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Sirt1-Overexpressing Mesenchymal Stem
Cells Drive the Anti-tumor Effect through
Their Pro-inflammatory Capacity
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The major obstacles for the efficacy of tumor immunotherapies
are their immune-related systemic adverse events. Therefore,
tumor tropism property and pro-inflammatory ability of
mesenchymal stem cells (MSCs) could be utilized in combina-
tion to potentiate local immunity for cancer eradication. We
previously observed that MSCs with the type III histone deace-
tylase silent information regulator 2 homologue 1 (Sirt1) over-
expression displayed a pro-inflammatory capacity. However,
the anti-tumor effect of Sirt1-overexpressing MSCs and the
role of Sirt1 in regulating the pro-inflammatory capacity of
MSCs still need to be clarified. In this study, utilizing the hepatic
metastasismodel of colorectal carcinoma,we demonstrated that
Sirt1-overexpressing MSCs significantly exerted anti-tumor ac-
tivity through increasing the number of CD8+ T cells. Further-
more, Sirt1 did not affect chemokine secretion inMSCs induced
by inflammatory cytokines, but impaired the immunosuppres-
sive ability of MSCs through suppressing inflammatory cyto-
kine-stimulated inducible nitric oxide synthase (iNOS) produc-
tion via deacetylating p65. iNOS overexpression negated the
anti-tumor effect of Sirt1-overexpressing MSCs. Collectively,
our data defined Sirt1 as the critical regulator for modulating
the pro-inflammatory ability of MSCs, and they suggested
that Sirt1-overexpressing MSCs secreting chemokines but little
iNOS under the inflammatorymilieu were capable of attracting
immune cells to close proximity without suppressing their
proliferation, thereby achieving a potent anti-tumor effect.
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INTRODUCTION
The approaches to cancer treatment have made significant progress
with outstanding advances in the clinical development of immuno-
therapy strategies.1 However, systemic immunotherapies still cause
major side effects because they powerfully enhance the activity of
the entire immune system.2,3 Thus, finding better options for cancer
immunotherapy with less aggressive systemic immune responses and
more enhanced specific anti-tumor immunity is therefore a highly
sought-after goal. At present, mesenchymal stem cells (MSCs) have
emerged as anti-tumor drug carriers for cancer treatment owing to
their migration toward the malignant tumor site.4 MSCs genetically
engineered with anti-cancer agents migrate to the tumor site and
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exhibit their local anti-tumor activity.5–7 Recently, with further inves-
tigation, the substantial data available have established that the
immunoregulatory capacities of MSCs are not constitutive but are
rather licensed by inflammation.8 MSCs can acquire a pro-inflamma-
tory or anti-inflammatory phenotype depending on the inflammation
type or concentration.9 Thus, the utilization of pro-inflammatory
MSCs for the reversion of tumor-derived immunosuppression may
elicit potent anti-tumor immunity and achieve tumor eradication
or suppression. Their advantages of the tumor-tropic potential and
no toxic systemic side effects, along with their pro-inflammatory
properties, make MSCs suitable for efficient clinical applications in
cancer immunotherapy.

Based on our previous findings, we found that MSCs with the type III
histone deacetylase silent information regulator 2 homologue 1
(Sirt1) overexpression exhibited pro-inflammatory potential. These
observations prompted us to hypothesize that MSCs with Sirt1 over-
expression may be therapeutically effective against tumors through
reversing the immunosuppressive microenvironment. Emerging evi-
dence suggested that Sirt1 could produce a positive effect on regu-
lating the activation and function of immune cells.10 For example,
Sirt1 negatively regulated T cell activation and played a major role
in clonal T cell anergy in mice.11 The myeloid deletion of Sirt1
impaired dendritic cell (DC) maturation and reduced T helper (Th)
1 and Th17 differentiation.12 Additionally, studies have demonstrated
that macrophage Sirt1 plays important roles in the regulation of M1/
M2 polarization.13 So far, the critical role of Sirt1 in regulating the im-
munomodulatory properties of MSCs has not been unveiled.
Therefore, elucidating the potential mechanism of Sirt1-mediated
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modulation of pro-inflammatory activity in MSCs could help us gain
a better understanding of the dual immunomodulatory functions of
MSCs.

The aims of the present study are to test the hypothesis that Sirt1-
overexpressing MSCs with pro-inflammatory activity may enhance
local immunity and reverse immunosuppressive conditions, thereby
exerting anti-tumor effect, and to further explore the mechanism of
Sirt1 in regulating the pro-inflammatory ability of MSCs. In this
study, bone marrow-derived MSCs were transfected with adenovirus
vector encoding Sirt1 gene to overexpress Sirt1 protein (AdSirt1-
MSCs). Then, we set out to investigate the anti-tumor effect of
AdSirt1-MSCs in the hepatic metastasis model of colorectal carci-
noma and the pro-inflammatory role of AdSirt1-MSCs in carbon
tetrachloride (CCl4)-induced acute liver injury. We subsequently
explored the key immunoregulatory factor mediating the pro-inflam-
matory function of AdSirt1-MSCs. The molecular mechanism under-
lying the regulation of the key immunoregulatory factor via Sirt1 was
also investigated. Our findings may reveal an essential role for Sirt1 in
regulating the pro-inflammatory ability of MSCs and raise the possi-
bility for the potential applications of pro-inflammatory Sirt1-overex-
pressing MSCs as a new therapeutic strategy for future battles against
cancer.

RESULTS
Sirt1-Overexpressing MSCs Exert a Dramatic Anti-tumor Effect

by Increasing the Number of CD8+ T Cells

To test the hypothesis that Sirt1-overexpressing MSCs with a pro-in-
flammatory capacity exerted the anti-tumor effect via reversing tumor
immunosuppressive conditions, we first successfully constructed
Sirt1-overexpressing MSCs with the recombinant adenovirus vector
encoding Sirt1 (referred to as AdSirt1-MSCs), and we transfected
MSCs with the recombinant adenovirus vector encoding EGFP as
the control (referred to as AdEGFP-MSCs). Our data showed that
transfection with AdSirt1 markedly increased Sirt1 protein level
(Figures S1A and S1B), and Sirt1 overexpression did not affect the
migration and proliferative capacity of MSCs (Figures S1C–S1E).
Next, we established the hepatic metastasis model of colorectal carci-
noma by intrasplenic injection of CT26 cells into syngeneic BALB/c
mice. The mice were distributed into four groups in our study: I,
CT26; II, CT26 + MSCs; III, CT26 + AdEGFP-MSCs; and IV,
CT26 + AdSirt1-MSCs (Figure 1A). Compared with the control
Figure 1. The Administration of Sirt1-Overexpressing MSCs Suppresses Tumo

Suffering from Hepatic Metastasis of Colorectal Carcinoma

(A) Schematic representation depicting the experimental design to investigate the thera

carcinoma in mice. Themice were randomly divided into four experimental groups as des

macroscopically. The representative photographs show the hepatic metastases in mice

and maximal tumor volume at the hepatic tumor site were counted and measured in mic

standard error of three independent experiments. **p < 0.01, ***p < 0.001 versus CT2

treatment) from the above four groups. Scale bars, 100 mm. (E) Immunohistochemical a

the above four groups. Representative immunohistochemical staining of CD8 in liver sam

T cells. (F) Quantitation of CD8+ T cells at hepatic tumor site in mice (21 days post-treat

specimen. ***p < 0.001 versus CT26 group. p > 0.05 versus CT26 group; NS, not sign
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CT26 group, we found that the co-injection of AdSirt1-MSCs with
CT26 significantly suppressed tumor development in liver, and meta-
static liver tumors appeared significantly smaller in the AdSirt1-MSC
group than did those in the control CT26 group. However, the co-in-
jection ofMSCs orAdEGFP-MSCs, respectively, with CT26 promoted
tumor progression in liver with more tumor nodules when compared
with the CT26 group (Figure 1B). The number of metastatic liver sur-
face tumors was lower and the maximal liver tumor volume was also
reduced in the AdSirt1-MSC group as compared with the control
CT26 group (**p < 0.01 versus CT26) (Figure 1C). Histologically,
the AdSirt1-MSC group showed smaller areas of metastatic hepatic
necrotizing tissue (Figure 1D). Importantly, note that CD8+ T cells
are capable of evoking a potent anti-tumor immune response. Thus,
we next examined the accumulation of CD8+ T cells in the liver. We
found that there was a marked increase in the number of CD8+

T cells at the liver tumor site in the AdSirt1-MSC group (***p <
0.001 versus CT26), but the MSC or AdEGFP-MSC group had no sta-
tistical significance compared with the CT26 group in the difference of
hepatic CD8+ T cell numbers (p > 0.05 versus CT26) (Figures 1E and
1F). We also detected CD4+ T cells in the liver metastasis tissue, but
there was no significant difference in the number of CD4+ T cells be-
tween the above-defined four animal groups (Figures S2A and S2B).

To further verify the anti-tumor effect of AdSirt1-MSCs on the estab-
lished liver metastasis model of colorectal carcinoma (Figure S3A), we
first identified liver metastatic nodules in mice on day 11 after the
intrasplenic injection of CT26 (Figure S3B). Consistent with the
above results, we found that the administration of AdSirt1-MSCs at
day 11 after intrasplenic injection of CT26 also significantly attenu-
ated tumor progression with reduced areas of metastatic hepatic
necrotizing tissue and increased the number of CD8+ T cells at the
liver site (**p < 0.01 versus CT26) (Figures S3C–S3F).

Taken together, our data demonstrated that the administration of
AdSirt1-MSCs significantly suppressed tumor development and
promoted anti-tumor immunity via increasing the number of CD8+

T cells to reverse tumor immunosuppressive conditions.

Sirt1-OverexpressingMSCs Display Profound Pro-inflammatory

Activity in CCl4-Induced Acute Liver Injury

Our data have already demonstrated that AdSirt1-MSCs promote
anti-tumor immunity with an increased number of CD8+ T cells,
r Development and Increases the Number of Hepatic CD8+ T Cells in Mice

peutic efficacy of the AdSirt1-MSC transfusion during liver metastasis of colorectal
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Figure 2. The Administration of AdSirt1-MSCs Promotes Liver Inflammation in Mice with CCl4-Induced Acute Liver Injury

(A) Schematic diagram depicting the experimental approach to evaluate the effect of the AdSirt1-MSC transfusion on mice with acute liver injury induced by CCl4. The mice

were randomly divided into five experimental groups as described inMaterials andMethods. (B) H&E-stained sections of liver tissues from the animals of the above five groups

(48 h post-treatment). Representative images are shown for each sample. Scale bars, 100 mm. (C) Pro-inflammatory cytokine production of IL-1b, IL-12(p40), IL-13, TNF-a,

IL-6, IL-17, and IL-1a was detected in serum of mice from the above five animal groups (48 h post-treatment) by Bio-Plex analysis. **p < 0.01, *p < 0.05 versus CCl4 group.

p > 0.05 versus CCl4 group; NS, not significant (p > 0.05). (D) Representative samples of immunochemistry staining of CD8+ T cells in liver tissue of mice from the above five

(legend continued on next page)
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implying that AdSirt1-MSCs may have the pro-inflammatory proper-
ties to overcome the immunosuppressive tumor microenvironment.
To further verify the pro-inflammatory capacity of AdSirt1-MSCs
in vivo, we established an acute liver injury model induced by CCl4.
Mice were randomly divided into five groups as shown in the sche-
matic diagram (Figure 2A): the control group (olive oil), CCl4 group,
CCl4 + MSC group, CCl4 + AdEGFP-MSC group, and CCl4 +
AdSirt1-MSC group. Histologically, when compared with the CCl4
group, the massive necrosis of hepatocytes occurred in the AdSirt1-
MSC group (Figure 2B). AdSirt1-MSC infusion led to the significant
upregulation in the serum concentrations of pro-inflammatory cyto-
kines (interleukin [IL]-1b, IL-12(p40), IL-13, and tumor necrosis
factor [TNF]-a) (**p < 0.01 versus CCl4 group) (Figure 2C).

We next detected the lymphocyte infiltration in the liver tissue of
mice with acute liver injury induced by CCl4. The accumulated
CD8+ T cells in the liver dramatically increased in mice treated
with AdSirt1-MSCs when compared with those treated with CCl4
alone (***p < 0.001 versus CCl4 group) (Figures 2D and 2E). In addi-
tion, we found that there was no significant difference in the number
of CD4+ T cells in liver specimens of mice from the above four groups
(CCl4, CCl4 + MSC, CCl4 + AdEGFP-MSC, and CCl4 + AdSirt1-
MSC) (Figures S4A and S4B). Taken together, we demonstrated
that AdSirt1-MSCs effectively promoted inflammation in mice with
CCl4-induced acute liver injury, which suggested that AdSirt1-
MSCs exerted the potent pro-inflammatory effect in vivo.

Sirt1 Does Not Affect the Chemoattractive Capacity of MSCs

Induced by Inflammatory Cytokines

Recent studies have revealed that MSCs attract the immune cells in
their proximity through the secretion of chemokines and then exert
their potent immunosuppressive effect.14 Given that our above exper-
imental data showed that AdSirt1-MSC infusion resulted in an
increased number of CD8+ T cells in vivo, we first detected whether
Sirt1 could affect the expression of T cell chemokines in MSCs. Our
data showed that MSCs, AdEGFP-MSCs, and AdSirt1-MSCs pro-
duced small amounts of mRNA levels in T cell chemokines (Cxcl9,
Cxcl10, Cxcl11, Icam1, and Vcam1) without interferon (IFN)-g and
TNF-a (IT) treatment (Figure 3A). When treated with IT, the
mRNA expression of T cell chemokines (Cxcl9, Cxcl10, Cxcl11,
Icam1, and Vcam1) in the three groups increased sharply (***p <
0.001 versus MSC), but no significant difference was observed among
these three groups (p > 0.05 versus IT-MSC) (Figure 3A). As the che-
moattractive property of MSCs has been reported to be induced by
inflammatory cytokines,14 we used the chemotaxis assay described
by Shi et al.15 to further examine the effect of Sirt1 on the chemoat-
tractive capacity of inflammatory cytokine-induced MSCs. We found
that IT pre-stimulated MSCs, AdEGFP-MSCs, or AdSirt1-MSCs
could attract splenocytes to their vicinity (p > 0.05 versus IT-MSC)
groups (48 h post-treatment). The black arrows indicate CD8+ T cells. (E) Quantification

mice from the above five animal groups (48 h post-treatment). Scale bars, 100 mm. The c

power fields (HPFs) per paraffin section under light microscopy. Scale bars, 10

not significant (p > 0.05).
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(Figures 3B and 3C). Therefore, our data suggested that Sirt1 had
no impact on the induction of chemokines for T cell recruitment in
inflammatory cytokine-stimulated MSCs.

Sirt1 Blocks the Immunosuppressive Capacity of MSCs

To further determine the potential mechanisms involving the role of
Sirt1 in regulating the pro-inflammatory properties of MSCs, as our
above data showed that Sirt1 did not affect the T cell chemokine
secretion in MSCs with inflammatory cytokine stimulation, we next
investigated whether Sirt1 could affect the immunosuppressive ability
of MSCs with a splenocyte proliferation assay. As expected, MSCs and
AdEGFP-MSCs effectively suppressed the proliferation of concanav-
alin A (Con A)-activated splenocytes (**p < 0.01 versus spl + ConA),
but surprisingly, no significant inhibition of splenocyte proliferation
was observed in the AdSirt1-MSCs group (p > 0.05 versus spl +
ConA) (Figures 4A and 4B). Under optical microscopic observation,
MSCs and AdEGFP-MSCs strongly inhibited splenocyte prolifera-
tion, as indicated by a diminished number of splenocyte proliferation
clones as compared to that of Con A-induced splenocyte prolifera-
tion. Conversely, AdSirt1-MSCs could not exert the immunosuppres-
sive effect on Con A-activated splenocyte proliferation with an
evidently increased number of splenocyte proliferation clones (Fig-
ure 4C). Taken together, our data demonstrated that AdSirt1-MSCs
lost the immunosuppressive effect, and they suggested that Sirt1 hin-
dered the immunosuppressive activity of MSCs.

Since our above data have shown that AdSirt1-MSCs could not exert
immunosuppressive activity, as well as that the infusion of AdSirt1-
MSCs resulted in an increased number of CD8+ T cells in vivo (Figures
1E and 2D), to further determine the proliferation of which subtype of
T cells (CD4+ or CD8+ T cells) may be affected by AdSirt1-MSCs, we
detected the percentage and total number of CD4+ or CD8+ T cells in
the co-culture system ofMSCs with Con A-activated splenocytes. Our
data showed that the proliferation of both CD4+ and CD8+ T cells was
not inhibited by the AdSirt1-MSCs. In addition, AdSirt1-MSCs did
not selectively promote the proliferation of CD4+ or CD8+ T cell sub-
sets in vitro (p > 0.05 versus spl + ConA) (Figures S5A–S5C). Collec-
tively, under the inflammatory conditions, Sirt1 did not affect T cell
chemokine secretion in MSCs, but it impaired the immunosuppres-
sive function of MSCs, thereby resulting in the Sirt1-mediated pro-in-
flammatory capacity of MSCs.

Sirt1 Impairs the Immunosuppressive Capacity of MSCs by

Inhibiting iNOS Expression

Our data clearly showed that Sirt1 blocked the immunosuppressive
effect of MSCs, and it is well known that MSC-mediated immunosup-
pression is licensed by inflammation and mainly acts through the
secretion of various immunosuppressive factors;16 therefore, we
next sought to examine which immunosuppressive factor was affected
of the CD8+ T cell populations identified by CD8 immunostaining in liver sections of

ounts of CD8+ T cells were measured by counting five randomly selected�200 high-

0 mm. ***p < 0.001 versus CCl4 group. p > 0.05 versus CCl4 group; NS,
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by Sirt1 in MSCs under inflammatory stimulation. The results
showed that Sirt1 did not affect the gene expression of Il6, Il10,
Tnfaip6, or Hgf in MSCs with or without inflammatory stimulation
(Figure 4D). However, we found that IT stimulation increased induc-
ible nitric oxide synthase (iNOS) expression at both the mRNA and
protein levels in MSCs and AdEGFP-MSCs (***p < 0.001 versus
MSC), but IT-stimulated AdSirt1-MSCs displayed the drastically
lower mRNA and protein levels of iNOS (**p < 0.01 versus IT-
MSC) (Figures 4D and 4E). Furthermore, NO is generated by
iNOS,17 so we then detected the stable reaction product derived
from NO, nitrate, as the good indicator for iNOS activity by using
the Griess test. We found dramatically increased amounts of nitrate
in the supernatants of IT-induced MSCs and AdEGFP-MSCs
compared to that of the MSCs without IT stimulation (***p < 0.001
versus MSC), but there was no significant difference in nitrate con-
centrations of the supernatants between IT-induced AdSirt1-MSCs
and MSCs without IT treatment (p > 0.05 versus MSC) (Figure 4F).

Next, we examined whether Sirt1-mediated downregulation of iNOS
expression may drive AdSirt1-MSCs to become immunosuppressive
incompetent. To experimentally address this point, iNOS was
overexpressed in the AdSirt1-MSCs (iNOS-AdSirt1-MSCs) with
plasmid encoding mouse iNOS cDNA driven under the cytomegalo-
virus promoter (pCMV-iNOS), andMSCs transfected with the empty
pCMV vector (vector-AdSirt1-MSCs) were used as the control (Fig-
ure 5A). Clearly, a high level of nitrate was detected in the culture su-
pernatant of IT-stimulated iNOS-AdSirt1-MSCs (***p < 0.001 versus
IT + AdSirt1-MSC) (Figure 5B). We next performed the co-culture
experiments of MSCs with Con A-activated splenocytes and found
that the iNOS-AdSirt1-MSCs suppressed the proliferation of acti-
vated splenocytes more efficiently than did AdSirt1-MSCs or vec-
tor-AdSirt1-MSCs (***p < 0.001 versus spl + ConA) (Figures 5C
and 5D). Taken together, our data clearly showed that Sirt1 signifi-
cantly inhibited inflammatory cytokine-induced iNOS expression in
MSCs, and that iNOS overexpression dramatically restored the
immunosuppressive capacity of Sirt1-overexpressing MSCs. We
demonstrated that Sirt1 impaired the immunosuppressive function
of MSCs in an iNOS-dependent manner.

Sirt1 Inhibits iNOS Expression in Inflammatory Cytokine-

Induced MSCs through Deacetylating p65

It has been reported that iNOS expression is elicited by inflamma-
tory stimuli mainly through activation of the nuclear factor kB
(NF-kB) signaling pathway.18 We therefore determined whether
the NF-kB pathway was involved in the induction of iNOS expres-
sion in MSCs treated with inflammatory cytokines. For this purpose,
we used SN50 (an NF-kB inhibitor) to inhibit the NF-kB signaling
Figure 3. Sirt1 Has No Effect on Chemokine Secretion and Chemotactic Activi

(A) The expression of chemokine genes Cxcl9, Cxcl10, Cxcl11, Icam1, and Vcam1 was

without stimulation of IFN-g (10 ng/mL) and TNF-a (10 ng/mL) for 8 h. ***p < 0.001 versu

MSCs, or AdSirt1-MSCs pretreatedwith IFN-g and TNF-a (10 ng/mL each) for 24 hwere

chamber. After 0 or 3 h of incubation, the extent of cell aggregation was screened und

measured by counting the total number of migrated splenocytes in each group. p > 0.
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pathway. We observed that iNOS expression was significantly in-
hibited in IT-treated MSCs after adding SN50 (Figure 6A), and
lower amounts of nitrate were also detected in IT-stimulated
MSCs treated with SN50 compared with those of IT-stimulated
MSCs (**p < 0.01 versus IT + MSC) (Figure 6B). These results indi-
cated that inflammatory cytokine-induced iNOS expression was
mainly mediated by the NF-kB signaling pathway in MSCs.

Having demonstrated that NF-kB was responsible for iNOS expres-
sion in IT-induced MSCs, we further examined the role of Sirt1 in
the regulation of NF-kB signaling pathway. Since the well-character-
ized target of Sirt1 deacetylation was the acetylation of Lys310 in the
p65 subunit of NF-kB,19 this led us to investigate the effect of Sirt1 on
acetylation of the p65 subunit in inflammatory cytokine-induced
MSCs. We found that the acetylation of p65 (Lys310) markedly
decreased in AdSirt1-MSCs compared with that in MSCs or
AdEGFP-MSCs upon IT treatment (Figure 6C). The immunoprecip-
itation with p65 antibody revealed that Sirt1 overexpression dramat-
ically decreased acetylation level of p65 in IT-induced MSCs (Fig-
ure 6D). Collectively, we provided evidence that Sirt1 impeded the
activation of NF-kB signaling pathways through deacetylating p65,
leading to the suppression of NF-kB-mediated iNOS expression in
pro-inflammatory cytokine-stimulated MSCs.

iNOS Overexpression Impairs the Anti-tumor Ability of

AdSirt1-MSCs in the Hepatic Metastasis Model of Colorectal

Carcinoma

Because we demonstrated that decreased iNOS expression is essential
for the pro-inflammatory properties of AdSirt1-MSCs, we next deter-
mined whether iNOS overexpression could alter the anti-tumor effect
of AdSirt1-MSCs in vivo. The liver metastasis model of colorectal car-
cinoma was established by intrasplenic inoculation of CT26 cells in
BALB/c mice, and treatment with different groups of MSCs was
done in the experimental procedures as presented in the schematic di-
agram (Figure 7A; Figure S6A). We found that the co-injection of
iNOS-overexpressing AdSirt1-MSCs with CT26 or injection of
iNOS-overexpressing AdSirt1-MSCs at day 11 after the inoculation
of CT26 led to significant tumor promotion with increased liver met-
astatic nodules as compared to the other three groups (Figure 7B; Fig-
ure S6B). The extensive tumor necrosis detected by histopathological
examination (Figure 7C; Figure S6C) and the presence of dramatically
decreased hepatic CD8+ T cells (Figures 7D and 7E; Figures S6D and
S6E) were also confirmed in mice with administration of iNOS-over-
expressing AdSirt1-MSCs.

Collectively, we demonstrated that iNOS overexpression negated the
anti-tumor effect of AdSirt1-MSCs in vivo, and Sirt1-overexpressing
ty of Inflammatory Cytokine-Induced MSCs

quantified by real-time PCR in MSCs, AdEGFP-MSCs, and AdSirt1-MSCs with or

s MSC; p > 0.05 versus IT-MSC; NS, not significant (p > 0.05). (B) MSCs, AdEGFP-

respectively seeded in the lower chamber, and splenocytes were added to the upper

er light microscopic observation. (C) Quantification of splenocyte aggregation was

05 versus IT-MSC; NS, not significant (p > 0.05).



Figure 4. Sirt1 Impairs the Immunosuppressive Ability of MSCs and Inhibits Inflammatory Cytokine-Induced iNOS Production in MSCs

(A) MSCs, AdEGFP-MSCs, or AdSirt1-MSCs were respectively co-cultured with CFSE-labeled splenocytes at a ratio of 1:10 in the presence of Con A (5 mg/mL). The

CFSE-diluted splenocytes were detected by flow cytometry after 72 h of incubation. A representative staining of three independent experiments is shown. (B) Quantitation

data were determined by the percentage of proliferating CFSE-labeled splenocytes in each group. **p < 0.01 versus splenocytes (spl) + Con A. p > 0.05 versus spl + ConA;

NS, not significant (p > 0.05). (C) Under the same treatment conditions as in (A), the splenocyte proliferation clones at 72 h were inspected bymicroscopy. Microphotographs

(legend continued on next page)
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MSCs relied on their decreased iNOS expression to reverse the local
immunosuppressive environment and boost the potent anti-tumor
immunity.

Sirt1 Decreases the Production of IDO in Human MSCs

Given that the key molecule mediating immunosuppression by MSCs
was species-dependent, that is, indoleamine 2,3-dioxygenase (IDO) in
humans and iNOS in mice,20 we next examined whether Sirt1 could
affect the IDO expression in human umbilical cord-derived MSCs
(hUC-MSCs). The recombinant adenovirus vector encoding Sirt1
(AdSirt1) was transfected into hUC-MSCs to construct the Sirt1-over-
expressing hUC-MSCs (AdSirt1-hUC-MSCs), and hUC-MSCs trans-
fected with recombinant adenovirus vector encoding EGFP was used
as the control (AdEGFP-hUC-MSCs). Our data showed that transfec-
tion with AdSirt1 markedly increased the Sirt1 protein level in hUC-
MSCs (Figures S7A and S7B). When incubated with no inflammatory
cytokines, western blotting revealed that hUC-MSCs, AdEGFP-MSCs,
or AdSirt1-hUC-MSCs did not produce IDO (Figure S7B). When
stimulated with inflammatory cytokines, IDO increased sharply in
hUC-MSCs and AdEGFP-hUC-MSCs, but there was a significant
decrease of IDO in AdSirt1-hUC-MSCs as compared with that in
hUC-MSCs or AdEGFP-hUC-MSCs (Figures S7C).

Thus, our results demonstrated that Sirt1 overexpression profoundly
suppressed IDO expression in inflammatory cytokine-stimulated hu-
man MSCs, and they suggested Sirt1 as the critical regulator for
modulating IDO production in human MSCs.

DISCUSSION
The immunosuppressive microenvironment facilitated tumor im-
mune escape and promoted tumor progression.21 Thus, reversing
immunosuppression in the tumor microenvironment could achieve
therapeutic efficacy in cancer. In this study, to overcome the tumor
immunosuppressive conditions, we exploited this new approach to
apply MSCs with pro-inflammatory properties to improve anti-
tumor treatment by enhancing local immunity. In the hepatic
metastasis model of colorectal carcinoma, we found that Sirt1-overex-
pressing MSCs with the pro-inflammatory abilities strongly inhibited
tumor development via enhancing local immunity with increased
numbers of anti-tumor CD8+ T cells. We also defined Sirt1 as the
critical regulator for the pro-inflammatory function of MSCs in an
iNOS-dependent manner. Moreover, iNOS overexpression negated
the anti-tumor effect of Sirt1-overexpressing MSCs.

Previous studies revealed that Sirt1 played a critical regulatory role in
the immune system.10 SIRT1 has been reported to deacetylate retinoic
acid-related orphan receptor (ROR)gt and enhance Th17 cell gener-
show a representative image of splenocyte proliferation clones in each group. Scale bars

real-time PCR inMSCs, AdEGFP-MSCs, or AdSirt1-MSCs treated with or without IFN-g

**p < 0.01, p > 0.05 versus IT-MSC; NS, not significant (p > 0.05). (E) The protein levels

AdSirt1-MSCs treated with IFN-g and TNF-a (IT, 10 ng/mL each) for 24 h. MSCs wit

representing the iNOS activity was measured using Griess reagent in the supernatant of

versus MSC. p > 0.05 versus MSC. NS: not significant (p > 0.05).
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ation.22 van Loosdregt et al.23 demonstrated that the inhibition of
SIRT1 resulted in functionally improved regulatory T (Treg) cells.
During respiratory syncytial virus infection, a study showed that
SIRT1 promoted DC activation and autophagy-mediated processes.24

Substantial evidence has shown that Sirt1 regulates the fates and
functions of immune cells as well as controlling their activation and
maturation. However, the effect of Sirt1 activity on the immuno-
modulatory ability of MSCs remains unknown. In this study, we
characterized Sirt1 as the critical factor in regulating the immuno-
modulatory ability of MSCs. We found that Sirt1 did not affect the
chemokines in inflammatory cytokine-inducedMSCs, but it impaired
the immunosuppressive function of MSCs through decreasing iNOS
production. Sirt1-overexpressing MSCs can attract immune cells to
their proximity without suppressing the viability of these immune
cells, thereby resulting in a potent anti-tumor effect via enhancing
local immunity in the hepatic metastasis model of colorectal carci-
noma. Accordingly, Sirt1-overexpressing MSCs exhibited pro-in-
flammatory activity in CCl4-induced acute liver injury. However,
there are some conflicting reports stating that Sirt1 deficiency leads
to the pro-inflammatory ability of certain immune cells. Zhang
et al.13 pointed out that SIRT1-deficient macrophages displayed a sig-
nificant increase in basal and IFN-g/lipopolysaccharide (LPS)-stimu-
lated expression of the M1 macrophage marker iNOS, suggesting that
SIRT1 deletion promoted activation of pro-inflammatory M1 macro-
phages. However, our results showed that Sirt1-overexpressing MSCs
displayed the potent pro-inflammatory capacity through decreasing
the expression of the immunosuppressive factor iNOS. There are
some explanations for these conflicts. For M1 pro-inflammatory
macrophages, iNOS was involved in generating the microbicidal
NO to combat invading pathogens.25 For immunosuppressive
MSCs, IDO mediated tryptophan degradation to inhibit allogeneic
T cell responses in human MSCs,26 whereas NO produced by iNOS
played a critical role in suppression of T cell proliferation in mouse
MSCs.27 We think that diverse activity of iNOS may partially explain
why Sirt1 contributed to the discordant effects on regulating pro-
inflammatory or anti-inflammatory activities in distinct cell types.

Our study also clarified the molecular mechanisms underlying Sirt1-
regulated iNOS expression in MSCs. Detailed studies have regarded
the inflammatory transcription factor NF-kB as a strong inducer of
iNOS expression.18 It is also well known that Sirt1 deacetylates the
RelA/p65 subunit of NF-kB at Lys310 and suppresses NF-kB-associ-
ated transcription, further resulting in a reduction in inflammatory re-
sponses.28,29 In this regard, we first found that the NF-kB signaling
pathway was mainly involved in the induction of inflammatory cyto-
kine-induced iNOS expression in MSCs. In support of our data, the
regulation of iNOS via the NF-kB pathway has also been reported in
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Figure 5. iNOSOverexpression Promotes theRecovery of

Immunosuppressive Function in AdSirt1-MSCs

(A) AdSirt1-MSCs were transfected with control empty pCMV

vector (vector-AdSirt1-MSCs) or pCMV plasmid containing

cDNA encoding mouse iNOS (iNOS-AdSirt1-MSCs), and then

the AdSirt1-MSCs, vector-AdSirt1-MSCs, or iNOS-AdSirt1-

MSCs were stimulated respectively with IFN-g and TNF-a (IT,

10 ng/mL each) for 24 h, and iNOS expression was measured

by immunoblotting analysis. (B) Under the same treatment

conditions as in (A), the nitrite level in cell culture supernatant

was detected using Griess reagent. ***p < 0.001 versus IT +

AdSirt1-MSC. p > 0.05 versus IT + AdSirt1-MSC; NS,

not significant (p > 0.05). (C) MSCs, AdSirt1-MSCs, vector-

AdSirt1-MSCs, or iNOS-AdSirt1-MSCs were co-cultured

respectively with CFSE-labeled splenocytes at a ratio of 1:10 for

72 h in the presence of Con A (5 mg/mL). The splenocytes were

collected for proliferation analysis and assessed by the

decrease in CFSE fluorescence intensity for cell division via flow

cytometry after 72 h of co-culture. (D) Quantitation of spleno-

cyte proliferation was determined by the percentage of CFSE-

diluted splenocytes among total CFSE-labeled splenocytes in

each group. ***p < 0.001 versus splenocytes (spl) + Con A. p >

0.05 versus spl + ConA; NS, not significant (p > 0.05).
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various cell types, such asmurinemacrophages,30murine fibroblasts,31

and human lung adenocarcinoma cell.32 Moreover, our data revealed
that Sirt1 overexpression significantly reduced the acetylation level of
NF-kB p65, leading to suppression of NF-kB-regulated iNOS produc-
tion inMSCs treatedwith inflammatory cytokines. Consistent with our
findings, Park et al.33 demonstrated that SIRT1 activation downregu-
lated LPS/IFN-g-mediated NF-kB activity by
inhibiting p65 acetylation and it suppressed the
expression of M1 macrophage-related genes, such as
CCL2, iNOS, IL-12 p35, and IL-12 p40. Other exper-
imental evidence indicated that Sirt1 overexpression
protected osteoblasts against TNF-a-induced cell
injury partly by repressing NF-kB activity and NF-
kB downstream genes, including iNOS.34 Research
has shown that SIRT1 overexpression completely in-
hibited iNOS expression through inhibition of the
NF-kB signaling pathway via deacetylation of p65 in
pancreatic b cells.35 However, in addition to NF-kB,
other transcription factors have also been reported
to be involved in the regulation of iNOS transcription,
such as STAT1 homodimers,36 STAT3,37 IRF-1,38

AP-1,39 and C/EBPb.40 It will be of interest to further
evaluate theother related signalingpathways for iNOS
induction that are affected by Sirt1 in inflammatory
cytokine-treated MSCs.

In our study, we demonstrated that Sirt1 affected the
pro-inflammatory ability and the anti-tumor effect
of MSCs through downregulating iNOS expression.
However, well-documented studies have noted that
immunosuppressive factors secreted by MSCs are
species-dependent: human MSCs utilize IDO whereas rodent MSCs
express iNOS in response to inflammatory cytokines.20 Therefore,
we also performed additional experiments to demonstrate the effect
of Sirt1 overexpression on the key immunosuppressive molecule
IDO in human umbilical cord-derived MSCs (hUC-MSCs). We
found that Sirt1 overexpression significantly decreased IDO
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Figure 6. Sirt1 Inhibits iNOS Expression in

Inflammatory Cytokine-Induced MSCs through

Deacetylating p65

(A) MSCs were pretreated with or without NF-kB inhibitor

SN50 (18 mM) for 2 h, and then MSCs were stimulated with

TNF-a and IFN-g (IT, 10 ng/mL, each) for 24 h. MSCs

treated without SN50 and IT were used as the control. After

24 h, cells were subjected to western blot for analyzing

iNOS protein level. GAPDH was used as the internal control.

(B) Under the same treatment conditions as in (A), the nitrite

level in cell culture supernatant was measured using Griess

reagent.. **p < 0.01 versus IT + MSC; ***p < 0.001 versus

control MSC. (C) AdEGFP-MSCs or AdSirt1-MSCs were

treated respectively with IT (10 ng/mL, each) for 30 min, and

MSCs treated with IT (10 ng/mL, each) for 30 min were

used as the control. The cells were then subjected to

western blot for analyzing protein levels of acetyl-(Lys310)-

p65, p65, and Sirt1. GAPDH was used as the internal

control. (D) MSCs, AdEGFP-MSCs, or AdSirt1-MSCs were

treated respectively with IT (10 ng/mL, each); after 30 min,

proteins were extracted for immunoprecipitation with anti-

p65, and the immunoprecipitate was subjected to immu-

noblotting (IB) with antibodies against acetyl-NF-kB p65

(Lys310) antibody.

Molecular Therapy
production in inflammatory cytokine-treated hUC-MSCs, which sug-
gested that Sirt1 overexpression could also play an important role in
reversing the immunosuppressive properties of human MSCs.
Furthermore, the effect of Sirt1-overexpressing humanMSCs on clin-
ical anti-tumor therapy needs intense exploration. Studies have
already shown that the interplay of the STAT1 and phosphatidylino-
sitol 3-kinase (PI3Ka) pathways regulates IFN-g-induced IDO pro-
duction in MSCs.41 Therefore, the potential of Sirt1 to modulate the
key molecule in the signaling pathway of IDO expression in human
MSCs deserves our further investigation, and the new insight into
the critical role of Sirt1 for the regulation of immunomodulatory activ-
ity in human MSCs will help to optimize their clinical application.

In summary, our study demonstrated that the Sirt1-overexpressing
MSCs that produced chemokines but little iNOS under the inflamma-
tory status were effective in attracting immune cells to their proximity
without suppressing immune cell proliferation, thereby exerting the
anti-tumor effect through reversing tumor immunosuppressive
conditions and boosting local immunity. We also found that Sirt1
modulated the pro-inflammatory properties of MSCs by decreasing
iNOS production. Thus, modulation of Sirt1 may be a strategy for
harnessing the pro-inflammatory properties of MSCs. Additionally,
considering the pro-inflammatory effect of Sirt1-overexpressing
MSCs, they are worthy of further clinical applications to alter the
immunosuppressive state and enhance the potent immune response,
especially in cancer patients.
MATERIALS AND METHODS
Cell Lines and Culture Conditions

The murine colorectal carcinoma cell line CT26 (syngeneic to BALB/
c) was cultured in RPMI 1640 culture medium (Gibco, Invitrogen,
Carlsbad, CA, USA) containing 10% fetal bovine serum (FBS; Gibco,
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Invitrogen, Carlsbad, CA, USA), 100 U/mL penicillin, and 100 mg/mL
streptomycin and was cultured in a CO2 incubator under saturated
humidity (5% CO2 and 95% air) at 37�C.

Isolation and Culture of MSCs from Mouse Bone Marrow

The mouse bone marrow MSCs were isolated and characterized
according to the protocols of our previously published studies.42,43

The bone marrow cells were isolated from BALB/c or C57BL/6
male mice aged 6–8 weeks and were collected by flushing the
medullary cavities from the femurs and tibias, and then the derived
cells were cultured in low-glucose DMEM (L-DMEM) medium con-
taining 10% FBS, 100 U/mL penicillin, and 100 mg/mL streptomycin.
After 72 h, culture medium was replaced and the non-adherent cells
were removed. The fresh medium was replaced every 3 days. At day 7
after isolation, the attached cells at 80%–90% confluency were trypsi-
nized and seeded into culture flasks for further expansion. The
adherent cells were passaged three times and then were used for the
following experiments as purified MSCs.

Animals

Male BALB/c or C57BL/6 mice, 6–8 weeks of age, were purchased
from the Shanghai Experimental Animal Center of the Chinese
Academy of Sciences (Shanghai, China) and were housed under
standard conditions. Animal experiments were done in accordance
with the Institutional Animal Welfare Guidelines of the Eastern
Hepatobiliary Surgery Hospital of the Second Military Medical
University, Shanghai, China.

Experimental Design of the Hepatic Metastasis Model of

Colorectal Carcinoma

The 6- to 8-week-old male BALB/c mice were randomly divided
into four experimental groups (n = 5 per group), including group



Figure 7. iNOS Overexpression Negates the Anti-

tumor Effect of Sirt1-Overexpressing MSCs In Vivo

(A) Schematic representation depicting the experimental

design to investigate the efficacy of the iNOS-overexpressing

AdSirt1-MSC transfusion during liver metastasis of

colorectal carcinoma in mice. (B) Liver surface metastatic

nodules were detected macroscopically. Representative

photographs show the hepatic tumor metastases in mice

from the above four groups (21 days post-treatment). (C)

H&E staining was used to evaluate liver samples of mice

(21 days post-treatment) from the above four groups. Scale

bars, 100 mm. (D) Representative immunohistochemical

staining of CD8 in liver samples in mice (21 days post-

treatment) from the above four groups are shown. Scale

bars, 100 mm. The black arrows point to CD8+ T cells. (E)

Quantitation of CD8+ T cells at hepatic tumor site in mice

(21 days post-treatment) from the above four groups. At

least five fields (magnification, �200) were counted for each

specimen. **p < 0.01 versus CT26 group. p > 0.05 versus

CT26 group; NS, not significant (p > 0.05).
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I (CT26 group), group II (CT26 + MSC group), group III (CT26 +
AdEGFP-MSC group), and group IV (CT26 + AdSirt1-MSC
group). Mice in group I were inoculated intrasplenically with
CT26 cells (2 � 105) to induce the hepatic metastasis model of
colorectal carcinoma in the liver. In groups II–IV, mice were
treated with co-injection of CT26 cells (2 � 105) mixed with
MSCs, AdEGFP-MSCs, or AdSirt1-MSCs respectively at a ratio
of 1:1 via intrasplenic injection. The hepatic metastasis model of
colorectal carcinoma was also established to investigate the effect
of iNOS-AdSirt1-MSCs. Animals were sacrificed on day 21 after
treatment, and murine blood and liver were removed and pro-
cessed for histology assessment. Maximum tumor volume (V)
was measured with the following equation: V = 1/2(a � b2), where
M

a and b represent maximum and minimum tu-
mor diameters, respectively.

Experimental Design of CCl4-Induced Acute

Liver Injury

The male C57BL/6 mice (8–10 weeks of age)
were randomly divided into five groups (n = 5
per group) including group I (olive oil group),
group II (CCl4 group), group III (CCl4 + MSC
group), group IV (CCl4 + AdEGFP-MSC group),
and group V (CCl4 + AdSirt1-MSC group). CCl4
(Sinopharm, Shanghai, China) was used to
induce acute liver injury in mice. The mice
were injected intraperitoneally (i.p.) with 0.3%
CCl4 dissolved in olive oil (10 mL/kg body
weight) in groups II–V, whereas mice that
were injected i.p. with olive oil represented the
control (group I). Then, MSCs, AdEGFP-
MSCs, or AdSirt1-MSCs (5 � 105) were intrave-
nously injected into mice 4 h after CCl4 admin-
istration in groups III, IV, or V, respectively.
48 h after CCl4 challenge, the animals were anesthetized to collect
the blood sample and then sacrificed to obtain the livers. Blood and
liver samples were collected for further analysis as described below.

Bio-Plex Assay

A Bio-Plex assay was performed according to the manufacturer’s in-
struction using the Bio-Plex cytokine assay kit from Bio-Rad. Briefly,
samples were thawed at room temperature and incubated with anti-
body microbeads for 30 min. After washing, the beads were incubated
with the detection antibody cocktail; after another wash step, the
beads were incubated with streptavidin phycoerythrin for 10 min
and washed. Then, the concentration of each cytokine was measured
with the Bio-Plex suspension array reader.
olecular Therapy Vol. 28 No 3 March 2020 885
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Table 1. Primer Sequences

Target Gene Sequence (50/30)

Mouse Cxcl9
forward GGAGTTCGAGGAACCCTAGTG

reverse GGGATTTGTAGTGGATCGTGC

Mouse Cxcl10
forward CCAAGTGCTGCCGTCATTTTC

reverse TCCCTATGGCCCTCATTCTCA

Mouse Cxcl11
forward TGTAATTTACCCGAGTAACGGC

reverse CACCTTTGTCGTTTATGAGCCTT

Mouse Icam1
forward TGCCTCTGAAGCTCGGATATAC

reverse TCTGTCGAACTCCTCAGTCAC

Mouse Vcam1
forward TTGGGAGCCTCAACGGTACT

reverse GCAATCGTTTTGTATTCAGGGGA

Mouse Sirt1
forward ATGACGCTGTGGCAGATTGTT

reverse CCGCAAGGCGAGCATAGAT

Mouse Nos2
forward ACATCGACCCGTCCACAGTAT

reverse CAGAGGGGTAGGCTTGTCTC

Mouse Tnfaip6
forward GTGAGCGATGGGATGCCTATT

reverse AGCCGAATGTGCCAGTAGC

Mouse Il10
forward AGCCTTATCGGAAATGATCCAGT

reverse GGCCTTGTAGACACCTTGGT

Mouse Il6
forward CTGCAAGAGACTTCCATCCAG

reverse AGTGGTATAGACAGGTCTGTTGG

Mouse Hgf
forward AACAGGGGCTTTACGTTCACT

reverse CGTCCCTTTATAGCTGCCTCC

Mouse Gapdh
forward TGGCCTTCCGTGTTCCTAC

reverse GAGTTGCTGTTGAAGTCGCA
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Hematoxylin and Eosin Staining

Mouse liver samples were rinsed with PBS, fixed in 4% paraformalde-
hyde, and then embedded in paraffin. The 5-mm-thick paraffin sec-
tions prepared for the experiments were stained with hematoxylin
and eosin (H&E) according to the staining protocol.

Immunohistochemistry Staining

The anti-CD8 antibody (1:500; Abcam, Cambridge, UK) and anti-CD4
antibody (1:1,000; Abcam, Cambridge, UK) were used as primary anti-
bodies. The anti-mouse and anti-rabbit horseradish peroxidase-conju-
gated secondary antibodies were used correspondingly.

Quantitative Real-Time PCR

Total RNAwas extracted from cells using TRIzol reagent (Invitrogen/
Life Technologies). 1 mg of total RNA sample was reverse transcribed
into cDNA using a PrimeScript RT reagent kit (Takara, Kyoto, Japan)
for cDNA synthesis. Quantitative PCR was performed using a SYBR
Green PCR kit (Applied Biosystems) according to the manufacturer’s
protocols. The primers are presented in Table 1.

Western Blot Assay

The anti-Sirt1 (1:1,000; CST, Danvers, MA, USA), anti-iNOS
(1:1,000; Abcam, Cambridge, UK), NF-kB-p65 (1:1,000; CST,
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Danvers, MA, USA), and acetyl-NF-kB p65 (Lys310) antibodies
(1:1,000, CST, Danvers, MA, USA) and the anti-GAPDH antibody
(1:1,000; Bioworld Technology, St. Louis Park, MN, USA) were
used as primary antibodies. Western blot experiments were repeated
three times for each protein sample.

Transient Transfection Assay

The iNOS overexpression plasmid was provided by Heyuan Biotech-
nology (Shanghai, China). Cells were transfected with the iNOS over-
expression plasmid using Lipofectamine 3000 (Invitrogen). Cells were
transfected in parallel with the empty vector as the control.

Coimmunoprecipitation Assay

Cells were lysed in radioimmunoprecipitation assay (RIPA) buffer
containing a cocktail of protease inhibitors (Thermo Fisher Scientific)
and PMSF (Sigma) for 30 min on ice. Each sample of cell protein ly-
sates was coimmunoprecipitated using anti-p65 antibody (1:100;
CST, Danvers, MA, USA) overnight at 4�C. Normal immunoglobulin
G (IgG) was used as the control. The immunoprecipitates were added
to the protein A/G agarose beads (Thermo Fisher Scientific) and
rotated for 2 h. The immunoprecipitates attached to the bead resins
were eluted in elution buffer and subjected to western blotting
analysis.

Measurement of NO Production

The Griess method was applied to evaluate NO concentration in
MSCs. A Griess reagent kit (Beyotime Biotech, Hangzhou, China)
was used according to the manufacturer’s instructions. Briefly, super-
natant from each group was mixed with Griess reagents in a 96-well
microtiter plate. The optical density (OD) values of the mixtures were
detected at 540 nm.

Splenocyte Proliferation Assay In Vitro

The extent of splenocyte proliferation was measured by carboxyfluor-
escein diacetate succinimidyl ester (CFSE) staining detected by flow
cytometric analysis. Freshly isolated splenocytes from the BALB/c
mice were incubated with 5 mM CFSE (eBioscience) for 10 min at
37�C and then were subsequently washed twice with ice-cold FBS,
after which the splenocytes labeled with CFSE were co-cultured
respectively with MSCs, AdEGFP-MSCs, and Adirt1-MSCs at a ratio
of 10:1 for 72 h in the presence of 5 mg/mL Con A (eBioscience), and
then they were collected for flow cytometric measurement of CFSE
dilution to detect splenocyte proliferation.

Chemotaxis Assay

Chemotaxis was tested with the NeuroProbe ChemoTx chemotaxis
system (NeuroProbe, Gaithersburg, MD, USA) as described
previously by Shi et al.15 MSCs, AdEGFP-MSCs, or AdSirt1-MSCs
pre-treated with IFN-g plus TNF-a (10 ng/mL each) for 24 h were
respectively seeded into the lower chambers. The control group was
added with L-DMEM in the lower chamber. Then, the polyvinylpyr-
rolidone-free polycarbonate membrane with 5-mm pores was over-
laid. The freshly isolated splenocytes from mice were added to the
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top chambers. After a 3-h incubation, cells that had migrated through
pores and into bottom wells were observed under the microscope.

Statistical Analysis

All statistical data were analyzed with t tests using GraphPad Prism
software v6.0. Data are presented as the mean ± standard deviation
(SD). Differences with p < 0.05 were considered statistically signifi-
cant (*p < 0.05, **p < 0.01, ***p < 0.001; NS: not significant).
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