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Dual-Functionalized MSCs that Express CX3CR1
and IL-25 Exhibit Enhanced Therapeutic Effects
on Inflammatory Bowel Disease
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Mesenchymal stem cells (MSCs) have shown great promise in
inflammatory bowel disease (IBD) treatment, owing to their
immunosuppressive capabilities, but their therapeutic effec-
tiveness is sometimes thwarted by their low efficiency in
entering the inflamed colon and variable immunomodulatory
ability in vivo. Here, we demonstrated a new methodology to
manipulate MSCs to express CX3C chemokine receptor 1
(CX3CR1) and interleukin-25 (IL-25) to promote their delivery
to the inflamed colon and enhance their immunosuppressive
capability. Compared to MSCs without treatment, MSCs in-
fected with a lentivirus (LV) encoding CX3CR1 and IL-25
(CX3CR1&IL-25-LV-MSCs) exhibited enhanced targeting to
the inflamed colon and could further move into extravascular
space of the colon tissues via trans-endothelial migration in
dextran sodium sulfate (DSS)-challengedmice afterMSC intra-
venous injection. The administration of the CX3CR1&IL-25-
LV-MSCs achieved a better therapeutic effect than that of the
untreated MSCs, as indicated by pathological indices and in-
flammatory markers. Antibody-blocking studies indicated
that the enhanced therapeutic effects of dual-functionalized
MSCs were dependent on CX3CR1 and IL-25 function. Overall,
this strategy, which is based on enhancing the homing and
immunosuppressive abilities of MSCs, represents a promising
therapeutic approach that may be valuable in IBD therapy.
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INTRODUCTION
Inflammatory bowel disease (IBD) is a chronic relapsing inflamma-
tory disorder within the gastrointestinal tract.1 Although the precise
etiology of IBD remains unclear, it is generally accepted that interac-
tions between genetic susceptibility and environmental triggers lead
to chronic intestinal inflammation.2,3 Notably, the expansion of
mucosal leukocytes and the expression of related inflammatory cyto-
kines lead to damage the gut mucosal barrier, which seems to play a
crucial role in the pathogenesis of IBD.4,5

Current strategies for biological therapy such as application of
monoclonal antibodies (mAbs) against immune cells, inflamma-
tory cytokines, or immunomodulatory factors have shown great
1214 Molecular Therapy Vol. 28 No 4 April 2020 ª 2020 The American
promise in clinical IBD studies.6,7 Owing to their immunosuppres-
sive capabilities and homing property, mesenchymal stem cells
(MSCs) have potential in IBD treatment.8 However, the immuno-
modulatory properties of MSCs are highly variable in a
complex pathophysiological environment.9 Moreover, the effi-
ciency of MSC delivery to inflamed sites is poor when these cells
are systemically administered.10 Therefore, modifying MSCs to ex-
press therapeutic and targeting molecules can potentially be a use-
ful approach to improve their therapeutic efficacy in inflamma-
tion-related diseases.

In the present study, interleukin 25 (IL-25) and CX3C chemokine re-
ceptor 1 (CX3CR1) were chosen as the therapeutic and targeting mol-
ecules, respectively. IL-25 is an important regulatory cytokine that
plays a key role on colonic immune tolerance via suppressing mucosal
Th1/Th17 responses.11 CX3CL1, which is significantly upregulated in
the inflamed colon tissues, can recruit circulating cells expressing
CX3CR1 into colon tissues and may further promote trans-endothe-
lial migration of MSCs.12 Particularly, we infected bone marrow-
derived MSCs (BM-MSCs) from rats with a lentivirus (LV) encoding
both CX3CR1 and IL-25 and evaluated phenotypic changes and
immunosuppressive and migratory capabilities of the engineered
MSCs in vitro. Then, biodistribution and therapeutic effect of these
dual-functionalized MSCs were investigated in a dextran sodium sul-
fate (DSS)-induced murine colitis model (Figure 1). Moreover, the in-
fluence of themodifiedMSCs on colonic mucosal T cell responses was
studied via qRT-PCR, cytokine analysis, flow cytometry analysis, and
immunofluorescence staining.
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Figure 1. A Schematic Diagram of the Experimental Approach for Engineered MSCs in Colitis
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RESULTS
Determination of CX3CR1 and IL-25 Expression Levels in

Engineered MSCs

The construction process used to produce engineered MSCs is
shown in Figure 1. As shown in Figure 2A, MSCs infected with
LV encoding CX3CR1 and IL-25 (CX3CR1&IL-25-LV-MSCs) ex-
hibited the strongest CX3CR1 expression at 96 h after infection.
MSCs infected with CX3CR1-LV or CX3CR1&IL-25-LV showed
higher CX3CR1 expression than blank MSCs or empty-LV-infected
MSCs (Figure 2B). Consistent with the western blotting results, flow
cytometry analysis results indicated that infection with CX3CR1-LV
(96.13% CX3CR1 positive) or CX3CR1&IL-25-LV (94.48% CX3CR1
positive) resulted in enhanced surface expression of CX3CR1,
whereas empty-LV or IL-25-LV infection showed no effect on
CX3CR1 expression (Figures 2C and 2D). Time-course experiments
demonstrated that IL-25 expression in CX3CR1&IL-25-LV-MSCs
reached a peak at day 4 post-LV infection (Figure 2E). Either
IL-25-LV or CX3CR1&IL-25-LV infection could enhance IL-25 pro-
duction (Figure 2F). Immunofluorescence staining also indicated
strong expression of CX3CR1 and IL-25 in CX3CR1&IL-25-LV-in-
fected cells (Figure 2G).

Phenotypic Stability and Immunogenicity of MSCs following LV

Infection

Results usingmicroscopy indicated that LV infection showed no effects
on themorphology ofMSCs (Figure 3A). In addition, the results of flow
cytometry analysis indicated that the expression levels of leukocyte
markers (CD11b and CD45) and MSC markers (CD29 and CD90)
were not significantly changed among MSCs that received different
treatments (Figure 3B; Figure S1A). The results of the Cell Counting
Kit-8 (CCK-8; Dojindo Laboratory) assay showed no significant
change in the number of MSCs after LV infection (Figure 3C). To
assess the immunogenicity of different LV-infected MSCs, flow cytom-
etry analysis was further applied, and the results revealed that the
expression levels of major histocompatibility complex class I and class
II (MHC-I and MHC-II, respectively) and costimulatory molecules
(CD40, CD80, or CD86) were not significantly varied after MSCs
received different treatments (Figure 3D; Figure S1B). After co-culture
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Figure 3. Phenotypic Characterization and Immunogenicity Analysis of following LV Infection

(A) The morphologies of MSCs treated with different types of LVs at passage 2. Scale bars, 20 mm. For cell experiments, five samples were analyzed per condition, and the

experiments were performed in triplicate. (B) Flow cytometry analysis of immune cell markers (CD11b and CD45) and stem cell markers (CD29 and CD90) in MSCs given

different treatments. (C) Cell proliferation rates of MSCs given the indicated treatments, as determined using a CCK-8 assay. NS, no significant change, compared between

MSCs and CX3CR1&IL-25-LV-MSCs. (D) Flow cytometry analysis of markers related to immunogenicity (CD80, CD86, CD40, MHC-I, andMHC-II) in MSCs with LV infection.

(E) Lymphocytes from mice with DSS-induced colitis were co-cultured with LV-infected MSCs for 72 h, and then the proliferation rates of lymphocytes were determined by a

CCK-8 assay. Stimulation index (SI): for co-culture groups, SI = (sample OD� basal OD)/negative control OD; for lymphocytes and lymphocytes + Con A groups, SI = sample

OD/negative control OD. Values are expressed as the mean ± SEM. ***p < 0.001. NS, no significant change.
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with LV-infected MSCs, the stimulation index (SI) of lymphocytes
from mice with DSS-induced colitis was not different from that of
the negative control group (lymphocytes without any treatment) (Fig-
ure 3E). These results demonstrated that the engineeredMSCswere hy-
poimmunogenic and might be beneficial to avoid immune rejection.
Figure 2. MSC Expression of CX3CR1 and IL-25 following LV Infection

(A) The expression level of CX3CR1 was examined in MSCs after infection with a LV en

CX3CR1 was examined in MSCs after treatment with different types of LVs at 96 h post

MSCs administered the indicated treatments. (D) The quantification results of CX3CR1 po

25-LV at different time points were assayed by ELISA. (F) The protein levels of IL-25 in

nofluorescence staining for CX3CR1 and IL-25 was performed with empty-LV-infected

green indicates IL-25, and blue indicates DAPI nuclear staining). Scale bars, 10 mm. For c

performed in triplicate. The western blotting data shown are representative of three ind

detected.
Migratory and Immunosuppressive Capabilities of Engineered

MSCs In Vitro

An MSC chemotaxis assay was performed to investigate the migra-
tory ability of engineered MSCs in vitro. Migration analysis demon-
strated that the chemotactic responses ofMSCs infected with different
coding both CX3CR1 and IL-25 at different time points. (B) The expression level of

-infection. (C) Representative flow cytometry images of CX3CR1 expression levels in

sitive cells inMSCs. (E) The protein levels of IL-25 inMSCs treated with CX3CR1&IL-

MSCs 96 h after different types of LV infection were assayed by ELISA. (G) Immu-

MSCs and CX3CR1&IL-25-LV-MSCs (96 h post-infection; red indicates CX3CR1,

ell experiments, five sampleswere analyzed per condition, and the experiments were

ividual analyses. Values are expressed as the mean ± SEM. ***p < 0.001; n.d., not
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LVs exhibited no differences when the lower chamber contained only
culture medium without the addition of CX3CL1. However, the addi-
tion of a recombinant CX3CL1 protein into the lower chamber could
greatly enhance the migration of CX3CR1-LV- or CX3CR1&IL-
25-LV-MSCs (Figures 4A and 4B). We also noticed that the addition
of CX3CL1 could mildly promote the migration of blank, empty-LV-,
or IL-25-LV-treated MSCs. It is possible that recombinant CX3CL1
protein has cross-reactivity and can recruit MSCs that have a basal
level of CX3CR1. To examine the potential immunosuppressive capa-
bility of engineered MSCs, supernatants from MSCs were added to
lipopolysaccharide (LPS)-activated antigen-presenting cells (APCs).
ELISAs indicated that the supernatants of both IL-25-LV- and
CX3CR1&IL-25-LV-MSCs could suppress IL-12p70 and IL-23 secre-
tion by APCs relatively effectively, whereas the addition of an anti-IL-
25 mAb to the supernatants of IL-25-LV- and CX3CR1&IL-25-LV-
MSCs recovered the production of IL-12/IL-23 in APCs (Figure 4C).
To examine the influences of the different populations of treated
MSCs on Th cell differentiation, naive CD4+ T cells were isolated
and cultured with or without the medium from the aforementioned
treated APCs for 4 days, and the protocol is shown in Figure 4D.
Flow cytometry analysis indicated that the supernatants from LPS-
activated APCs could promote the polarization of Th1 and Th17 cells,
whereas the addition of the supernatants from the APCs treated
with IL-25-LV-infected- or CX3CR1&IL-25-LV-MSC medium
could effectively reduce the percentages of interferon (IFN)-g+ Th1
cells and IL-17A+ Th17 cells. Furthermore, the supernatant from
CX3CR1&IL-25-LV-MSCs with an added anti-IL-25 mAb recovered
the percentages of IFN-g+ Th1 cells and IL-17A+ Th17 cells (Fig-
ure 4E; Figure S2).

Tissue Distribution of Engineered MSCs in Mice with DSS-

Induced Colitis

We further examined the CX3CL1 levels in tissues from healthy mice
andmice with DSS-induced colitis. Results of an ELISA indicated that
the concentration of CX3CL1 in the inflamed colon was higher than
that in other organs or that in healthy colon (Figure 5A). To examine
the biodistribution of engineered MSCs, fluorescence images of
organs from mice were performed after intravenous injection
with MSCs at 2 h, 24 h, and 8 days. As shown in Figures 5B–5D,
compared with empty-LV-MSCs, CX3CR1&IL-25-LV-MSCs
remarkably enhanced the accumulation of MSCs in the inflamed co-
lon at 2 h, 24 h, and 8 days after cell injection. High levels of
CX3CR1&IL-25-LV-MSCs could be observed in liver and lung at
all time points after cell injection, implying that engineered MSCs
might be passively entrapped in these organs. However, the amounts
Figure 4. Migratory Ability and Immunomodulatory Capability Assays with Eng

(A) The cell migration ofMSCs given different treatments (infected with empty-LV, IL-25-L

after the cells were plated in the upper chamber, CX3CL1 was added in the bottom ch

counted in 5 randomly selected fields, and cell counts were averaged. (C) The producti

supernatants of MSCs infected with different types of LVs or the aforementioned supe

T cells magnetically purified from spleens harvested from C57BL/6 mice were cultured w

cytometry plots are shown after gating on live CD4+ T cells, followed by gating onCD4+ IF

were analyzed per condition, and the experiments were performed in triplicate. Values
of CX3CR1&IL-25-LV-MSCs in the colon were even higher than or
comparable with that in the liver and lung at 24 h and 8 days after
cell injection (Figures S3C–S3F), suggesting that CX3CR1&IL-25-
LV-MSCs can persist in colon long enough to exert their anti-colitis
effect. Consistent with the fluorescence images of colon, the inten-
sities of fluorescence of frozen sections of mouse colon also indicated
that a large amount of CX3CR1&IL-25-LV-MSCs were localized in
the colon (Figure 5C). Furthermore, CD31 immunofluorescence
staining was performed on the colon sections from mice with DSS-
induced colitis treated with 1,1'-dioctadecyl-3,3,3',3'-tetramethylin-
docarbocyanine perchlorate (DiI)-labeled CX3CR1&IL-25-LV-
MSCs 2 h post-injection. As shown in Figure 5E, CX3CR1&IL-25-
LV-MSCs could be observed in extravascular space around the vessel
in the inflamed colon tissues. These results imply that CX3CL1 ex-
pressed on the endothelial cell surface may promote the trans-endo-
thelial migration of CX3CR1&IL-25-LV-MSCs.

Engineered MSCs Protected against DSS-Induced Colitis

Mice that consumed a 5% DSS solution developed rapid-onset colitis
marked by weight loss, diarrhea, and bloody stool, resulting in a mor-
tality rate of 80% (Figure 6A). Moreover, DSS-treated mice given
CX3CR1&IL-25-LV-MSCs rapidly recovered lost body weight and
exhibited low disease activity index (DAI) scores (Figures 6B and
6D). Macroscopic examination of colons obtained 16 days after
model establishment showed striking hyperemia, inflammation,
and a shortened colon length. Colons from mice treated with
CX3CR1&IL-25-LV-MSCs showed no significant sign of macro-
scopic inflammation and a longer colon length (Figures 6C and
6E). Myeloperoxidase (MPO) activity, which is positively associated
with colonic neutrophil infiltration, was also reduced significantly
(Figure 6F). Histological examination showed that DSS-induced coli-
tis affected all layers of the colon, and the effects included submucosal
edema, muscle thickening, and strong granulocyte infiltration (Fig-
ure 6G). When compared with other groups, the group treated with
CX3CR1&IL-25-LV-MSCs showed notable improvements in histo-
logical characteristics (Figures 6G and 6H). In addition, the effects
of CX3CR1&IL-25-LV-MSCs on mucosal Th1 and Th17 responses
were investigated. The mRNA levels of Tbet and-Rorg in colonic
CD4+ T cells were downregulated in the CX3CR1&IL-25-LV-MSC-
treated group compared to the control group (Figure S4A). The re-
sults of Figure S4B indicated that the engineered MSCs significantly
decreased the levels of colonic cytokines (IL-12p70, IL-23, IFN-g,
and IL-17A) and increased IL-25 production. Additionally, the
expression of the pro-inflammatory cytokines (IL-1b, IL-6, and tu-
mor necrosis factor alpha [TNF-a]) in inflamed colon was
ineered MSCs

V, CX3CR1-LV, or CX3CR1&IL-25-LV) was examined by Transwell migration assays

amber, and the system was incubated for 24 h. Scale bars, 20 mm. (B) Cells were

on of IL-12/IL-23 in LPS-activated APCs was detected after a 12-h exposure to the

rnatant supplemented with an anti-IL-25 mAb or rat IgG (2 mg/mL). (D) Naive CD4+

ith the aforementioned treated medium from APCs for 96 h. (E) Representative flow

N-g+ cells or CD4+ IL-17A+ cells. ST, supernatant. For cell experiments, five samples

are expressed as the mean ± SEM *p < 0.05; **p < 0.01; ***p < 0.001.
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Figure 5. The Biodistribution of Engineered MSCs

(A) The levels of CX3CL1 in different organs from control mice andmice with DSS-induced colitis. (B andC) Fluorescence quantitative analysis (B) and frozen sections of colon

frommice with colitis 2 h, 24 h, and 8 days after fluorescently labeled LV-treated MSCs injection (C) (red indicates MSCs, and blue indicates DAPI nuclear staining; scale bars,

100 mm). (D) Fluorescence images of the colon frommice with colitis at 2 h, 24 h, and 8 days after the administration of different modified MSCs (MSCs 96 h post-LV infection,

empty-LV-treated MSCs, or CX3CR1&IL-25-LV-MSCs). (E) Frozen sections of the colons from mice with DSS-induced colitis treated with DiI-labeled CX3CR1&IL-25-LV-

MSCs 2 h post-injection were stained with endothelial cell markers (red indicates DiI-labeled CX3CR1&IL-25-LV-MSCs, green indicates CD31, and blue indicates DAPI

nuclear staining). Scale bars: 200�, 100 mm; 1,000�, 20 mm. The white arrow represented extravascular DiI-labeled CX3CR1&IL-25-LV-MSCs. BV, blood vessel. Values are

expressed as the mean ± SEM (n = 7 mice per group). **p < 0.01; ***p < 0.001; NS, no significant change.
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suppressed, which indicated that the dual-functionalized MSCs also
impaired innate responses in vivo (Figure S4B). Through immunoflu-
orescence staining for CD4 and IFN-g/IL-17A, massive Th1/Th17
cell infiltration was observed in the colon sections from mice with
DSS-induced colitis. When CX3CR1&IL-25-LV-MSCs were adminis-
tered, reductions in Th1 (IFN-g+ CD4+) and Th17 (IL-17A+ CD4+)
cells in the lamina propria of colon were observed (Figure S4C).

The immune rejection responses induced by xenogeneic MSCs were
further studied in mice with DSS-induced colitis. Results in Figures
S5A–S5F indicated that intravenous administration of rat MSCs did
not change the proportion of CD4+ or CD8+ T cells or B cells in pe-
ripheral blood. The CD4/CD8 ratio, a marker of immune activation
and immune senescence,13 was not changed in mice with colitis after
MSC treatment (Figure S5G). Moreover, cytokine analysis in organs
indicated that MSCs did not affect the levels of cytokines that may be
1220 Molecular Therapy Vol. 28 No 4 April 2020
involved in immune rejection in different organs, including heart,
liver, spleen, lung, and kidney at 2 h, 24 h (data not shown), and
8 days after MSC injection (Figure S5H). These results indicated
that the engineered rat MSCs did not induce detectable immune
rejection responses in mice with colitis in this study.

Anti-colitis Effect of EngineeredMSCs Depends on the Function

of CX3CR1 and IL-25

Previous studies indicated that MSCs could express IL-10, prosta-
glandin E2 (PGE2), and insulin-like growth factor 1 (IGF-1), which
might contribute to tissue repair and anti-inflammation.14–16 There-
fore, the paracrine factors of IL-10, PGE2, and IGF-1 were detected in
LV-infected MSCs. As shown in Figure S6, LV infection showed no
influence on the levels of IGF-1, PGE2, and IL-10, indicating that
the enhanced anti-colitis effect of CX3CR1&IL-25-LV-MSCs might
not be contributed by the change of paracrine factors.



Figure 6. Engineered MSCs Protected Mice against DSS-Induced Colitis

Mice were intravenously injected with different types of MSCs (96 h post-infection) on days 4, 6, and 8 (three times in total). (A and B) Survival analysis was performed (A), and

body weight wasmeasured daily to monitor colitis severity (B). (C) Colons excised frommice with DSS-induced colitis were photographed. (D and E) The DAI was determined

(D), and the colon length was measured (E). (F) Colonic MPO activity was examined. (G and H) Colon sections from mice that had undergone different treatments

were examined by H&E staining (G), and histopathological scoring was analyzed (H). Scale bars, 100 mm. Values are expressed as the mean ± SEM (n = 7 mice per group).

*p < 0.05; **p < 0.01; ***p < 0.001.
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To examine whether the anti-colitis effect of the dual-functional-
ized MSCs was dependent on the function of CX3CR1 and
IL-25, CX3CR1 antibody was applied to treat CX3CR1&IL-25-
LV-MSCs before their injection. Alternatively, IL-25 antibody
was intraperitoneally administrated to mice with DSS-induced co-
litis after MSC tail vein injection. Survival rate (Figure 7A) and
body weight (Figure 7B) were monitored over 16 days. At day
16, mice were sacrificed, and colons were excised for macroscopic
observation (Figure 7C) and DAI score (Figure 7D). Colon length
(Figure 7E) and MPO activity (Figure 7F) were measured, and tis-
sues were fixed in formalin and prepared for histology (Figures 7G
and 7H). Compared with treatment with CX3CR1&IL-25-LV-
MSCs, either CX3CR1 antibody incubation or IL-25 antibody in-
jection impaired the anti-inflammation efficacy of CX3CR1&IL-
25-LV-MSCs in mice with DSS-induced colitis. Therefore, the
improved anti-colitis effects of engineered MSCs in mice with
DSS-induced colitis were based on the function of CX3CR1 and
IL-25, rather than the paracrine factors basically expressed by
MSCs.

DISCUSSION
For therapies based on MSCs, the most essential aspects are maxi-
mizing efficiency of MSC delivery to the diseased sites and ensuring
that these MSCs produce as many immunomodulatory factors as
possible in a short period of time.17 Therefore, several approaches
have been developed to modify MSCs, including biomaterial-assisted
methods,18–20 enzymatic modification of cell-surface proteins,21 anti-
addressin antibody coating,8 genetic modification,22 and “painting”
MSCs with complement factor H.23 In regard to MSC-mediated
IBD treatment, recent reports have demonstrated that precondition-
ing with poly(I:C), a ligand of Toll-like receptor 3 (TLR3), or MSCs
transfected with a let-7a inhibitor improve therapeutic functionality
and immunosuppressive activity of MSCs in experimental colitis.24,25

All these methodologies have been proven to effectively enhance the
Molecular Therapy Vol. 28 No 4 April 2020 1221
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Figure 7. Anti-colitis Effect of Engineered MSC Depends on CX3CR1 and IL-25 Function

CX3CR1&IL-25-LV-MSCs pre-incubated with CX3CR1 antibody (10 mg/mL) or mouse IgGwere administered into mice with DSS colitis by tail vein injection on days 4, 6, and

8. Mice were treated with dual-functionalized MSCs (intravenous injection) and IL-25 antibody (intraperitoneal injection) on days 4, 6, and 8. (A and B) Survival analysis was

performed (A), and body weight was measured daily to monitor colitis severity (B). (C) Colons excised from mice with DSS-induced colitis were photographed. (D and E) The

DAI was determined (D), and the colon length was measured (E). (F) Colonic MPO activity was examined. (G and H) Colon sections from mice that had undergone different

treatments were examined by H&E staining (G), and histopathological scoring was analyzed (H). Scale bars, 100 mm. Values are expressed as themean ±SEM (n = 7mice per

group). *p < 0.05; **p < 0.01.
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therapeutic potential of MSCs. In the present study, we applied LV
vectors to equip MSCs with improved targeting molecules and
potent therapeutic agents. However, there are concerns about the
safety of MSCs genetically modified with stable DNA in clinical
investigations.26,27 Thus, phenotypic characterization analysis and
immunogenicity investigation were performed to evaluate the safety
of engineered MSCs in the present study. Our results indicated that
LV infection showed no influences on the phenotype or cell prolifer-
ation rate of MSCs. In vitro immunogenicity analysis and in vivo im-
munorejection testing indicated that the engineered MSCs were
1222 Molecular Therapy Vol. 28 No 4 April 2020
hypoimmunogenic and could not induce detectable immune rejec-
tion responses in mice with colitis. Biodistribution assay indicated
that xenogeneic MSCs could be detected in the colon tissues 8 d after
MSCs injection through the fluorescent signal. Because the fluoro-
phore could be released fromMSCs, and the fluorescence signal could
persist long after MSCs were dead, other markers such as the level of
IL-25 should be presented to better reflect the function of MSCs. As
shown in Figure S4B, the IL-25 level in the colon tissues from mice
with colitis treated with CX3CR1&IL-25-LV-MSCs was significantly
higher than that in colitis mice without any treatment or with
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unmodified MSC treatment. The results implied that the engineered
MSCs in the colon tissues were still alive 8 days after the last injection
and could effectively secrete IL-25. Overall, the engraftment of engi-
neered MSCs in this way may not pose a biological safety problem,
and the dual functionalized MSCs could stay in the colon tissues
long enough to exert anti-colitis activity.

The CX3CL1-CX3CR1 axis was selected to recruit MSCs to the in-
flamed colon for the following reasons. First, it has been reported
that CX3CL1 expression is significantly increased in the colonic
epithelium and vascular endothelium in CD patients.12 Consistent
with previous reports, this study observed that the CX3CL1 level
was upregulated in the colon tissues from DSS mice compared with
that from healthy mice. Moreover, we also found that the colonic
concentration of CX3CL1 was higher than that in other organs in
mice with DSS-induced colitis. Second, unlike other chemokines,
CX3CL1 has two forms: the membrane-bound form and the soluble
form.28 These different structural forms allow CX3CL1 to function as
an adhesion molecule and a chemoattractant, respectively.29 There-
fore, CX3CL1 can maintain a potent concentration gradient in the
blood, which is efficient for recruiting circulating CX3CR1-positive
cells into the blood vessels of the inflamed colon.30 Then, the upregu-
lated CX3CL1 level on the inflamed endothelial cells can bind with
CX3CR1, which generates rolling of the CX3CR1-positive cells along
inflamed blood vessel wall.31 The rolling movement along the endo-
thelium can slow down the CX3CR1-positive cells in the blood
flow, which is beneficial for the subsequent firm adhesion of the
CX3CR1-positive cells to the blood vessel and the infiltration of
the CX3CR1-positive cells into the inflamed colon tissues.32 Indeed,
the experimental data indicated that this process is feasible. An
in vitro migration assay indicated that CX3CR1-positive MSCs ex-
hibited enhanced chemotactic activity toward medium containing
CX3CL1. We also observed increased accumulation of engineered
MSCs in the colon in DSS-challenged mice at three indicated time
points after cell injection. Results of immunofluorescence staining
further indicated that the engineered MSCs were not simply trapped
within the blood vessel but could move into the extravascular space
via trans-endothelial migration. Therefore, we believe that the appli-
cation of CX3CR1-LV to upregulate CX3CR1 expression inMSCs can
be useful as a strategy for enhancing the homing properties of MSCs.

As an important immunomodulatory cytokine, IL-25 exhibits signif-
icantly downregulated expression in the colon tissues from IBD pa-
tients and a variety of murine colitis models.33 Functional studies
have revealed that IL-25 can impair mucosal Th1/Th17 responses
by suppressing IL-12/IL-23 production in colonic APCs.34 Although
endogenous IL-25 seems to act as a proinflammatory factor in DSS-
induced colitis,35 it has been indicated that the exogenous administra-
tion of high-dose IL-25 protects against colitis in different murine
models, including DSS-induced colitis,36 2,4,6-trinitrobenzenesul-
fonic acid (TNBS)-induced colitis,37 and IL-10-knockout (KO) spon-
taneous colitis.38 Therefore, we speculate that infecting MSCs with an
LV encoding IL-25 can significantly upregulate the local concentra-
tion of IL-25 in the colon and enhance the anti-inflammatory activity
of these cells. Our experimental data further supported this specula-
tion. When compared with untreated MSCs, MSCs encoding IL-25
showed an enhanced ability to suppress Th1/Th17 responses. Addi-
tionally, anti-IL-25 mAb neutralization abolished the anti-Th1/
Th17 response ability of engineered MSCs. These results prove that
IL-25 plays a key role in the engineeredMSC-mediated immunomod-
ulatory effect. Our findings that IL-25 antibody could reduce the ther-
apeutic effect of engineered MSCs agreed with those of previous
studies on TNBS, IL-10 KO, and azoxymethane (AOM)/DSS mice
(Th1/Th17 cell involved) but contradicted the report involving the
oxazolone model (Th2 cell dominated).38–40 The different therapeutic
effect of IL-25 antibody on a variety of colitis models may be caused
by the different pathogenesis of colitis models.

MSCs themselves exert immunomodulatory effects by recruiting reg-
ulatory T cells (Tregs) and secreting anti-inflammatory mediators
that can inhibit innate immune responses and Th1/Th17 responses
and promote tissue regeneration.41 Consistent with previous studies,
this study found that blank MSCs had certain therapeutic effects.42

Moreover, CX3CR1&IL-25-LV-MSCs showed increased therapeutic
efficacy compared with blank MSCs and MSCs infected with an LV
encoding CX3CR1 or IL-25 alone. Therefore, the possible reasons
for the enhanced therapeutic effects mediated by the CX3CR1&IL-
25-LV-MSCs include the following two points. Initially, CX3CR1-
LV infection improves the homing ability of MSCs and promotes
the influx of more engineered MSCs into inflamed sites. Moreover,
IL-25-LV treatment enhances the anti-inflammatory activity of
MSCs, and IL-25 secreted by these engineered MSCs might be
more effective at suppressing mucosal Th1/Th17-cell-mediated in-
flammatory responses. Antibody-blocking studies indicated that the
improved therapeutic effects of engineered MSCs were based on
CX3CR1 and IL-25 function. Therefore, equipment of MSCs with
homing and therapeutic molecules leads to an increased number of
MSCs with improved immunomodulatory activities in the colitis
colon, which is beneficial for achieving an improved therapeutic ef-
fect. Certainly, there is still much room to improve our work. Further
efforts can be made on how to increase therapeutic efficacy of the en-
gineered MSCs in colitis by avoiding the nonspecific retention of
MSCs in lung, liver, and spleen.

Overall, the protective effects of engineered MSCs expressing
CX3CR1 and IL-25 on experimental colitis were demonstrated in
the present study. This strategy to impair mucosal inflammatory re-
sponses through engineered MSCs represents a potential therapeutic
approach that may be valuable for IBD treatment.

MATERIALS AND METHODS
Animals and Reagents

Four to five-week-old female Sprague-Dawley rats and 6- to 8-week-
old female C57BL/6 mice were purchased from the Laboratory Ani-
mal Center of Nanjing University (Nanjing, China). All animals
received humane care in accordance with the guidelines approved
by the Animal Care Ethics Committee of Nanjing University.
Throughout acclimatization and study periods, all animals had access
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to food and water ad libitum and were maintained on a 12-h/12-h
light/dark cycle (23�C ± 2�C, with a relative humidity of 50% ±

10%) in a specific pathogen-free (SPF) animal facility. DSS
(molecular weight, 36–50 kDa) was obtained from MP Biomedicals
(Irvine, CA, USA). AnMPO activity assay kit was obtained from Jian-
cheng Biotech (Nanjing, China). A DiI cell membrane-labeling solu-
tion was obtained from Beyotime Biotechnology (Nantong, China).
Other chemical reagents were purchased from Sigma (St. Louis,
MO, USA).

Isolation and Culture of MSCs

MSCs were isolated from Sprague-Dawley rats as previously
described.43 Briefly, rat femurs and tibias were excised from the hin-
dlimbs and carefully cleaned to remove adherent tissue under sterile
conditions. Then, the dissected femurs and tibias were placed in 75%
alcohol for 30 s and transferred to sterile precooled phosphate-buff-
ered saline (PBS). Bone marrow plugs were extracted from the bones
by flushing the bone marrow cavity repeatedly with complete culture
medium. Then, the homogeneous cell suspension was filtered
through a 70-mm nylon strainer (BD Biosciences, Bedford, MA,
USA), centrifuged at 1,000 rpm for 5 min at 4�C, and resuspended
in low-glucose Dulbecco’s modified eagle medium (DMEM; Life
Technologies, Grand Island, New York, USA) containing 10% fetal
bovine serum (FBS; low endotoxin G 10 endotoxin units (EU)/mL,
#1091148, Life Technologies), 1% HEPES (Life Technologies), 1%
nonessential amino acids (Life Technologies), and an antibiotics
mixture (100 U/mL penicillin and 100 mg/mL streptomycin; Beyotime
Biotechnology). Subsequently, MSCs were plated in 25-cm2 cell-cul-
ture flasks (Corning, Corning, NY, USA) and incubated at 37�C in a
humidified atmosphere with 5% CO2 for 24 h before the first medium
change. After that, the medium was replaced every 3 days until the
MSCs reached 80% confluence. Then, the MSCs were passaged at
1:3 in triple flasks under the same conditions. All experiments were
carried out with MSCs passaged no more than five times.

Construction and Phenotypic Analysis of Engineered MSCs

LV vectors with CMV promoter encoding mouse IL-25
(GenBank: NM_080729.3), CX3CR1 (GenBank: NM_009987.4),
and CX3CR1&IL-25 were generated by Genecopoeia (Guangzhou,
China). An empty negative vector was used as a control. MSCs at
passage 2 were seeded into a 6-well plate 24 h prior to viral infec-
tion. When the cells reached 70%–80% confluence, the appropriate
LV was added into each well at a multiplicity of infection (MOI) of
5:1 and incubated with the cells at 37�C with 5% CO2 overnight.
The supernatants were collected, and IL-25 was detected by using
an ELISA kit (Thermo Fisher Scientific, Rockford, IL, USA), and
the cells were harvested for western blotting, immunofluorescence
staining, and flow cytometry analysis. For a cell proliferation assay,
MSCs infected with different LVs were seeded into 96-well plates
(103 cells per well). A growth curve was constructed via a
CCK-8 (Dojindo Laboratory, Kumamoto, Japan) assay. Absor-
bance was measured at 450 nm using a microplate spectrometer
(Tecan Group, Männedorf, Switzerland). Specifically, the levels
of paracrine factors in the supernatant from MSCs with
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different treatments were examined with ELISA kits (rat IGF-1,
#70-EK9131-24, MultiSciences, Hangzhou, China; rat IL-10, #70-
EK310/2-24, MultiSciences; rat PGE2, #JEB-13530-1, JinYibai Bio-
logical Technology, Nanjing, China).

Chemotaxis Assay

For an in vitro chemotaxis assay, MSCs that received different treat-
ments (2 � 105 cells per 200 mL complete medium) were cultured in
the upper chamber of an 8-mm-pore polycarbonate membrane
(Transwell, Corning). The lower chamber contained 0.8 mL low-
glucose DMEM supplemented with 1% FBS and 100 mg/mL
CX3CL1 (#300-31, PeproTech, Rocky Hill, NJ, USA). After a 24-h in-
cubation, the nonmigrating cells were gently removed. The cells
attached to the lower chamber were fixed with 90% ethanol and
stained using 0.1% crystal violet. A Nikon microscope (TE2000U, To-
kyo, Japan) was used to analyze 10 different randomly selected fields.

Immunosuppressive Ability Assay for MSCs

APCs were isolated from the spleen by anti-MHC-II antibody-coated
paramagnetic beads (Miltenyi Biotech, Cologne, Germany). The pu-
rity of the APCs (>95%) was confirmed by a flow cytometer using a
fluorescein isothiocyanate (FITC)-labeled anti-MHC-II antibody
(#ab24882, Abcam). The supernatants from MSCs that received
different treatments were collected at 96 h post-LV infection and
mixed with fresh culture medium at a ratio of 1:1. Under some cir-
cumstances, 2 mg/mL LEAF-purified anti-mouse IL-25 mAb
(#514403, BioLegend, San Diego, CA, USA) was added. Then, mixed
medium supplemented with 100 ng/mL LPS (Escherichia coli, L2630,
serotype O111:B4, Sigma) was added to stimulate the APCs for 12 h,
and the supernatants were collected to determine IL-12p70 and IL-23
levels for ELISA and further functional analyses.

To examine the influence of activated APCs on T cell differentiation,
naive CD4+ T cells were first purified from the splenocytes of 6- to
8-week-old C57BL/6 mice using the MagniSort Mouse CD4 Naive
T Cell Enrichment Kit (eBioscience, San Diego, CA) according to
the manufacturer’s instructions. Purified naive CD4+ T cells were
seeded in 48-well plates precoated with an anti-CD3ε antibody
(5 mg/mL) (#557306, BD Biosciences, East Rutherford, NJ, USA)
and cultured in the aforementioned collected medium from APCs
containing 1 mg/mL soluble anti-CD28 antibody (#557398, BD Bio-
sciences). After 96 h of culture, differentiated T cells were harvested
for intracellular staining and flow cytometry analysis.

Mixed-Lymphocyte Reactions In Vitro

In order to assess the immunogenicity of MSCs, cell co-culture exper-
iments were performed. Lymphocytes isolated from the spleen of
mice with DSS-induced colitis according to a previous report were
used as effector cells.44 As stimulator cells, MSCs were mitotically in-
activated by the addition of mitomycin C (50 mg/mL; #HY-13316,
MedChem Express, Princeton, NJ, USA) in the dark at 37�C for
30 min. Then, 200 mL culture medium (RPMI 1640 supplemented
with 10% FBS) containing 1 � 104 mitotically inactivated MSCs
and 1 � 105 lymphocytes were seeded in 96-well flat-bottom plates.
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Lymphocytes treated with concanavalin A (Con A) (5 mg/mL;
#C0412, Sigma) were used as positive controls. Lymphocytes without
any treatment were used as negative controls. Mitotically inactivated
MSCs infected with corresponding types of LVs were used as basal
controls. After co-culture for 3 days, the proliferation of lymphocytes
was assayed with CCK-8 (Dojindo). The following formula was
used to calculate the stimulation index (SI): for co-culture groups,
SI = (sample OD � basal OD)/negative control OD; for lymphocytes
and lymphocytes + Con A groups, SI = sample OD/negative
control OD, where OD is optical density.

Western Blotting

Protein extracts from MSCs were prepared using RIPA lysis buffer
containing a protease inhibitor cocktail (Sigma), and protein concen-
trations were determined via a bicinchoninic acid (BCA) protein
assay kit (Beyotime Biotechnology). Samples were incubated with a
protein loading buffer at 100�C for 5 min, centrifuged at
12,000 rpm for 5 min at 4�C, separated on a 10% SDS-polyacrylamide
gel, and blotted onto polyvinylidene fluoride (PVDF) membranes.
Bands were detected immunologically using an anti-CX3CR1 anti-
body (#ab8021, Abcam, MA, USA, 1:1,000). Subsequently, the corre-
sponding horseradish peroxidase (HRP)-conjugated anti-rabbit
immunoglobulin G (IgG) secondary antibody (#111-035-003, Jack-
son ImmunoResearch, West Grove, PA, USA) was applied. GAPDH
(#5174, Cell Signaling Technology, 1:1,000) was used as the internal
control. The bands were detected using HRP Substrate Luminol Re-
agent (Millipore, Billerica, MA, USA).

Establishment of Experimental Colitis Models and Treatment

C57BL/6 mice received either regular drinking water (control) or 5%
(w/v) DSS drinking water (model) for 7 days. Body weight and sur-
vival rate weremonitored over 16 days, and at day 16, mice were sacri-
ficed, colon length and weight were measured, and tissues were fixed
in formalin and prepared for histology.

To examine the biodistribution of engineered MSCs in vivo,
CX3CR1&IL-25-LV-MSCs and empty vector-infected MSCs were
labeled with DiI prior to tail vein injection. After the C57BL/6 mice
were treated with 5% DSS on day 4, prepared MSCs (2.5 � 106 cells
per mouse) were administered via tail vein injection. The heart, liver,
spleen, lung, kidney, small intestine, and colon were harvested from
the experimental colitic mice at 2 h, 24 h, and 8 days after injection,
imaged by an IVIS Lumina XR system (PerkinElmer, Waltham, MA,
USA), and then embedded in optimum cutting temperature com-
pound (OCT) for frozen sections. Mice in group A were treated
with empty-LV-infected MSCs without labeling DiI red fluorescent
probes, and this group was used to eliminate the background fluores-
cence signal. For fluorescent MSC localization, cryosectioned tissue
was counterstained with 4,6-diamidino-2-phenylindole (DAPI;
Sigma) and imaged by a Nikon confocal microscope (C2+, Nikon, To-
kyo, Japan).

For a therapeutic study, mice were randomly assigned to control,
DSS-treated; DSS+MSC-treated; DSS+empty-LV-infected MSC-
treated; DSS+IL-25-LV-infected MSC-treated; DSS+CX3CR1-LV-in-
fected MSC-treated; and DSS+CX3CR1&IL-25-LV-MSC-treated
groups. The different populations of treated MSCs (2.5 � 106 cells
per mouse) were administered by tail vein injection on days 4, 6,
and 8. All measurements and data analysis was performed through
double-blinded methods. Animals were weighed daily and sacrificed
on day 16, and the colon was excised for macroscopic observation,
histopathological examination, MPO activity measurement, T cell
isolation, and cytokine (IL-25, IFN-g, IL-12p70, IL-17A, IL-23,
IL-1b, IL-6, TNF-a, and CX3CL1) analysis with ELISA kits (Beijing
4A Biotech, Beijing, China). A DAI based on a previously published
grading system was used to evaluate body weight loss, stool consis-
tency, and rectal bleeding at day 16.45 Colon tissues near the rectum
(approximately 3–5 cm) were used for hematoxylin and eosin (H&E)
staining and scored according to the previously reported approach.46

The combined scores were averaged to obtain the final DAI score and
the histological score.

To investigate whether the enhanced anti-colitis effect of the dual-
functionalized MSCs was dependent on CX3CR1 and IL-25 function,
2.5 � 106 CX3CR1&IL-25-LV-MSCs were pre-incubated with
CX3CR1 antibody (10 mg/mL; #153702, BioLegend) or mouse IgG
at 4�C for 30 min and then administered into mice with DSS-induced
colitis by tail vein injection. Additionally, mice were treated with
dual-functionalized MSCs (2.5 � 106 cells per mouse, tail vein injec-
tion) and IL-25 antibody (100 mg/20 g mouse weight; BioLegend,
#514418, intraperitoneal injection) on days 4, 6, and 8 in mice with
DSS-induced colitis. Body weight and survival rate were monitored
over 16 days, and at day 16, mice were sacrificed. Colon tissues
were collected for macroscopic observation, histopathological exam-
ination, and MPO activity measurement.

Flow Cytometry Analysis

MSCs that received different treatments were collected at day 4 after
LV infection for flow cytometry analysis. TheMSCs were stained with
fluorescence-conjugated mAbs against rat CD11b, CD45, CD90,
CD29, CD80, CD86, and MHC-I (#210817, #202207, #205903,
#102207, #200205, #200307, and #205208, BioLegend) and CD40
and MHC-II (#48-0402-80, #12-5980-81, eBioscience); correspond-
ing isotype controls were applied for phenotypic characterization.
To examine the expression level of CX3CR1, the MSCs were stained
with a rabbit anti-mouse/rat CX3CR1 antibody (#ab8021, Abcam,
1:100) followed by an Alexa Fluor 546-conjugated donkey anti-rabbit
secondary antibody (#A-10040, Life Technologies).

For intracellular IFN-g and IL-17A staining, in vitro differentiated
T cells were stimulated with phorbol 12-myristate 13-acetate (PMA;
50 ng/mL), ionomycin (500 ng/mL) and brefeldin A (10 mg/mL)
(all from Sigma) for 4 h. Then, the cell surface was stained with a
FITC-conjugated anti-mouse CD4 antibody (#100405, BioLegend),
and the cells were fixed in 1 � Intracellular Fixation Buffer (eBio-
science, San Diego, CA, USA). The fixed cells were permeabilized
with 1 � Permeabilization Buffer (eBioscience), followed by intracel-
lular staining with an Alexa Fluor 647-conjugated anti-mouse IFN-g
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antibody (#505814, BioLegend) or Alexa Fluor 647-conjugated anti-
mouse IL-17A antibody (#506912, BioLegend). Then, the cells were
examined with a flow cytometer (BD FACSCalibur, BD Biosciences).

To measure the proportion of T and B cells in peripheral blood, mice
with DSS-induced colitis that were intravenously injected with LV-in-
fected MSCs (2.5 � 106 cells per mouse) were sacrificed at 2 h, 24 h,
and 8 days. Organs were harvested for ELISA assay (Beijing 4A
Biotech, Beijing, China). Blood was collected, and erythrocytes were
lysed to generate the leukocyte suspension. Then, leukocytes were
incubated with the following antibodies: CD45, CD3, CD4, CD8,
CD19 (#103114, #100204, #100408, # 100712, and #115512, Bio-
Legend) or corresponding IgG controls. After that, the cells were
examined with a flow cytometer (BD FACSCalibur).

Immunofluorescence Analysis

For IL-25 and CX3CR1 expression studies, empty-vector-infected
MSCs and CX3CR1&IL-25-LV-MSCs seeded on coverslips were fixed
in 4% paraformaldehyde (PFA), permeabilized with 0.1% Triton
X-100 (Beyotime Biotechnology) for 5 min, and blocked with 3%
bovine serum albumin (BSA) (Sun Shine Biotechnology, Nanjing,
China) for 1 h. Different MSCs were incubated with a rat anti-mouse
IL-25 antibody (#514403, BioLegend, 1:100) and a rabbit anti-mouse/
rat CX3CR1 antibody (#ab8021, Abcam, 1:100) at 4�C overnight and
then stained with an Alexa Fluor 488-conjugated goat anti-rat sec-
ondary antibody (#A-11006, Life Technologies) and an Alexa Fluor
546-conjugated donkey anti-rabbit secondary antibody (#A-10040,
Life Technologies) at room temperature for 1 h, followed by nuclear
staining with DAPI. The cells were imagined by a Nikon confocal mi-
croscope and analyzed using Nis-Elements Advanced Research soft-
ware (Nikon). Cells stained with matched isotype controls were used
as negative controls to eliminate nonspecific binding by the anti-
bodies (data not shown).

To investigate whether dual-functionalized (DiI-labeled) MSCs
could move to extravascular space through the trans-endothelial
migration, cryosections of colons tissue were stained with anti-
mouse CD31 mouse monoclonal antibody (#sc-376764, Santa
Cruz Biotechnology, CA, USA) at 4�C overnight. Then, an Alexa
Fluor 488-conjugated donkey anti-mouse secondary antibody
(#A-21202, Life Technologies) was applied for 45 min at room tem-
perature, followed by nuclear staining with DAPI. The colonic tissue
sections were imaged by using a Nikon confocal microscope.
Colonic tissue sections stained with matched isotype controls were
used as negative controls to eliminate nonspecific binding by the
antibodies (data not shown).

To detect the infiltration of Th1 or Th17 cells in the inflamed colon,
cryosections of colon tissue were stained with a rabbit anti-mouse
CD4 antibody (#sc-7219, Santa Cruz Biotechnology, CA, USA) and
a hamster anti-mouse IFN-g or a rat anti-mouse IL-17A antibody
(#513202 and #506901; BioLegend), respectively, at 4�C overnight.
Then, an Alexa Fluor 488-conjugated donkey anti-rabbit secondary
antibody (#A-21206, Life Technologies) and an Alexa Fluor 594-con-
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jugated goat anti-hamster or donkey anti-rat secondary antibody
(#A-21113 and #A-21209; Life Technologies), respectively, were
applied for 45 min at room temperature, followed by nuclear staining
with DAPI. The colonic tissue sections were imaged by using a Nikon
confocal microscope. Colonic tissue sections stained with matched
isotype controls were used as negative controls to eliminate nonspe-
cific binding by the antibodies (data not shown).

mRNA Quantification

Lamina propria mononuclear cells (LPMCs) were isolated according
to the protocol described in a previous report.47 Colonic CD4+ T cells
were separated from the LPMCs by CD4 microbeads (Miltenyi Bio-
tec, Bergisch Gladbach, Germany). Total RNA was isolated from
colonic T cells by using TRIzol reagent (Life Technology). Quantita-
tive real-time PCR was performed by using the One Step SYBR
PrimeScript RT-PCR Kit (Takara, Shiga, Japan) according to the
manufacturer’s protocol. b-actin was used as an internal control.
The following primers were used: T-bet sense, 50-TGCCAGGG
AACCGCTTATAT-30; T-bet antisense, 50-GTTGGAAGCCCCCT
TGTTGT-30; RORgt sense, 50-CCAGGAG CAATGGAAGTCG-30;
RORgt antisense, 50-CCGTGTAGAGGGCAATCTCA-30; b-actin
sense, 50-GGTGTGATGGTGGGAATGGG-30; b-actin antisense,
50-ACG GTTGGCCTTAGGGTTCAG-30.

Data Statistics

Results are expressed as the means ± standard error of the mean
(mean ± SEM). Data were statistically analyzed using GraphPad
Prism software (v.5.01, GraphPad Software, La Jolla, CA, USA).
Data were checked for distribution normality. Differences among
multiple groups were compared using one-way ANOVA with a
post hoc Bonferroni correction. Differences between two groups
were evaluated using a two-tailed Student’s t test. Survival curves
were analyzed by the Kaplan-Meier log-rank test. A value of p <
0.05 was considered significant.
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