using a
multiwell spectrophotometer. The NAD' level in each sample was
calculated based on a standard curve drawn with the NADH standards
included in the kit.

NO was measured using a modified Griess reagent (Sigma—Aldrich, St.
Louis, MO). Briefly, all NO was converted into NO2 by nitrate reductase, and
total NO2 was detected by the Griess reaction [27].

Real-time ECAR measurements were made with an Agilent Seahorse XF-
24 Extracellular Flux Analyzer. MSCs were plated on 24-well Seahorse XF
cell culture microplates and subjected to different experimental processes
prior to performing the assay. Seahorse XF base medium was supple-
mented with 1 mM glutamine, adjusted to pH 7.4 with 0.1 N NaOH and
filtered through a 0.22 um filter. The ECAR was measured under basal
conditions and after the addition of the following compounds: 10 mM
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glucose, 1 uM oligomycin, and 50 mM 2-DG, which were added to ports A,
B, and C of the analyzer, respectively. Subsequently, each solution was
added at the indicated time points. The results were collected with Agilent
Wave software.

Glucose and lactate in cell culture supernatants were measured with a
glucose assay kit and lactate assay kit, respectively (Abcam, New
Territories, Hong Kong). Gas chromatography-mass spectrometry (GC-
MS)-based targeted metabolomics was performed on MSCs by Applied
Protein Technology Co., Ltd. (Shanghai, China) to analyze intracellular
glycolytic and TCA cycle intermediates. ATP abundance was measured
using an ATP assay kit (Beyotime). Briefly, 10° cells were lysed in 200 uL
ATP extraction buffer and centrifuged at 12,000 x g for 5 min. Then, 20 uL
of the supernatant was directly transferred to a white 96-well plate
containing 100 pL of ATP detection working solution. Subsequently, the
samples were measured using a luminometer.

Succinate abundance was measured using a succinate colorimetric assay
kit (Abcam, New Territories, Hong Kong). Briefly, 10° cells were lysed in
100 pL succinate assay buffer and centrifuged at 12,000 x g for 10 min.
Then, 50 pL of the supernatant was directly transferred to a white 96-well
plate containing 50 uL of the reaction mix. The plate was incubated at
37°C for 30 min. Subsequently, the absorbance of the samples was
measured at 450 nm using a luminometer.

Splenocyte proliferation assay

The proliferation of splenocytes was detected using CFSE staining and flow
cytometry [10]. Briefly, freshly isolated splenocytes in 1ml of PBS
containing 0.1% bovine serum albumin were stained with 5puM CFSE
dye for 10 min in a 37 °C water bath with mixing every 2 min. The reaction
was stopped by adding 1 ml of cold FBS. After 5 min, the cells were washed
with 5% FBS in PBS. The cells were activated with anti-CD3 (clone: 145-2¢c-
11) and cocultured with MSCs. After 72 h, the cells were collected, and the
remaining cell-associated CFSE fluorescence was analyzed by flow
cytometry.

Preparation of bone marrow-derived macrophages

To obtain bone marrow-derived macrophages, bone marrow was isolated
from the femurs and tibias of C57BL/6J mice and cultured in DMEM/F12
medium supplemented with 10% FBS and 20% L929 conditioned medium
for 7 days. The adherent cells were treated with MSC supernatants for 48 h
or subsequently activated with 100 ng/mL LPS (Sigma-Aldrich) for 24 h.
MSCs were stimulated with IFN-y and TNF-a (10 ng/ml each) for 24 h in the
presence or absence of 50 nM FK866, washed three times with PBS and
subsequently cultured with DMEM for another 24 h before the super-
natants were harvested. The MSC supernatant samples were used for the
subsequent treatment of mature bone marrow-derived macrophages.

Generation and analysis of the murine acute liver injury
model

Male C57BL/6J mice were intravenously injected with 15mg/kg ConA
(Sigma—Aldrich) in PBS to induce acute liver injury. Bone marrow-derived
MSCs (1 x 105 were pretreated with IFN-y (10 ng/ml) and TNF-a (10 ng/ml)
for 12h and then intravenously administered to mice that had been
treated with ConA for 30 min. The mice were euthanized, and serum and
liver samples were collected after 12 h. Serum ALT and AST activity were
determined by an ALT detection kit and an ALT detection kit, respectively
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China). Serum IFN-y
and IL-12 levels were determined by a mouse IFN-y ELISA kit and a mouse
IL-12 ELISA kit (Beyotime), respectively.

Generation and analysis of the murine colitis model

Male C57BL/6J mice were fed drinking water containing 4% DSS (MP
Biomedicals, Santa Ana, CA) ad libitum for 7 days to induce colitis. Bone
marrow-derived MSCs (1 x 10° or 1 x 10°) were intravenously administered
to IBD mice on Day 2 after the beginning of DSS treatment. Control mice
received normal drinking water. The body weight of each mouse was
monitored daily during IBD induction. All experimental mice were
euthanized after 7 days of DSS treatment, and colon samples were
collected for further processing. Serum IL-6 levels were determined by a
mouse IL-6 ELISA kit (Beyotime).

The disease activity index was evaluated after 7 days of DSS treatment
by scoring body weight loss (grades, 0-4: 0, none; 1, <10% loss of the initial
body weight; 2, 10-15% loss of the initial body weight; 3, 15-20% loss of
the initial body weight; and 4, >20% loss of the initial body weight), stool
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consistency (grades, 0-2: 0, none; 1, mild diarrhea; and 2, moderate to
severe diarrhea), rectal bleeding (grades, 0-2: 0, none; 1, mild bleeding;
and 2, moderate to severe bleeding), and general activity (grades, 0-2: 0,
normal; 1, mildly depressed; and 2, moderately to severely depressed) [28].

H&E staining and histological analysis

Liver and colon tissue samples were fixed in 4% paraformaldehyde for
3 days and sequentially dehydrated with 75% ethanol (overnight), 85%
ethanol (1 h), 95% ethanol (1 h), and 100% ethanol (1 h). The samples were
treated with xylene twice for 20 min each before being embedded in
paraffin. Finally, the samples were cut into 3-um sections.

Histological analysis was performed using standard hematoxylin and
eosin (H&E) staining. The severity of IBD symptoms was evaluated by
scoring the extent of bowel wall thickening (grades 0-3: O, none; 1,
mucosa; 2, mucosa and submucosa; and 3, transmural), crypt damage
(grades 0-3: 0, none; 1, loss of goblet cells; 2, only the surface epithelium
was intact; and 3, loss of the entire crypt and epithelium), and the
infiltration of inflammatory cells (grades 0-2: 0, none; 1, mild to moderate;
and 2, severe) in H&E-stained colon sections [28].

Isolation of tissue inflammatory cells and flow cytometric
analysis

The colon samples were excised, any visible fat was removed, and the
samples were rinsed in PBS. The samples were then cut into 1 cm pieces
and immersed in warm HBSS containing 5% FBS, 2mM DTT, and 5mM
EDTA at 37°C for 20 min on a shaker. The tissue samples were then
digested in DMEM containing 10% FBS, collagenase | (1 mg/mL) and
dispase (11 U/ml) at 37 °C for 1 h on a shaker. The digested colon tissues
were then passed through a 70-um cell strainer to generate a single cell
suspension for 80%/40% Percoll separation. Finally, the collected cells were
stained with antibodies specific for CD45, CD11b and F4/80. Flow
cytometry data were analyzed using FlowJo [28].

Statistical analysis

All data are represented as the mean and standard error of the mean
(mean = SEM) as specified in the figure legends. Statistical comparisons
were made using GraphPad Prism software (Version 8.0, GraphPad Prism
Software Inc,, San Diego, CA). The number in each treatment group is
indicated as “n” in the figure legends. For two-group comparisons, a two-
tailed unpaired t test was performed. For multiple group comparisons, one-
way analysis of variance was performed. P values are shown in the
corresponding figures. Notably, P values less than 0.05 were considered
statistically significant.

RESULTS

The NAD" salvage pathway is upregulated in MSCs stimulated
by inflammatory cytokines

NAD™ deficiency is now being recognized as a major cause of
increased metabolic dysfunction and altered disease susceptibility
in inflammatory disorders and aging [16, 29-31]. NAD" home-
ostasis is frequently disrupted in activated immune cells, in which
accelerated NAD™ consumption and defective NAD™ biosynthesis
collectively deplete intracellular NAD™' stores [32-36]. Recent
studies have shown that MSCs stimulated by inflammatory
cytokines are metabolically wired for aerobic glycolysis, which
directly controls their immunoregulatory effects [37-39]. NAD™,
which is a hydrogen carrier, regulates multiple catabolic processes,
including glycolysis, the TCA cycle and B-oxidation of fatty acids.
Therefore, we hypothesized that NAD* equilibrium was necessary
for the immunoregulatory capacity of primed MSCs. To explore
this hypothesis, we first measured NAD" levels over a 24-hour
period in MSCs after stimulation with IFN-y and TNF-a. Compared
to that in resting MSCs, NAD' abundance gradually decreased in
inflammatory cytokine-primed MSCs (Fig. 1A). The decrease in
NAD™ was accompanied by increased expression of the key NAD™
salvage pathway enzymes NMN adenylyl transferase 2 (NMNAT2)
and NAMPT, whereas expression of enzymes in the Preiss-Handler
pathway for NAD" synthesis from nicotinic acid and the de novo
biosynthetic pathway from tryptophan remained unchanged,
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Fig. 1

The NAD™ salvage pathway is upregulated in inflammatory cytokine-primed MSCs. A NAD™ levels in MSCs stimulated with IFN-y and

TNF-a (10 ng/ml each) over time (n = 3). B The expression of NAD"-related biosynthetic enzymes in MSCs stimulated with IFN-y and TNF-a
(10 ng/ml each) for 24 h was assayed by quantitative real-time polymerase chain reaction (QRT-PCR) (n = 3). C The expression of Nampt mRNA
in MSCs stimulated with IFN-y and TNF-o (10 ng/ml each) for 24 h was assayed by gRT-PCR (n = 3). D Flow cytometric analysis of NAMPT
protein expression in MSCs stimulated with IFN-y and TNF-a (10 ng/ml each) for 24 h (n = 3). E Schematic representation of the NAD™ salvage
pathway. F NAD™ levels in MSCs stimulated with IFN-y and TNF-a (10 ng/ml each) for 24 h in the presence or absence of 50 nM FK866 (n = 3).
MFI, mean fluorescence intensity. Values are presented as the mean + SEM. Statistical analysis was performed by two-tailed unpaired t test

suggesting that the NAD" salvage pathway contributes to the
maintenance of NAD' levels in IFN-y/TNF-a-stimulated MSCs
(Fig. 1B-D). Indeed, when MSCs were treated with FK866, which
potently and specifically inhibits NAMPT enzymatic activity in a
competitive manner with minimum toxicity and no impact on
NAMPT expression (Fig. 1E and Supplementary Fig. 2A-C) [40], the
NAD"™ pool was further exhausted in MSCs in response to
inflammatory priming (Fig. 1F). Collectively, these results sug-
gested that inflammatory cytokine-primed MSCs rely on NAMPT to
maintain intracellular NAD™ levels.

NAMPT function is required for the expression of chemokines
and immunomodulatory genes in inflammatory cytokine-
primed MSCs

We next investigated the role of NAMPT in the immunomodula-
tory function of inflammatory cytokine-primed MSCs. RNA
sequencing (RNA-seq) was performed on bone marrow-derived
MSCs treated with IFN-y and TNF-a for 24 h in the presence or
absence of FK866. The results indicated that FK866 did not affect
stemness characteristics or induce cellular senescence in inflam-
matory cytokine-primed MSCs (Supplementary Fig. 3). However,
NAMPT inhibition decreased the expression of genes associated
with chemotaxis and immune responses that are normally
induced in response to inflammatory cues, as determined using
gene set enrichment analysis (GSEA) (Fig. 2A). Specifically, FK866
treatment had broad negative effects on the expression of genes
encoding various CC-chemokine ligand (CCL) members, CXC-
chemokine ligand (CXCL) members and anti-inflammatory
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mediators (Fig. 2B and Supplementary Fig. 4A). Given that MSC-
mediated immunomodulation involves CCR5 ligands and CXCR3
ligands, including CCL5, CXCL9 and CXCL11, as well as multiple
anti-inflammatory factors, such as heme oxygenase 1 (HO1),
cyclooxygenase 2 (COX2) and iNOS [2, 4, 5], we examined the
expression of these chemokines and anti-inflammatory genes in
primed MSCs after NAMPT inhibition.  Consistently,
FK866 significantly impaired the production of the chemokines
CCL5, CXCL9 and CXCL11 and decreased the expression of the
anti-inflammatory factors HO1, COX2 and iNOS (Fig. 2C-Q).
However, FK866 did not alter the expression levels of these
chemokines and anti-inflammatory factors in resting MSCs
(Supplementary Fig. 2D-F). In addition, the production of NO,
which is cytotoxic to activated T cells, was attenuated in IFN-y/
TNF-a-stimulated MSCs treated with FK866 (Fig. 2H). To further
elucidate the importance of NAMPT for inflammatory cytokine-
primed MSCs, we used lentivirus-loaded shRNA to reduce NAMPT
expression (Supplementary Fig. 5A). Nampt shRNA-treated MSCs,
in which NAD™ levels were decreased, expressed fewer chemo-
kines and immunosuppressive factors in response to inflammatory
cytokine activation than scrambled shRNA-treated cells (Supple-
mentary Fig. 5B-H).

Given that NMN is the direct downstream metabolite of
NAMPT in the NAD" salvage pathway [41], we reasoned that
NMN could rescue the immunosuppressive defects of MSCs due
to NAMPT inhibition. Consistent with this idea, supplementation
with NMN increased NAD™ levels in IFN-y/TNF-a-stimulated
MSCs treated with FK866, although it failed to fully restore NAD™
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Fig. 2 NAMPT function is required for the expression of chemokines and immunomodulatory genes in inflammatory cytokine-primed MSCs.
A, B RNA-seq was performed on MSCs stimulated with IFN-y and TNF-a (10 ng/ml each) for 24 h in the presence or absence of 50 nM FK866.
The enrichment of chemotaxis and immune response genes was analyzed by GSEA. NES, normalized enrichment score; Padj, adjusted P value:
two-tailed, corrected for multiple comparisons using the Benjamini-Hochberg method (A). Volcano plot of differentially expressed chemokine
and anti-inflammatory mediator genes (B) (n = 3). C-F The expression of chemokines and immunomodulatory genes in MSCs stimulated with
IFN-y and TNF-a (10 ng/ml each) for 24 h in the presence or absence of 50 nM FK866 was assayed by qRT-PCR (n = 3). G The expression of
HO1, COX2, iNOS and p-actin (loading control) in MSCs stimulated with IFN-y and TNF-a (10 ng/ml each) for 24 h in the presence or absence of
50 nM FK866 were determined by immunoblotting. H MSCs were stimulated with IFN-y and TNF-a (10 ng/ml each) for 24 h in the presence or
absence of 50 nM FK866, and the supernatants was assayed for nitrate by a modified Griess reagent (n = 3). INAD™ levels in MSCs stimulated
with IFN-y and TNF-a (10 ng/ml each) with or without 50 nM FK866, 1 mM NMN or both for 24 h (n = 3). J-M The expression of chemokines
and immunomodulatory genes in MSCs stimulated with IFN-y and TNF-a (10 ng/ml each) with or without 50 nM FK866, 1 mM NMN or both for
24 h were determined by gRT-PCR (n = 3). N MSCs were stimulated with IFN-y and TNF-a (10 ng/ml each) for 24 h in the presence or absence
of 50 nM FK866 and 1 mM NMN, and the supernatants was assayed for nitrate by a modified Griess reagent (n = 3). 0 NAD™ levels in MSCs
stimulated with IFN-y and TNF-a (5ng/ml each) for 24h in the presence or absence of 5uM P7C3 (n=3). P-R The expression of
immunomodulatory genes in MSCs stimulated with IFN-y and TNF-a (5 ng/ml each) for 24 h in the presence or absence of 5uM P7C3 was
assayed by qRT-PCR (n = 3). Values are presented as the mean + SEM. Statistical analysis was performed by one-way analysis of variance
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levels (Fig. 21). The rescue of metabolic defects by the addition of
NMN was accompanied by the reversal of FK866-mediated
inhibition of the expression of chemokines and immunomodu-
latory genes (Fig. 2J-M). More importantly, NMN restored most
of the NO production (Fig. 2N). These results collectively suggest
that the expression of immunomodulatory genes in inflamma-
tory cytokine-primed MSCs highly relies on a constant NAD™
supply.

P7C3, an aminopropyl carbazole, increases NAD™ synthesis from
NAM and increases NAD™ levels by activating NAMPT in the NAD™
salvage pathway. P7C3 has shown impressive therapeutic efficacy
in diseases characterized by NAMPT dysfunction-related NAD™
decline, including neurodegeneration, diabetes and nonalcoholic
fatty liver disease [16, 31, 42, 43]. Consistent with the results from
previous reports, increasing NAD" levels by enhancing NAMPT
activity using P7C3 significantly increased the expression of
various anti-inflammatory genes (Fig. 20-R), although it failed to
further enhance the levels of chemokines (Supplementary Fig. 6A).
However, P7C3 did not enhance the expression levels of
immunosuppressive factors in resting MSCs (Supplementary
Fig. 6B), suggesting that inflammatory licensing is a prerequisite
for inducing the expression of immunomodulatory genes in MSCs
[4]. Taken together, these data suggest that the NAD™ salvage
pathway is required for the expression of chemokines and
immunomodulatory  genes  in  inflammatory  cytokine-
primed MSCs.

NAMPT is essential for the immunomodulatory effects of
MSCs on T cells and macrophages

To further explore whether NAMPT dysfunction could weaken the
immunoregulatory effects of MSCs on immune cells, we cocul-
tured FK866-pretreated MSCs with activated splenocytes at a 1:20
ratio (MSC-to-splenocyte) for 3 days. The proliferation of
splenocytes was measured by the carboxyfluorescein diacetate
succinimidyl ester (CFSE) dilution assay. As shown in Fig. 3A,
primed MSCs inhibited the proliferation of splenocytes. However,
this inhibitory effect of MSCs was significantly compromised after
FK866 treatment. In addition, we treated bone marrow-derived
macrophages with different MSC supernatants. FK866-treated
MSC supernatant was not effective in increasing the expression of
the anti-inflammatory genes arginase 1 (Arg-1), chitinase-like 3
(Chil3), Cd206 and transforming growth factor 3 (Tgf-8) in mature
macrophages (Fig. 3B). Furthermore, the ability of MSCs to reduce
the proinflammatory genes II-6, /I-12 and Tnf-a in inflammatory
macrophages was greatly weakened after LPS challenge (Fig. 3Q).
Consistently, NAMPT knockdown using shRNA interfered with
MSC-mediated inhibition of splenocyte proliferation (Fig. 3D). The
MSC-induced expression of anti-inflammatory genes in mature
macrophages was blocked by Nampt-shRNA (Fig. 3E). Importantly,
the decrease in the expression of proinflammatory genes was
abolished in LPS-stimulated macrophages treated with Nampt-
shRNA MSC supernatant (Fig. 3F).

Next, we investigated whether NMN supplementation in MSCs
with NAMPT loss of function could restore the immunomodulatory
effects of MSCs on T cells and macrophages. Consistent with the
reversal of FK866-mediated inhibition of the expression of
immunoregulatory factors, NMN treatment restored the suppres-
sive effects of FK866-treated MSCs on the activation and
proliferation of splenocytes (Supplementary Fig. 7A). Additionally,
the addition of NMN rescued the defects in anti-inflammatory
macrophage polarization associated with FK866-treated MSC
supernatant, which was characterized by increased expression of
the anti-inflammatory genes Arg-1, Chil3, Cd206 and Tgf-8 and
decreased production of the proinflammatory cytokines /-6, II-12
and Tnf-a in bone marrow-derived macrophages (Supplementary
Fig. 7B, Q). Taken together, these data suggest that NAMPT
function is essential for the immunomodulatory effects of MSCs on
T cells and macrophages.

SPRINGER NATURE

MSCs alleviate inflammatory diseases in a NAMPT-dependent
manner

We next used the dextran sulfate sodium (DSS)-induced IBD
mouse model to investigate the role of NAMPT in the
immunomodulatory function of MSCs in vivo (Fig. 4A). DSS-
induced IBD is a well-established model of intestinal epithelial
injury induced by acute innate immune responses, and inflam-
matory macrophages are the major effector cells [44]. Moreover,
the appearance of colitis in severe combined immunodeficiency
(SCID) and Rag™’~ mice indicates that acute DSS-induced colitis
can arise in the absence of adaptive immune cells [45, 46]. As
expected, a single intravenous injection of scrambled-shRNA MSCs
significantly improved clinical parameters such as body weight
and disease activity index compared to those in colitic mice
treated with PBS (Fig. 4B, C). Scrambled-shRNA MSC-treated IBD
mice also had a significantly lower reduction in colon length
(Fig. 4D). Moreover, scrambled-shRNA MSCs reduced the extent of
bowel wall thickening and crypt damage in colons, as shown by
histological examination (Fig. 4E). More importantly, scrambled-
shRNA MSCs decreased serum levels of IL-6 (Fig. 4F), which is an
important indicator of colitis progression [47]. Detailed analysis of
immune cells in the injured colon showed that the infiltration of
inflammatory cells was dramatically decreased in mice that were
administered scrambled-shRNA MSCs (Fig. 4G). In contrast, Nampt-
shRNA MSCs were not effective in ameliorating clinical para-
meters, increasing colon length or reducing serum IL-6 in mice
with colitis (Fig. 4B-F). In addition, Nampt-shRNA MSCs failed to
reduce the numbers of infiltrated inflammatory cells in the colon
tissues of DSS-treated mice (Fig. 4G).

We established a concanavalin A (ConA)-induced acute liver
injury model to further validate the therapeutic efficacy of MSCs in
inflammatory diseases (Supplementary Fig. 8A). ConA-induced
liver injury is a well-recognized in vivo model of hepatocyte
apoptosis induced by acute adaptive immune responses, in which
excessive T lymphocyte proliferation is the major contributor [48].
Scrambled-shRNA MSCs significantly alleviated liver damage,
leading to dramatic reductions in serum alanine transaminase
(ALT) and aspartate transaminase (AST) levels, proinflammatory
mediators, and centrilobular necrosis. However, these beneficial
effects were not observed in Nampt-shRNA MSC-treated mice
(Supplementary Fig. 8B-D). These results demonstrated that
NAMPT was required for the therapeutic efficacy of MSCs in
inflammatory diseases.

We next attempted to determine whether increasing NAMPT
activity could enhance the therapeutic potential of infused MSCs
in inflammatory diseases. In this context, a single intravenous
injection of MSCs at a lower dose was not effective in ameliorating
IBD and acute liver injury. However, the same dose of P7C3-
pretreated MSCs exerted significant therapeutic effects on mice
with colitis and acute liver injury (Fig. 4H-N and Supplementary
Fig. 8E-H). Taken together, these data suggest that the
therapeutic efficacy of MSCs in inflammatory diseases depends
on NAMPT.

NAMPT sustains inflammatory cytokine-induced glycolysis in
MSCs

Recent studies have shown that inflammatory factors trigger
metabolic skewing toward aerobic glycolysis in MSCs, which
directly determines their immunoregulatory effects [37-39].
Moreover, cellular NAD" availability determines whether cells
engage in aerobic glycolysis [49]. To further characterize the role
of NAMPT-dependent NAD" salvage in glycolysis after inflamma-
tory priming, we analyzed the RNA-seq data of IFN-y/TNF-a-
stimulated MSCs treated with FK866. GSEA signatures showed that
the genes that were enriched for glycolysis were downregulated
in inflammatory cytokine-primed MSCs treated with the NAMPT
inhibitor (Fig. 5A). Specifically, we found that FK866 significantly
decreased the expression of key glycolytic genes, including
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Fig.3 NAMPT is required for the immunomodulatory effects of MSCs on T cells and macrophages A Splenocytes were stained with CFSE and
cocultured with EtOH-pretreated MSCs or FK866-pretreated MSCs (2.5 x 10 cells per well in 48-well plates) at a ratio of 1:20 (MSC:splenocyte)
for 72 h in the presence of anti-CD3 (1 pg/ml). The reduction in the CFSE fluorescence intensity in splenocytes was detected by flow cytometry
(n = 4). B Bone marrow-derived macrophages (BMDM:s) were treated with different MSC supernatants (MSC-S) for 48 h. The expression of anti-
inflammatory genes Arg-1, Chil3, Cd206 and Tgf-8 in mature BMDMs was determined by qRT-PCR (n = 3). C BMDMs were treated with different
MSC-S for 48 h and subsequently treated with LPS (100 ng/mL) for 24 h. The expression of the proinflammatory genes /-6, ll-12 and Tnf-a in
inflammatory macrophages was determlned by qRT-PCR (n = 3). D Splenocytes were stained with CFSE and cocultured with Scrambled-
shRNA or Nampt-shRNA MSCs (2.5 x 10* cells per well in 48-well plates) at a ratio of 1: 20 (MSC:splenocyte) for 72 h in the presence of anti-CD3
(1 pg/ml). The reduction in the CFSE fluorescence intensity in splenocytes was detected by flow cytometry (n = 4). E BMDMs were treated with
different MSC-S for 48 h. The expression of the anti-inflammatory genes Arg-1, Chil3, Cd206 and Tgf-8 in mature BMDMs was determined by
qRT-PCR (n = 3). F BMDMs were treated with different MSC-S for 48 h and subsequently treated with LPS (100 ng/mL) for 24 h. The expression
of the proinflammatory genes /-6, ll-12 and Tnf-a in inflammatory macrophages was determined by qRT-PCR (n = 3). Values are presented as
the mean + SEM. Statistical analysis was performed by one-way analysis of variance
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Fig. 4 The beneficial effects of MSCs on inflammatory bowel disease (IBD) require NAMPT. A Treatment of DSS-induced IBD by Scrambled-
shRNA or Nampt-shRNA MSCs (1 x 10°%) administered intravenously to mice on Day 2 after the beginning of DSS treatment. Mice in the control
group received normal drinking water. On Day 7, the mice were euthanized, and the colons were excised. B-D Body weight, disease activity
index and colon length of IBD mice treated with Scrambled-shRNA or Nampt-shRNA MSCs. E Representative H&E-stained colon sections and
histological scores of IBD mice treated with scrambled-shRNA or Nampt-shRNA MSCs. Scale bars, 250 pm. F Interleukin-6 (IL-6) levels in the
serum of IBD mice treated with Scrambled-shRNA or Nampt-shRNA MSCs were assayed by enzyme-linked immunosorbent assay (ELISA)
(Control: n =5, DSS + PBS: n =7, DSS-+Scrambled-shRNA MSC: n = 7, DSS+Nampt-shRNA MSC: n = 7). G Mononuclear cell counts in the colon
lamina propria of IBD mice treated with Scrambled-shRNA or Nampt-shRNA MSCs, as determined by flow cytometry (Control: n = 4, DSS + PBS:
n=>5, DSS+Scrambled-shRNA MSC: n =5, DSS+Nampt-shRNA MSC: n = 5). H Treatment of DSS-induced IBD by DMSO-pretreated MSCs or
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colon length of IBD mice administered DMSO-pretreated MSCs or P7C3-pretreated MSCs. L Representative H&E-stained colon sections and
histological scores of IBD mice administered DMSO-pretreated MSCs or P7C3-pretreated MSCs. Scale bars, 100 pm. M IL-6 levels in the serum
of IBD mice administered DMSO-pretreated MSCs or P7C3-pretreated MSCs were assayed by ELISA (Control: n=5, DSS + PBS: n=7,
DSS + MSC (DMSO): n =7, DSS + MSC (P7C3): n = 7). N Mononuclear cell counts in the colon lamina propria of IBD mice administered DMSO-
pretreated MSCs or P7C3-pretreated MSCs, as determined by flow cytometry (Control: n =5, DSS + PBS: n=5, DSS + MSC (DMSO): n=5,
DSS + MSC (P7C3): n=15). Values are presented as the mean + SEM. Statistical analysis was performed by one-way analysis of variance
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glucose transporter 1 (Glut1), hexokinase 2 (Hk2), phosphofructoki-
nase (Pfkl), aldolase-fructose-bisphosphate A (Aldoa),
glyceraldehyde-3-phosphate dehydrogenase (Gapdh), phosphoglyce-
rate mutase 1 (Pgaml), enolase 1 (Enol), pyruvate kinase M1/2
(Pkm) and lactate dehydrogenase A (Ldha) (Fig. 5B, C). The protein
levels of GLUT1 (the glucose transporter) and HK2 (the pacemaker
molecule for glycolysis) were downregulated in IFN-y/TNF-a-
primed MSCs in response to NAMPT inhibition (Fig. 5D, E). We
measured the extracellular acidification rate (ECAR) to assess
glycolytic activity in primed MSCs. Consistently, the robust
increase in glycolytic flux typical of inflammatory cytokine-
primed MSCs was markedly reduced in the presence of FK866,
and the glycolytic rate and capacity were nearly absent (Fig. 5F).
Measurements of glycolytic and TCA metabolites revealed
significant decreases in many intermediate metabolites and
adenosine triphosphate (ATP) production in FK866-treated primed
MSCs (Fig. 5G, H).

We next used Nampt shRNA-treated MSCs to corroborate the
results obtained with FK866. Consistently, the expression of
glycolysis-related molecules, including GLUT1 and HK2, was lower
than that in MSCs transduced with the scrambled shRNA
(Fig. 51-K). Nampt knockdown mirrored glycolysis inhibition
observed in response to FK866, as indicated by the decreased
glycolytic rate, decreased glucose consumption and lactate
accumulation, and reduced intracellular ATP levels (Fig. 5L-N). In
addition, we used the hexokinase inhibitor 2-deoxyglucose (2-DG)
to specifically block glycolytic processes. The expression of
immunoregulatory factors and NO production were dramatically
decreased in IFN-y/TNF-a-stimulated MSCs treated with 2-DG,
which mimicked the effects of FK866 (Supplementary Fig. 9).
Taken together, these data suggest that NAMPT is important for
glycolytic wiring in inflammatory cytokine-primed MSCs.

HIF-1a mediates NAD "-driven glycolysis in inflammatory
cytokine-primed MSCs

To further elucidate the mechanism underlying the reduction in
glycolysis caused by NAMPT inhibition in inflammatory cytokine-
primed MSCs, we performed Gene Ontology (GO) enrichment
analysis, Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment analysis and GSEA of the RNA-seq data and found that
processes related to the cellular response to hypoxia and the HIF-1
signaling pathway were highly enriched and dramatically down-
regulated in inflammatory cytokine-primed MSCs treated with
FK866, suggesting that HIF-1 may be a crucial regulator of NAMPT-
dependent glycolysis (Fig. 6A, B and Supplementary Fig. 4B, C).
Since the majority of glycolytic genes, including Glut1, Hk2, Pfkl,
Aldoa, Enol, Pkm and Ldha, are transactivated by HIF-1a [50], we
measured the levels of HIF-1a protein in NAMPT-dysfunctional
MSCs in response to inflammatory priming. As expected, HIF-1a
levels were greatly increased in MSCs treated with IFN-y/TNF-q,
and this upregulation was abolished by FK866 treatment or
NAMPT knockdown (Fig. 6C, D). To determine whether HIF-1a was
required for glycolytic activity in MSCs following inflammatory
stimulation, we treated IFN-y/TNF-a-primed MSCs with KC7F2, a
selective inhibitor of HIF-1a [51], and observed a decrease in the
glycolytic rate, as indicated by decreased levels of numerous
glycolytic genes, as well as reduced expression of anti-
inflammatory genes (Fig. 6E-I). In contrast, the prolyl hydroxylase
(PHD) inhibitor dimethyloxallyl glycine (DMOG), which stabilizes
the HIF-1a protein [52], further increased the levels of these
glycolytic genes and subsequently increased anti-inflammatory
gene expression (Fig. 6E-I). Collectively, these data indicate that
HIF-1a drives aerobic glycolysis in inflammatory cytokine-primed
MSCs.

The increase in glycolytic activity was accompanied by the
upregulation of NAMPT expression in response to enhanced
NAD™ expenditure in inflammatory cytokine-primed MSCs treated
with DMOG. Decreased glycolytic flux in response to KC7F2
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treatment, on the other hand, spared the reserve of NAD" and
consequently reduced NAMPT expression, suggesting that NAMPT
may sense the fluctuation in NAD" levels and increase or decrease
its expression accordingly to maintain cellular energy homeostasis
(Fig. 6J, K). Next, we determined whether HIF-1a stabilization
relied on NAMPT-dependent production of NAD™. The addition of
NMN, the immediate precursor of NAD™ in the salvage pathway,
partially restored HIF-1a protein levels and the subsequent
expression of glycolytic genes that were reduced by FK866 (Fig. 6L
and Supplementary Fig. 10A). However, HIF-1a inhibition via
KC7F2 abrogated the rescue of glycolytic activity and immuno-
modulatory gene expression by the addition of NMN (Fig. 6M, N
and Supplementary Fig. 10B, C). Taken together, these results
demonstrate that NAD'-driven glycolysis in inflammatory
cytokine-primed MSCs is mediated by HIF-1a.

The succinate-HIF-1a axis promotes the expression of
immunomodulatory effectors in inflammatory cytokine-
primed MSCs

Enhanced glycolytic activity is accompanied by increased accumu-
lation of the key TCA cycle intermediate succinate. High levels of
succinate are transported from the mitochondria through the
dicarboxylic acid transporter to the cytosol, where excess levels
impair PHD activity through product inhibition, leading to HIF-1a
stabilization and activation [53-55]. As shown in Fig. 5G, NAMPT
inhibition decreased succinate levels in primed MSCs. Therefore, we
explored whether succinate was responsible for HIF-1a stabilization
and sustained the immunomodulatory ability of MSCs. As expected,
supplementation with succinate significantly restored HIF-1a
protein levels in IFN-y/TNF-a-stimulated MSCs treated with FK866
(Fig. 7A). However, the impaired production of chemokines and
anti-inflammatory factors in the presence of FK866 was only slightly
restored by the addition of exogenous succinate, and there was
mild rescue of glycolytic defects accompanied by enhanced NAD™"
use (Supplementary Fig. 11A-D). These results indicate that while
succinate can stabilize HIF-1q, its effect on increasing glycolysis is
limited when the NAD™ supply is blocked. However, when there
was no impairment in NAD" supply, succinate supplementation
could increase glycolytic activity and consequently increase the
expression of chemokines and anti-inflammatory factors in IFN-y/
TNF-a-stimulated MSCs (Supplementary Fig. 11A-C). To further test
whether HIF-1a mediates the beneficial effects of succinate, we
measured the expression of immunomodulatory genes in inflam-
matory cytokine-primed MSCs treated with FK866 and succinate in
the presence of the HIF-1a inhibitor KC7F2. As expected, HIF-1a
inhibition abrogated the effect of the addition of succinate
(Supplementary Fig. 11E, F).

Importantly, succinate priming increased the therapeutic
efficacy of MSCs in the disease setting. While a single intravenous
injection of MSCs at a lower dose was not effective in ameliorating
IBD, succinate-pretreated MSCs at the same dose exerted
significant therapeutic effects on colitis mice (Fig. 7B-G). We also
tested the cell-permeable molecule dimethyl malonate (DMM),
which is rapidly hydrolyzed within the cell to generate malonate, a
potent competitive inhibitor of succinate oxidation, impairing the
oxidation of succinate to fumarate via potent competitive
inhibition of succinate dehydrogenase (SDH) and consequently
leading to an increase in succinate in the cytosol [56]. DMM
increased glycolytic rates and the expression of immunomodula-
tory genes, which was accompanied by enhanced NAD"
expenditure (Supplementary Fig. 12). Taken together, these
findings indicate that succinate drives HIF-1a-mediated immuno-
modulation by inflammatory cytokine-primed MSCs.

DISCUSSION
MSCs can orchestrate inflammatory microenvironments and have
been widely used to resolve various pathological conditions in
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Fig.5 Primed MSCs require NAMPT to drive glycolysis. A, BRNA-seq was performed on MSCs stimulated with IFN-y and TNF-a (10 ng/ml each) for
24 h in the presence or absence of 50 nM FK866. The enrichment of glycolytic genes process was analyzed by GSEA. NES, normalized enrichment
score; Padj, adjusted P value: two-tailed, corrected for multiple comparisons using the Benjamini-Hochberg method (A). Hierarchical clustering of
glycolysis-related gene expression (B) (n = 3). C The expression of several glycolytic genes in MSCs stimulated with IFN-y and TNF-a (10 ng/ml
each) for 24 h in the presence or absence of 50 nM FK866 was assayed by qRT-PCR (n =3). D, E GLUT1 expression was examined by flow
cytometry, and HK2 expression was examined by immunoblotting in MSCs stimulated with IFN-y and TNF-a (10 ng/ml each) for 24 h in the
presence or absence of 50 nM FK866 (n = 3). F Real-time ECAR changes in MSCs stimulated with IFN-y and TNF-a (10 ng/ml each) combined with
50 nM FK866 for 24 h using the Seahorse Analyzer (n = 3). Glc, glucose; Oligo, oligomycin; 2-DG, 2-deoxyglucose. G Hierarchical clustering of
targeted metabolomics in MSCs stimulated with IFN-y and TNF-a (10 ng/ml each) for 24 h in the presence or absence of 50 nM FK866 (n = 3).
H ATP levels in MSCs stimulated with IFN-y and TNF-a (10 ng/ml each) for 24 h in the presence or absence of 50 nM FK866 (n = 3). 1 The expression
of several glycolytic genes in MSCs that were transduced with Scrambled-shRNA or Nampt-shRNA and stimulated with IFN-y and TNF-a (10 ng/ml
each) for 24 h was assayed by qRT-PCR (n = 3). J, K GLUT1 expression was examined by flow cytometry, and HK2 expression was examined by
immunoblotting in MSCs transduced with Scrambled-shRNA or Nampt-shRNA and stimulated with IFN-y and TNF-a (10 ng/ml each) for 24 h
(n = 3). L Real-time ECAR changes in MSCs transduced with Scrambled-shRNA or Nampt-shRNA and stimulated with IFN-y and TNF-a (10 ng/ml
each) using a Seahorse Analyzer (n = 3). M Analysis of 24-h glucose consumption and lactate production in the supernatant of MSCs transduced
with Scrambled-shRNA or Nampt-shRNA and stimulated with IFN-y and TNF-a (10 ng/ml each) (n =3). N ATP levels in MSCs transduced with
Scrambled-shRNA or Nampt-shRNA and stimulated with IFN-y and TNF-a (10 ng/ml each) for 24 h (n = 3). MFI, mean fluorescence intensity. Values
are presented as the mean + SEM. Statistical analysis was performed by one-way analysis of variance
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Fig. 6 HIF-1a mediates NAD-driven glycolysis in inflammatory cytokine-primed MSCs. A, B RNA-seq was performed on MSCs stimulated with
IFN-y and TNF-a (10 ng/ml each) for 24 h in the presence or absence of 50 nM FK866. The enrichment of genes in the cellular response to hypoxia
was determined by GO enrichment analysis (A), and the HIF-1 signaling pathway was determined by KEGG enrichment analysis (B) and analyzed
by GSEA. NES, normalized enrichment score; Padj, adjusted P value: two-tailed, corrected for multiple comparisons using the Benjamini—-Hochberg
method (n = 3). C HIF-1a expression was examined by flow cytometry in MSCs stimulated with IFN-y and TNF-a (10 ng/ml each) for 24 h in the
presence or absence of 50 nM FK866 (n = 3). D HIF-1a expression was examined by flow cytometry in MSCs transduced with Scrambled-shRNA or
Nampt-shRNA and stimulated with IFN-y and TNF-a (10 ng/ml each) for 24 h (n = 3). E HIF-1a expression was examined by flow cytometry in MSCs
stimulated with IFN-y and TNF-a (10 ng/ml each) for 24 h in the presence of 40 pM KC7F2 or 500 pM DMOG (n =3). F, G The expression of
glycolytic and immunomodulatory factors in MSCs stimulated with IFN-y and TNF-a (10 ng/ml each) for 24 h in the presence of 40 pM KC7F2 or
500 uM DMOG was assayed by qRT-PCR (n=3). H The expression of HO1, COX2, iNOS and f-actin (loading control) determined by
immunoblotting in MSCs stimulated with IFN-y and TNF-a (10 ng/ml each) for 24 h in the presence of 40 pM KC7F2 or 500 pM DMOG. | MSCs were
stimulated with IFN-y and TNF-a (10 ng/ml each) for 24 h in the presence of 40 pM KC7F2 or 500 pM DMOG, and the supernatants were assayed for
nitrate by a modified Griess reagent (n = 3). J NAD™ levels in MSCs stimulated with IFN-y and TNF-a (10 ng/ml each) for 24 h in the presence of
40 pM KC7F2 or 500 pM DMOG (n = 3). K The expression of Nampt mRNA in MSCs stimulated with IFN-y and TNF-a (10 ng/ml each) for 24 h in the
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combinations of 50 nM FK866, 1 mM NMN or 40 pM KC7F2 for 24 h was assayed by qRT-PCR (n = 3). MFIl, mean fluorescence intensity. Values are
presented as the mean + SEM. Statistical analysis was performed by one-way analysis of variance
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Fig. 7 Succinate drives HIF-1a-mediated immunomodulation in inflammatory cytokine-primed MSCs. A HIF-1a levels in MSCs stimulated with
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intensity. Values are presented as the mean + SEM. Statistical analysis was performed by one-way analysis of variance

preclinical and clinical settings [1, 2, 4-6, 8, 57]. However, the
immunomodulatory effects of MSCs are not constitutive but are
activated and dictated by the type and intensity of inflammation.
While MSCs cocultured with T cells without activation signals
failed to inhibit T-cell proliferation, MSCs completely inhibited
T-cell proliferation in response to a combination of IFN-y plus TNF-
a or IL-1, which are commonly released by activated T cells [9, 10].
These studies clearly demonstrated that MSC-mediated immuno-
modulation is highly plastic. In fact, hypoxic conditions can also
affect the immunomodulatory phenotype of MSCs. Hypoxia-
preconditioned MSCs exhibited stronger anti-inflammatory effects
on experimental autoimmune encephalomyelitis (EAE) through
the production of insulin-like growth factor 2 (IGF-2) [58].
Therefore, understanding the mechanisms governing the plasti-
city of MSC immunomodulation and developing more effective
strategies for MSC-based therapeutic applications are highly
desired in the clinic. Recent studies have revealed that metabolic
reprogramming is essential for shaping the immunoregulatory
properties of MSCs [37-39]. Given that NAD™ acts as a cofactor to
exert critical effects on energy generation from fuel substrates and

SPRINGER NATURE

is a cosubstrate for important NAD*-consuming enzymes that
determine cellular activation and stress responses [12-17], we
hypothesized that NAD' metabolism could regulate the immu-
nomodulatory function of MSCs in inflammatory microenviron-
ments. Indeed, we found that NAD" pools were gradually
depleted in inflammatory cytokine-primed MSCs compared to
resting MSCs. Interestingly, NAD™ depletion was coupled with the
upregulation of NAMPT, which was essential for NAD™ salvage in
MSCs stimulated with IFN-y and TNF-q, and the loss of NAMPT
activity led to nearly complete NAD™ depletion. These results
indicate that the NADT salvage pathway is indispensable for
maintaining NAD' homeostasis in inflammatory cytokine-
primed MSCs.

NAMPT, which converts NAM to NMN, is the first rate-limiting
enzyme of the NAD" salvage pathway in mammals. Through its
NAD™-biosynthetic activity, NAMPT indirectly influences the
functions of diverse NAD" catabolic enzymes, such as sirtuins,
PARPs and cADPR synthetases, and thereby regulates cellular
metabolism, mitochondrial biogenesis, redox regulation, DNA
repair and inflammatory responses in various pathological
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Fig. 8 A schematic model of NAD" metabolism-mediated immunomodulation in MSCs. A Inflammatory cytokine-primed MSCs rely on
NAMPT in the NAD" salvage pathway to maintain intracellular NAD" pools, which are indispensable for glycolytic flux. The increase in
glycolysis is accompanied by the accumulation of succinate, an intermediate metabolite of the mitochondrial tricarboxylic acid (TCA) cycle,
which stabilizes the hypoxia-inducible factor-1a (HIF-1a) protein, increases glycolytic gene transcription and consequently shapes the NAD"-
dependent immunoregulatory properties of inflammatory cytokine-primed MSCs through this feedback loop. B Increasing NAD™ biosynthesis
by promoting NAMPT activity with P7C3 may be a novel strategy for optimizing the therapeutic efficacy of MSCs in inflammatory conditions.
Moreover, enhancing succinate accumulation with DMM and increasing HIF-1a levels with DMOG are alternative approaches to elevating the

immunoregulatory potential of inflammatory cytokine-primed MSCs

conditions and aging [12-17, 59]. Notably, we found that NAMPT
inhibition or knockdown impaired the production of chemokines
and inhibited the expression of immunomodulatory genes due to
NAD™ depletion in inflammatory cytokine-primed MSCs, and this
effect could be rescued by the addition of NMN, the immediate
NAD™ precursor in the salvage pathway. Furthermore, the NAMPT
activator P7C3 significantly enhanced the expression of various
anti-inflammatory genes in MSCs stimulated with IFN-y and TNF-a.
Taken together, our data indicate that the immunomodulatory
function of MSCs depends on the NAD™ salvage pathway.
Increased NAMPT levels in immune cells are associated with
various inflammatory disorders, including atherosclerosis, RA,
GvHD and IBD [24, 60-62]. In preclinical studies, the NAMPT
inhibitor FK866 effectively ameliorated experimental colitis in mice
and dramatically decreased cytokine release from human lamina
propria mononuclear cells in patients with IBD. Mechanistically,
FK866-induced NAD™ depletion skews proinflammatory macro-
phages toward anti-inflammatory phenotypes and antagonizes
aberrant T-cell reactions [24, 62]. In contrast, an increase in NAMPT
activity enhances NAD'-dependent GAPDH activity, which is
required for the Warburg effect in proinflammatory macrophages,
and increases the production of inflammatory mediators, thus
aggravating inflammatory conditions [63]. Therefore, targeting
NAMPT in the NAD" salvage pathway is as a novel therapeutic
approach for inflammatory disorders [12, 59]. However, this study
showed that a lack of NAMPT activity impaired the immunomo-
dulatory capability of MSCs, as indicated by the reduced inhibition
of T-cell proliferation and anti-inflammatory polarization of
macrophages, as well as the weakened therapeutic efficacy of
MSCs in IBD and acute liver injury. Correspondingly, increasing
NAMPT activity in MSCs with P7C3 enhanced their therapeutic

Cellular & Molecular Immunology (2023) 20:1171-1185

potential in these disease models. The loss of NAMPT activity
decreased the expression of key glycolytic genes, thereby
lowering glycolytic rates and inhibiting the production of various
glycolytic and TCA cycle intermediates. These findings in immune
cells and MSCs indicated that the NAD" salvage pathway has
distinct functions in different types of mammalian cells. While
activated immune cells and primed MSCs rely on the NAD"
salvage pathway to sustain glycolysis, they exert pro- and anti-
inflammatory effects, respectively. Inflammatory macrophages rely
on glycolysis to increase proinflammatory responses against
invading pathogens [50]. In contrast, bioenergetic shifts toward
aerobic glycolysis determine the immunosuppressive effect of
inflammatory cytokine-primed MSCs [37, 38]. Therefore, NAMPT-
dependent NAD" metabolism may lead to opposite outcomes in
different types of mammalian cells to coordinately maintain tissue
immune homeostasis and achieving a balance in the local
microenvironment.

HIF-1a is critical for driving glycolysis in various immune cells in
response to inflammatory stimulation, and it transactivates the
expression of key glycolytic genes, such as Glut1, Hk2, Pfkl, Aldoa,
Gapdh, Pgam1, Enol, Pkm and Ldha, thereby allowing for
sustained biosynthesis and ATP production [50, 64]. Our data
showed that HIF-1a similarly transactivated glycolytic genes in
inflammatory cytokine-primed MSCs and conferred immunosup-
pressive properties, which was consistent with a previous study
[65]. The TCA cycle intermediate succinate accumulates in
inflammatory macrophages following LPS treatment. Excessive
cytosolic succinate is transported from the mitochondria and
suppresses the catalytic activity of PHD, thereby promoting the
stabilization of HIF-1a protein, which then activates the transcrip-
tion of a number of genes, including genes encoding
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proinflammatory cytokines, as well as those involved in glycolytic
enzymes [54, 55]. DMOG can inhibit the hydroxylation activity of
PHD, thus stabilizing the HIF-1a protein [52]. DMOG further
enhances the expression of HIF-1a-targeted glycolytic genes and
subsequent anti-inflammatory gene levels, suggesting that PHD
inhibition promotes HIF-1a activity in inflammatory cytokine-
primed MSCs. Similarly, supplementation with succinate, an
important negative regulator of PHD, partially rescued the
decrease in glycolytic activity and consequently restored the
immunomodulatory ability of MSCs with NAMPT loss of function,
suggesting that the circuitry consisting of succinate accumulation,
HIF-1a stabilization and glycolysis adequately sustains the
expression of immunoregulatory factors in inflammatory
cytokine-primed MSCs only when there is a constant supply of
NAD™ that is supported by the NAMPT-mediated salvage pathway.
However, this rescue effect of succinate was abrogated by the HIF-
1a inhibitor KC7F2, suggesting that succinate is a crucial
intermediate metabolite in HIF-1a-mediated immunomodulation
of inflammatory cytokine-primed MSCs. In addition, increasing
succinate accumulation in the cytosol with DMM significantly
elevated glycolytic rates and enhanced the expression of
immunomodulatory genes. More importantly, preconditioning
with succinate improved the immunoregulatory properties and
therapeutic efficacy of MSCs in the IBD model. Thus, our findings
show that priming MSCs with metabolites represents a promising
strategy to increase MSC therapeutic efficacy in diseases.

Although this study reveals that the decrease in NAD" is
attributed to increased catabolic activity, such as glycolysis and
the TCA cycle, the role of NAD" degradation enzymes, including
PARP1, CD38 and SIRTs, in NAD" consumption in inflammatory
cytokine-primed MSCs remains unknown. In addition, the
mechanism underlying the up- or downregulation of NAMPT in
response to NAD' availability in MSCs after inflammatory
stimulation remains unclear. This study delineated the role of
NAD™ metabolism in shaping the immunoregulatory properties of
inflammatory cytokine-primed MSCs, but it is still unclear how
NAD™ dynamics determine the immunomodulatory activity of
MSCs due to the lack of a method for manipulating NAD™ levels in
MSCs in situ. This is a fundamental question that needs to be
solved in the future.

Collectively, our work identified an NAD' salvage-based
mechanism underlying the immunoregulatory functions of MSCs.
Inflammatory cytokine-primed MSCs rely on NAMPT to maintain
NAD® pools, which are indispensable for driving glycolysis.
Cytosolic succinate accumulation following the increases in
glycolysis and the TCA cycle can stabilize the HIF-1a protein and
subsequently increase the transcription of key glycolytic genes,
thereby sustaining glycolytic activity and shaping the immunor-
egulatory properties of inflammatory cytokine-primed MSCs
through this feedback loop (Fig. 8). These findings illustrate
distinct roles of NAD" metabolism in different types of
mammalian cells and provide novel modalities for better
therapeutic applications of MSCs in inflammatory diseases.
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