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mRNA-engineered mesenchymal stromal cells
expressing CXCR2 enhances cell migration
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SUMMARY

Mesenchymal stromal cells (MSCs) have shown significant het-
erogeneity in terms of therapeutic efficacy for inflammatory
bowel disease (IBD) treatment, which may be due to an insuf-
ficient number of MSCs homing to the damaged tissue of the
colon. Engineering MSCs with specific chemokine receptors
can enhance the homing ability by lentiviral transduction.
However, the unclear specific chemokine profile related to
IBD and the safety concerns of viral-based gene delivery limit
its application. Thus, a new strategy to modify MSCs to express
specific chemokine receptors using mRNA engineering is
developed to evaluate the homing ability of MSCs and its ther-
apeutic effects for IBD.We found that CXCL2 and CXCL5 were
highly expressed in the inflammatory colon, while MSCs mini-
mally expressed the corresponding receptor CXCR2. Transient
expression of CXCR2 in MSC was constructed and exhibited
significantly enhanced migration to the inflamed colons, lead-
ing to a robust anti-inflammatory effect and high efficacy.
Furthermore, the high expression of semaphorins7A on
MSCs were found to induce the macrophages to produce IL-
10, which may play a critical therapeutic role. This study
demonstrated that the specific chemokine receptor CXCR2
mRNA-engineered MSCs not only improves the therapeutic ef-
ficacy of IBD but also provides an efficient and safe MSCmodi-
fication strategy.

INTRODUCTION
Inflammatory bowel diseases (IBD), including ulcerative colitis (UC)
and Crohn’s disease (CD), are chronic inflammatory diseases of the
gastrointestinal tract mucosa.1,2 The incidence and prevalence of
IBD are increasing worldwide.3 Patients with IBD mainly present
with abdominal pain, diarrhea, mucinous blood stool, tenesmus,
and abdominal mass and tend to develop the complications of intes-
tinal obstruction and fistulae. The disease progresses with relapses
and remission periods, often impairing social life. However, the ther-
apeutic effects of the available medical treatment are not satisfactory,
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and the majority of patients eventually need surgery to remove the
diseased bowel. This situation has spurred clinical interest in devel-
oping new approaches for effectively controlling IBD.

In recent years, mesenchymal stromal cells (MSCs) have shown ther-
apeutic potency in treating IBD due to their easy isolation and expan-
sion, multi-lineage differentiation, paracrine effects, and immuno-
modulatory activities.4,5 Preclinical and clinical data from animal
models and humans have demonstrated that MSC therapy is safe
for treating IBD6–8; however, significant heterogeneity exists in terms
of therapeutic efficacy.9–11 Localized injection of MSCs in the fistula
tract of the colon with complex anal fistula has shown promising out-
comes; 50% and 56% of the patients achieved the combined remission
at weeks 24 and 52, respectively. The anal fistula healing rate (com-
plete closure) is up to 64% (27/42) at week 8, and all fistulas were
closed 4 years after MSC therapy.7,12–14 Conversely, although some
Phase I trials confirm the safety of MSCs therapy, the intravenous in-
jection of MSCs results in an unsatisfactory treatment effect, with
34%–40% achieving clinical remission; of these, 50% of IBD patients
were aggravated, which may be due to the insufficient number of
MSCs homing to targeted issues.7–9 Although a local injection of
MSCs can achieve high treatment efficiency, its application range is
limited.7 For the extensive inflammatory injury of IBD, the
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Figure 1. CXCL2 and CXCL5 expression in the inflamed colon of IBD mice

(A) The inflamed colon is indicated by the red box. (B) ThemRNA extract from both control and IBD colon tissues was subjected to quantitative real-time PCR analysis. Various

chemokines related to IBD inflammatory responses were analyzed. CXCL2 and CXCL5 showed significant change fold in the IBD colon compared to the control 24 h after

challenge; n = 3. (C) The CXCL2 and CXCL5 expression in total tissue lysates of lungs, spleens, livers, and Peyer’s patches (PP) from normal (control) and inflamed (IBD) as

detected by quantitative real-time PCR. The experiment was repeated 3 times with tissues isolated from independent mice. (D) Mouse CXCL2 and CXCL5 expression in total

tissue lysates from normal (control) and inflamed (IBD) colons as detected by western blotting. The experiment was repeated 3 times with tissues isolated from independent

mice; a representative blot is shown. (E) Normal (control) and inflamed (IBD) colon sections were stained with CXCL2 (red) and CXCL5 (red) on day 1 post-challenge. Confocal

images are representative of the results. The experiment was repeated 3 times with tissues isolated from independent mice. Nuclei were visualized by DAPI staining (blue).

Scale bar, 75 mm. (F) Representative IHC images of normal (control) and inflamed (IBD) colon sections stained with anti-CXCL2 and anti-CXCL5 antibodies. The experiment

was repeated 3 times with tissues isolated from independent mice; a representative image is shown. Scale bar, 75 mm. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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intravenous infusion is the convenient route for MSC administration.
Therefore, it is necessary to develop a novel strategy for enhancing the
homing ability of systemic infused MSCs for enhanced efficacy.

Furthermore, the right combination and interactions between the tis-
sue-secreted chemokines and the corresponding chemokine receptors
on MSCs play a vital role in homing to a specific (i.e., injured) tis-
sue.15,16 However, the chemokine receptors on MSCs are decreased
significantly after ex vivo expansion, which markedly weakens the
homing capacities of MSCs.17 In previous studies, we demonstrated
that engineering MSCs with specific chemokine receptors enhances
the homing ability and improves the efficacy by lentiviral transduc-
tion-mediated overexpression of chemokine receptors.18,19 Impor-
tantly, different types of injured organs secrete specific inflammatory
cytokines and chemokines. Whether such a targeted strategy can
improve the therapeutic efficacy of transplanted MSCs in IBD needs
to be clarified.

Viral-based gene delivery has been widely used for the genetic en-
gineering of MSCs.20 This method is highly efficient, but limited
by safety concerns, including insertional mutagenicity and poten-
tial immunogenicity of viral antigens. In addition, the relatively
small transgene cargo capacity of viral systems and the time-
consuming process are also considered to be constraints of the
approach. Therefore, safe, transient, and efficient methods for ge-
netic engineering of MSCs are highly desirable. The cytoplasmic
delivery of mRNA in MSCs has gained attention because it is an
integration-free method facilitating efficient expression of the
transgene.21

Thus, in this study, we screen out disease-specific chemokines of
IBD and genetically modify MSCs to express specific chemokine
receptors using the mRNA-transfection system to evaluate the
homing efficacy of MSCs and their therapeutic effects in a mouse
model of IBD.

RESULTS
CXCL2 and CXCL5 are specific chemokines in the inflamed

colon tissue of IBD mice

Since the chemokine-chemokine receptor axis is indispensable for
MSC targeting, we examined the mRNA expression levels of various
intestinal inflammation-related chemokines, such as CCL2, CCL20,
CXCL1, CXCL2, CXCL5, and CXCL9–13, secreted by inflamed sites
during IBD22–24 (Figure 1A). Among these chemokines, CXCL2
and CXCL5 exhibit maximal changes at 24 h post-sensitization and
were gradually decreased after 48 and 72 h, as compared to the normal
colon (Figures 1B and S1A). We also detected the expression of
CXCL2 and CXCL5 in lungs, livers, spleens, and Peyer’s patches of
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normal and IBD mice. The result was that CXCL2 and CXCL5 were
significantly increased in the spleen and colon after sensitization; they
were highest in the colon (Figure 1C). In addition, both western blot-
ting (Figure 1D) and in situ immunohistochemistry (IHC) staining
(Figures 1E and 1F) confirmed that CXCL2 and CXCL5 are dramat-
ically upregulated in the inflamed colon.

mRNA synthesis and MSC transfection by electroporation

The combination of lesion-secreted chemokines and MSC-expressed
receptors is crucial for targeting MSCs to inflamed tissues. Thus, we
analyzed a set of common C-C and CXC motif chemokine receptors
for their expression in MSCs cultured from three different donors.
However, the mRNA levels of these chemokine receptors were dras-
tically low in MSCs at the fourth passage (Figure 2A), including
CXCR2 (Figure 2B), the most common chemokine receptor for
both CXCL2 and CXCL5. The flow cytometry analysis also confirmed
that the expression of CXCR2 in MSCs isolated from four indepen-
dent donors was virtually undetectable (Figure 2C). The low-level
expression of specific chemokine receptors on long-term culture hu-
manMSCs implied thatMSCsmay not efficiently home to the injured
target tissue through the chemokine-chemokine receptor axis. Thus,
it is necessary to improve the level of MSC-expressed CXCR2 to
enhance the targeting abilities of MSCs for specific chemokines
in IBD.

The delivery of mRNA by electroporation is a promising strategy to
enhance receptor expression because it does not integrate into the
genome and expresses transiently.25,26 Considering these advantages,
we examined whether mRNA transfection improves the expression of
CXCR2 inMSCs via electroporation. We synthesized mRNA through
an in vitro transcription reaction and bacterial amplification of the
cDNA clones of both genes of interest: CXCR2 and EGFP. Then
mRNA was processed in vitro for 50-capping and 30-poly-adenylation
to increase the stability and the translation efficiency (Figure S1B). A
Kozak sequence was included to enhance the initiation signal for the
translation of the proteins. Next, agarose gel electrophoresis
confirmed that CXCR2 and EGFP mRNAs were successfully synthe-
sized (Figure S1C). Finally, MSCs transiently overexpressing EGFP
alone (MSCEGFP) or both CXCR2 and EGFP (CXCR2-MSCEGFP)
are generated by the introduction of corresponding mRNAs into
the cells through electroporation.

CXCR2 and EGFP transient expression and safety following

mRNA transfection

After MSC transfection with mRNA encoding CXCR2 or EGFP,
respectively, we tested the transfection efficiency. The CXCR2 expres-
sion was observed on day 1 post-transfection (Figure 2D), and flow
cytometry demonstrated that >90% CXCR2-MSCEGFP expressed
CXCR2 (Figure 2E). This phenomenon declined gradually and finally
disappeared on day 8 (Figures S2A–S2D). MSCEGFP exhibited the
same performance of transfection with CXCR2-MSCEGFP (Figures
2D–2F). These outcomes demonstrated that electroporation not
only achieved a high transfection efficiency but also accomplished a
transient expression.
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Next, we tested whether genetic manipulations altered the cell
viability and the intrinsic characteristics of MSCs. In the aspect of
cell viability, CCK8 assays demonstrated that the transfection of
mRNA had no obvious effects on cell viability in CXCR2-MSCEGFP

or MSCEGFP cells (Figure 2G). In addition, apoptosis experiments
demonstrated that the rate of cell death is not altered significantly
(Figures 2H and S3A). With respect to biological characteristics,
flow cytometry analysis demonstrated that both MSCEGFP and
CXCR2-MSCEGFP express the typical MSC marker profile (CD29,
CD44, CD73, CD90, CD105, and CD166) and lack the expression
of hematopoietic markers (CD34 and CD45; Figures S3B–S3D).

CXCR2-MSCEGFP exhibits enhanced migration toward CXCL2

and CXCL5 in vitro and to inflamed colon in vivo

Next, we investigated whether the transient expression of CXCR2 in-
creases the homing property of MSCs. At 24 h post-transfection, the
cells were used in subsequent in vitro and in vivo experiments because
CXCR2 protein showed the highest expression at this time point.
In vitro transwell assays demonstrated a significantly high number
of CXCR2-MSCEGFP cells passing through the membrane pores in
response to exogenous CXCL2/CXCL5 stimulation as compared to
MSCEGFP (Figures 3A and 3C). For in vivo chemotaxis assays,
CXCR2-MSCEGFP (1 � 106 per mouse) were injected into IBD mice
through the tail vein at 24 h after colon sensitization. The distribution
ofMSCs was detected in the lungs, livers, spleens, Peyer’s patches, and
colons of mice by immunofluorescence. At 12 h post-injection, the
numbers of MSCs in the lungs, livers, and spleens of mice did not
differ significantly between MSCEGFP and CXCR2-MSCEGFP groups,
while a significantly larger number of CXCR2-MSCEGFP accumulated
in the colons of IBD mice as compared to MSCEGFP (12.00 ± 2.00
versus 3.00 ± 1.00 cell/field, p < 0.001; Figures 3B, 3D, and 3F).

To clarify whether the cells have migrated across the endothelium or
are simply trapped within the intravascular space, we used CD31
(red) label the vessels to observe the location of MSCs (green). Immu-
nohistochemistry showed that most MSCs were present in tissues
rather than in vessels (Figure 3E).

Collectively, these results demonstrated that CXCR2-mRNA-modi-
fied MSCs specifically migrated to the inflamed colon, rather than
to other organs or tissue in vivo, in response to CXCL2 and CXCL5
released from the damaged tissue of the colon.

Local enrichment ofCXCR2-MSCEGFP significantly improves IBD

symptoms

To verify the therapeutic effects of CXCR2-MSCEGFP treatment, a se-
ries of evaluations were performed to assess therapeutic outcomes.
Gross images demonstrated that reduced colon length post-sensitiza-
tion was remarkably reversed by CXCR2-MSCEGFP infusion as
compared to the MSCEGFP and IBD groups (7.43 ± 0.40 versus
6.13 ± 0.35 versus 5.53 ± 0.50, p < 0.01) (Figures 4A and 4B). Relative
body weight loss was recovered more quickly in CXCR2-MSCEGFP-
treated mice than that in the MSCEGFP group at 3 days post-injection
(1.06 ± 0.03 versus 0.97 ± 0.02, p < 0.05; Figure 4C). Moreover,



Figure 2. CXCR2-mRNA preparation and expression

(A) Histograms represent the mRNA expression profiles of CC and CXC chemokine receptors on the fourth passage of MSCs from 3 independent donors (mean ± SD). MSC

surface markers including CD13, CD29, CD44, CD73, CD105, and CD90 served as positive controls (n = 3). (B) CXCR2 mRNA expression levels in MSCs and Human

peripheral blood mononuclear cells (hPBMCs) (positive control, mean ± SD). Glyceraldehyde 3-phosphate dehydrogenase gene (GAPDH) serves as an internal mRNA

control. (C) The CXCR2 protein on the cell surface of MSCs from 4 independent donors was analyzed by flow cytometry. hPBMCs served as a positive control. All of the

experiments were repeated at least 3 times. (D) MSCs were transduced with the EGFP-mRNA alone or with CXCR2-mRNA. Representative fluorescence images for

MSCEGFP and CXCR2-MSCEGFP are displayed for 1, 2, and 3 days post-transduction. Scale bar, 75 mm. (E) The levels of the EGFP and CXCR2 proteins on the surface of

MSCEGFP and CXCR2-MSCEGFP cells at 1, 2, and 3 days after electroporation, respectively. The experiment was repeated 3 times. (F) CXCR2 and EGFP expression of

MSCEGFP and CXCR2-MSCEGFP at 1, 2, and 3 days after electroporation were confirmed by western blotting. The experiment was performed 3 times with cell lysates from

MSCs; a representative blot is shown. (G) CCK-8 assay was used to determine cell viability. The experiments were repeated 3 times. (H) Annexin V and propidium iodide

staining were used to determine cell apoptosis. The experiments were repeated 3 times.
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CXCR2-MSCEGFP led to a notable improvement in disease activity in-
dexes in comparison to that of MSCEGFP (4.00 ± 1.00 versus 1.67 ±

0.58, p < 0.05; Figure 4D). The morphology of colons was examined
by ultrasound (Figure 4E). Furthermore, we found that the general
structure of the colon after CXCR2-MSCEGFP engraftment was
similar to that of the normal group, whereas MSCEGFP only slightly
reduced mucosa thickening and luminal stenosis versus the IBD
group (Figures 4F and 4G).

Histological examination demonstrated that IBD mice suffer from
destruction of the entire epithelium, including severe submucosal
edema, scattered infiltration of lamina propria, and submucosal
Molecular Therapy: Nucleic Acids Vol. 26 December 2021 225
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Figure 3. CXCR2-MSCEGFP exhibits enhanced migration toward hCXCL2/hCXCL5 and mCXCL2/mCXCL5 in vitro and to inflamed colons in vivo

(A) In vitro migration of CXCR2-MSCEGFP and MSCEGFP toward human CXCL2 and CXCL5 (hCXCL2/hCXCL5) or murine CXCL2 and CXCL5 (mCXCL2/mCXCL5) was

assessed by transwell invasion assays. Scale bar, 250 mm. (B) MSCEGFP and CXCR2-MSCEGFP were intravenously injected into IBDmice. Representative confocal images of

EGFP-expressing MSCs at 12 h post-injection in the liver, spleen, lung, PP, and colon are displayed. Signals: EGFP, green; DAPI, blue. Scale bar, 25 mm. (C) In vitro cell

(legend continued on next page)
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inflammatory cells. Compared to IBDmice, MSCEGFP transplantation
partially alleviated the mucosal destruction and edema in submucosa,
while a significantly decreased histological score was observed in the
CXCR2-MSCEGFP group (Figure 5A). Because myeloperoxidase
(MPO) activity reflects the degree of neutrophil infiltration, it may
be used as an index for evaluating the severity of IBD,27 and thus,
examining the MPO activity of the damaged tissue of the colon.
Compared to the control group, MPO activity was notably decreased
in the CXCR2-MSCEGFP group and differed slightly in the MSCEGFP

group (Figure 5B). These results proved that our modified CXCR2-
MSCEGFP could significantly improve the macro and micro symp-
toms of IBD.

Local increase in CXCR2-MSCEGFP promotes M2 macrophages

To investigate the potential mechanism of CXCR2-MSCEGFP in
improving the symptoms of IBD, we used ELISA to measure the levels
of anti-inflammatory (interleukin-10 [IL-10]) and pro-inflammatory
(interferon-g [IFN-g], tumor necrosis factor-a [TNF-a], IL-12, IL-13,
and IL-17) cytokines in the inflamed colon. The expression of pro-in-
flammatory cytokines in the inflamed colon of the CXCR2-MSCEGFP-
treated mice was significantly lower than those of the MSCEGFP-treated
group (Figure 5C). Conversely, the levels of IL-10 in the CXCR2-
MSCEGFP-treated group were much higher than those in the
MSCEGFP-treated group (43.98 ± 2.89 versus 38.14 ± 3.85, p < 0.05);
also, the immunofluorescence examination obtained similar results
(Figure 5D). These results suggested that CXCR2-MSCEGFP exerts its
therapeutic effects via anti-inflammatory mechanisms and pathways.

IBD is multifactorial chronic relapsing diseases involving a loss of bal-
ance between different types of T cells, resulting in the activation of
macrophages as well as recruitment of circulating leukocytes into the
gut, causing inflammation. Macrophages are reported to be key regula-
tors of immune responses in the intestine and specifically promote
tolerance in the gut.28,29 Thus, we used flow cytometry to explore the
correlation between T CD4+ cells/macrophages and anti-inflamma-
tory/pro-inflammatory cytokines. No significant differences were
observed in T cells among four groups after MSC infusion (Figure 5E).
However, we found that IL-10 produced by macrophages is signifi-
cantly increased in the colons from the CXCR2-MSCEGFP-treated
group as compared to either the IBD or the MSCEGFP-treated group
(Figure 5F). This phenomenon suggested that the local increase in
CXCR2- MSCEGFP facilitated macrophages to produce more IL-10,
and this may play a vital role in the treatment of IBD.

Putative mechanism of CXCR2-MSCEGFP promoting

macrophages to produce IL-10 in IBD

Macrophages play pivotal roles in the pathogenesis of IBD,30,31 and
MSCs can repolarize the pro-inflammatory M1 macrophages into
anti-inflammatory M2 macrophages.32,33 Therefore, we explored
migration from (A) was quantified. Data are presented as means ± SDs. (D) Quantifica

presented as means ± SDs for each group. These data are representative of 3 independ

CD31 (red) on day 1 post-MSCs injection and representative confocal images were ta

MSCEGFP and CXCR2-MSCEGFP injection, cells from colon tissue were collected to det

****p < 0.0001.
whether a large number of CXCR2-MSCEGFP migrated to damaged
tissue could affect macrophage functions and show obvious therapeu-
tic effects against IBD in vivo. A genome-wide RNA sequencing
(RNA-seq) analysis of MSCs derived from three different donors
was conducted. The global transcriptional profiling data from these
experiments were deposited in theSequence Read Archive (SRA)
database of NCBI (accession number SRP095307). Semaphorins
were the favorite assessment candidates in defining new regulatory
molecules in various autoimmune or immune-mediated diseases.
Semaphorins were understood to be frontline players in the field of
immune responses.34 Both increased and decreased semaphorins
signaling has been linked to immune system diseases, especially in
the intestinal mucosal immune system. Some investigators reported
that the semaphorins were closely related to IBD. Just as the sema3E
could attenuate intestinal inflammation,34–36 the sema4D protect
against colitis, and the serum levels of sema4A were significantly
lower in patients with CD and UC when compared to those of the
controls. We found that sema7A had the highest expression among
all of the semaphorins identified in the MSCs (Figure 6A). Also, we
found that the CXCR2 modification of MSCs with mRNA transfec-
tion did not change the expression of sema7A at the mRNA and pro-
tein levels (Figures 6B–6E). Since macrophages can bind semaphorin
via an integrin receptor and lead to focal adhesion kinase (FAK) phos-
phorylation andmitogen-activated protein kinase (MAPK) activation
with the subsequent release of the anti-inflammatory cytokine
IL-10,37 we postulated that some semaphorins exist in MSCs and
may act as the activator of macrophage IL-10 production.

Next, we elucidated whether CXCR2-MSCEGFP affected macrophage
function via sema7A to improve IL-10 production in vitro and in vivo.
When macrophages were cocultured with MSCs or a recombinant
sema7A protein in vitro, the expression of IL-10 increased dramati-
cally as compared to that of macrophages alone. To further verify
the function of sema7A in vivo, we successfully suppressed the expres-
sion of sema7A in MSC using small molecular interfering RNA
(siRNA) (Figures S4A and S4B). CCK8 assays demonstrated that
the transfection of sema7A-siRNA had no obvious effects on cell
viability in CXCR2-MSCEGFP cells (Figure S4C). However, cocultur-
ing macrophages with MSCs with the siRNA-induced downregula-
tion of sema7A expression produced little IL-10 (Figures 6F and
6G). To further verify a role for sema7A in vivo, inflamed colon sec-
tions were stained with specific antibodies (Figure S4D). These results
indicated that most MSCs have overlapping sema7A staining and that
abundant CXCR2-MSCEGFP migrates to the inflamed colon and in-
creases the production of IL-10 in comparison to MSCEGFP.

Previous studies demonstrated that sema7A exerts its biological func-
tions through the activation of FAK and, subsequently, ERK signaling
pathways in immune cells.38,39 Also, IL-10 production bymacrophages
tion of EGFP+ cells per microscopic field of colon cryosections from (B). Data are

ent experiments. (E) The colon sections were stained with human nuclei (green) and

ken. Nuclei were visualized by DAPI staining (blue). Scale bar, 75 mm. (F) 12 h after

ect the EGFP+ cells by flow cytometric analysis. *p < 0.05, **p < 0.01, ***p < 0.001,
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Figure 4. CXCR2-MSCEGFP therapy alleviates IBD symptoms

(A) Control mice were challenged with 0.5% TNBS with prior sensitization. Experimental mice were intravenously (i.v.) injected with 1� 106 CXCR2-MSCEGFP or MSCEGFP on

day 1 of IBD. Representative photographs of colon samples from mice of each group are displayed. (B) Colon lengths from (A) were measured (n = 3 mice/group from 3

independent experiments). (C) Mice of each group were weighed from day 1 presensitization to 3 days post-sensitization (n = 3mice/group from 3 independent experiments).

(D) Disease activity index of colon tissues obtained from each group during IBD (72 h post-injection). Data are presented as means ± SDs for individual mice. (E) Schematic

displaying the in vitro ultrasound imaging method for mouse colons. (F) Representative ultrasound images (longitudinal and cross-sections) of colon samples from mice for

control and experimental groups. The white lines represent the thickness of the intestinal wall (n = 3 mice/group from 3 independent experiments). (G) Quantification of data

from (F) is presented as means ± SDs for individual mice. *p < 0.05, **p < 0.01, ***p < 0.001.
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ismediated byERK signaling.40Consistentwith these previousfindings,
the phosphorylation of FAK and ERK1/2 in macrophages cocultured
with MSC or recombinant protein sema7A was observed (Figure S4E).
Overall,macrophages interactwith sema7AonMSCs andproduce high
levels of IL-10, which reduces inflammation.

CXCR2-MSCEGFP exert therapeutic effects by sema7A

Compared to CXCR2-MSCEGFP, colon length post-sensitization has
no significant recovery by sema7A(�) CXCR2-MSCEGFP injection
(7.67 ± 0.15 versus 7.07 ± 0.31, p < 0.01) (Figures 7A and 7B). Relative
body weight loss was recovered more slowly in sema7A(�) CXCR2-
MSCEGFP-treated mice than that in CXCR2-MSCEGFP group at 3 days
post-injection (1.01 ± 0.01 versus 1.04 ± 0.01, p < 0.05; Figure 7C).
Moreover, sema7A(�) CXCR2-MSCEGFP led to increased disease ac-
tivity indexes in comparison to that of CXCR2-MSCEGFP (5.33 ± 1.53
versus 1.67 ± 0.58, p < 0.05; Figure 7D). The pathological slices
showed that the colons in the sema7A(�) CXCR2-MSCEGFP group
retain the mucosal destruction and edema, while a significantly
decreased histological score was observed in the CXCR2-MSCEGFP

group (Figure 7E). At days 3, 5, and 7 after CXCR2-MSCEGFP injec-
tion, the existence of human nuclei-positive cells in the colon tissue
228 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
mean that MSCs may live for a period of time and play their roles
(Figure S4F). These results show the important role of MSC-derived
sema7A production in ameliorating disease activity.

DISCUSSION
In this study, using highly expressed chemokine ligands in the in-
flamed colon of the IBD model and mRNA transfection-engineered
MSCs, we developed a novel approach for more efficient treatment
of IBD, which is expected to be applicable for the clinical management
of IBD. The mobilization of infused MSCs needs fine-tuned interac-
tion between the chemokine ligands secreted by damaged tissues and
the corresponding chemotactic receptors expressed on the surface of
MSCs.33 However, MSCs express limited chemokine receptors.41

Wang et al.42 increased the expression of chemokine receptors
CXCR4 on MSCs for better efficacy of diabetic retinopathy. Unlike
the common inflammation-related chemokine receptors, CXCL2
and CXCL5 are highly expressed in the inflamed colon of the IBD
model and then established MSCs overexpressing CXCR2, the com-
mon receptor of CXCL2/CXCL5, which we demonstrated. CXCR2-
overexpressing MSCs did exhibit high chemotactic activity and
enhanced therapeutic effect, which was consistent with another study



Figure 5. CXCR2-MSCEGFP therapy reduces inflammatory response in IBD

(A) Representative H&E images of colon sections of control, IBD, MSCEGFP-treated, and CXCR2-MSCEGFP-treated mice at 24 h post-injection. Histopathological score of

colon tissue from control, PBS-treated, MSCEGFP-treated, and CXCR2-MSCEGFP-treated mice is presented (right). Data are presented as means ± SDs for each group (n = 3

mice/group from 3 independent experiments). Scale bar, 100 mm. (B) MPO activity of colon tissue homogenates obtained from each group during TNBS-induced IBD (24 h

(legend continued on next page)

www.moleculartherapy.org

Molecular Therapy: Nucleic Acids Vol. 26 December 2021 229

http://www.moleculartherapy.org


Molecular Therapy: Nucleic Acids
that CX3CL1 significantly upregulated in the inflamed colon tissues
and the administration of the CX3CR1&IL-25-MSCs achieved a bet-
ter therapeutic effect.43 These results suggest that the study of IBD-
specific chemokine factors is a more targeted approach for treatment
and has certain reference significance for clinical treatment.

We found that non-CXCR2-transducedMSCs have a positive effect on
colitis severity, although only a few end up in the colon. The therapeutic
effects of MSCs partly rely on the capacity of MSCs to release trophic
factors favoring tissue repair. A study found that MSCs can reduce co-
litis inmice via the release ofTNF-a-stimulated gene-6 (TSG6).44MSCs
also can produce pleiotropic gut trophic factors involved in eachwound
healing process, including the anti-inflammatory, proliferative, and tis-
sue remodeling phases.45 However, much research has demonstrated
that the increased engraftment of MSCs at a specific site of interest
has been shown to be very useful for treatment.46,47 As expected, we
demonstrated that more MSCs that expressed CXCR2 could respond
positively to CXCL2 and CXCL5 and actively migrate to the damage
site, thus improving the curative effect of IBD.

In terms of gene transfection, we selected the method of mRNA elec-
troporation to engineer MSCs. Once mRNA has reached the cyto-
plasm, it is translated instantly. Conversely, DNA therapeutics need
to access the nucleus to be transcribed into RNA, and their function-
ality depends on the nuclear envelope breakdown during cell division.
In addition, mRNA is safer than DNA because it possesses the ability to
transiently engineer cells without the risk of insertional mutagenesis.
Chemical modification of mRNA provides effective, dose-dependent
transient protein expression and reduces innate immunogenicity,
which has been shown to be of great advantage in disease treatment.
Ryser et al. engineered mesenchymal stem cells using mRNA transfec-
tion.48 Moreover, Levy et al.49 harnessed mRNA transfection to
generate MSCs that simultaneously express functional rolling machin-
ery PSGL-1 and SLeX. Furthermore, we transferred the IBD-specific
chemokine receptors CXCR2 mRNA into MSCs by electroporation
with excellent transfection efficiency (>90%). The encouraging data
of mRNA-based genetic manipulations in MSC may translate into
the clinic more advantageously than DNA modification.

IBD is a chronic relapsing disease due to the dysfunctional immune
system. As mentioned in many studies, semaphorins are immunoreg-
ulatorymolecules and play a protective role in IBD. Just as the sema3E
could attenuate intestinal inflammation,50 the sema4D protect against
colitis36; the serum levels of sema4A were significantly lower in pa-
tients with CD and UC when compared to those of controls.34 We
found that sema7A, which is the gene with the highest expression
post-injection) was examined by ELISA. Data are presented as means ± SDs for individu

13, TNF-a, and IL-17 in homogenates of colons obtained from each group 24 h post-inje

independent experiments). (D) MSCEGFP and CXCR2-MSCEGFP were i.v. injected into IBD

Signals: human nuclei, green; IL-10, red; DAPI, blue. Scale bar, 100 mm. (E) The percen

flow cytometry. The data are representative of 3 independent experiments. Quantificatio

IL-10/macrophages in colon tissues were measured by flow cytometry. The data are rep

SDs. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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on MSC in the semaphorins family, can stimulate macrophages in
the colon to produce more IL-10, which was consistent with the
research that sema7A was responsible for protective effects against
colitis.37 The more that CXCR2-MSCEGFP migrate to the local tissue,
the more macrophages were stimulated for abundant IL-10 and thus
significantly improved the therapeutic effect, which suggests that
sema7A may be a therapeutic target for IBD.

In summary, we performed ex vivo mRNA manipulation of MSCs
and found that the overexpression of specific chemokine receptor
CXCR2 enhances MSC homing to the inflamed tissue, thereby
improving the treatment effect in the IBDmouse model. This method
not only improves the therapeutic efficacy but it also provides an effi-
cient and safe MSC modification strategy. Thus, it is possible that the
strategy is also clinically applicable to other diseases.

Limitations of study

It cannot be ignored that there are some limitations to this study.
Since the mRNA electrotransfection is a transient expression, we
could not observe the survival of donor cells in colon tissues over
longer periods. Human IBD is a chronic relapsing disease, and thus
one administration of CXCR2-MSCs may be not enough. Additional
studies are necessary to identify optimal CXCR2-MSCs doses and
times, administration protocosl, and/or combination with other
immunosuppressive agents to further improve the therapeutic effects.

MATERIALS AND METHODS
Mice

BALB/c male mice (6–8 weeks old) were purchased from the Animal
Center of Sun Yat-sen University. All of the animal studies were car-
ried out in accordance with the guidelines of the Sun Yat-sen Univer-
sity Institutional Animal Care and Use Committee.

Trinitrobenzenesulfonic acid (TNBS)-induced IBD in mice

First, the mice back skin (2 cm2) were presensitized with TNBS on day
1. The presensitization solution was prepared by mixing acetone and
olive oil in a 4:1 volume ratio by rigorous vortexing and then mixing
4 volumes of acetone/olive oil with 1 volume of 5% TNBS solution
to obtain 1% (w/v) TNBS. The control mice were treated with the pre-
sensitization solution without TNBS. BALB/c mice were lightly anes-
thetized after a 24-h fast on day 8. To induce colitis, 5% TNBS (Milli-
poreSigma) in 50% ethanol (2.5 mg/kg TNBS) was administered
intrarectally via a 3.5-French (F) catheter equipped with a 1-mL sy-
ringe. An anesthetized mouse was held by the tail, the catheter was in-
serted 4 cm into the anus, and 100 mL TNBS solution was injected into
the rectum. The mouse should be held by the tail in a vertical position
al mice. (C) ELISA was used to measure the concentrations of IL-10, IFN-g, IL-12, IL-

ction. Data are presented as means ± SDs for each group (n = 3 mice/group from 3

mice. Representative confocal images of colon sections after 3 days, are displayed.

tages of IFN-g/CD4+ cells and IL-10/CD4+ cells in colon tissues were measured by

ns are presented as means ± SDs. (F) The percentages of IFN-g/macrophages and

resentative of 3 independent experiments. Quantifications are presented asmeans ±



Figure 6. Possible mechanisms for CXCR2-MSCEGFP alleviation of IBD.

(A) RNA-seq data analysis of MSCs from 6 donors (3 were stimulated by IFN-g). The heatmap displays genes encoding semaphorin proteins. This heatmap was drawn with

an RPKM value of log2. (B) Western blot displaying the expression of sema7A protein in MSC, MSCEGFP, and CXCR2-MSCEGFP; a representative blot is shown. (C) Flow

cytometric analysis of sema7A protein on the cell surface of MSCs from the 3 mRNA groups. All of the experiments were repeated at least 3 times. (D) The culture medium

from MSCs was collected; sema7A protein was detected by ELISA (means ± SDs). (E) Sema7A mRNA expression level in MSCs assessed by quantitative real-time PCR

analysis (means ± SDs). GAPDH was used as an internal mRNA control. (F) Macrophages were co-cultured with MSCs, siRNA-sema7A MSCs, or 40 nM hsema7A. The

culture media were used to detect dissociated IL-10 by ELISA. (G) Cells from (F) were collected to detect the intracellular level of IL-10 by flow cytometric analysis. *p < 0.05,

**p < 0.01, ***p < 0.001, ****p < 0.0001.
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with its head down for 2min to allow uniform distribution of the TNBS
solution.51

RNA isolation, reverse transcription, and quantitative real-time-

PCR

Total RNAwas extracted using an RNeasymini kit (QIAGEN) accord-
ing to the manufacturer’s protocol. Reverse transcription was carried
out using oligo-dT primers (Fermentas), and quantitative real-time
PCR was performed using SYBR PCRMaster Mix (Toyobo) according
to themanufacturer’s instructions. quantitative real-time PCRwas con-
ducted in duplicate for each sample, and three independent experiments
were performed. The amplification signals were detected on a Light
Cycler 480 detection system (Roche). The primer sequences are listed
in Table S1.

Western blot analysis

Cell and colon tissue were lysed in 1� radioimmunoprecipitation
assay (RIPA) buffer for western blot. The protein lysates were ob-
tained by centrifugation at 15,000� g for 5 min at 4�C. The total pro-
tein was separated by SDS-PAGE and transferred to a polyvinylidene
Molecular Therapy: Nucleic Acids Vol. 26 December 2021 231
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Figure 7. Sema7A(–) CXCR2-MSCEGFP exert unsatisfactory therapeutic effect

(A) Experimental mice were i.v. injected with 1� 106 CXCR2-MSCEGFP or sema7A (�)CXCR2-MSCEGFP on day 1 of IBD. Representative photographs of colon samples from

the mice of each group are displayed. (B) Colon lengths from (A) were measured (n = 3 mice/group). (C) Mice of each group were weighed from day 1 presensitization to

3 days post-sensitization (n = 3 mice/group). (D) Disease activity index of colon tissues obtained from each group during IBD (72 h post-injection). Data are presented as

means ± SDs for individual mice. (E) Representative H&E images of colon sections of CXCR2-MSCEGFP-treated, and sema7A(�)CXCR2-MSCEGFP-treatedmice at 24 h post-

injection. Histopathological scores of colon tissue fromCXCR2-MSCEGFP-treated and sema7A(�) CXCR2-MSCEGFP-treatedmice are presented here. Data are presented as

means ± SDs for each group (n = 3 mice/group from 3 independent experiments). Scale bar, 100 mm. *p < 0.05, **p < 0.01, ***p < 0.001.
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fluoride (PVDF) membrane (Millipore). The membrane was blocked
with 5% BSA and probed with specific primary antibodies, followed
by incubation with secondary antibodies at room temperature. The
immunoreactive complexes were detected by enhanced chemilumi-
nescence (GE Healthcare). The primary and secondary antibodies
are listed in Table S2.

Immunofluorescence staining

At the indicated time points, colon tissues were harvested, fixed with
4% paraformaldehyde (Sigma), washed in phosphate-buffered saline
(PBS), and dehydrated overnight in 30% sucrose (Sigma). Then, the
samples were embedded in Tissue-Tek OCT compound (Bio-Optica)
and frozen in an ethanol dry ice bath. Ten-nanometer-thick sections
were placed on glass slides (Bio-Optica), blocked with 0.5% fetal
bovine serum (FBS) in PBS-Tween 0.05% for 30 min, and then incu-
bated with the appropriate primary and secondary antibodies over-
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night at 4�C and 30 min at room temperature, respectively. Nuclei
were visualized with DAPI (Fluka). The images were acquired under
fluorescence or confocal microscopy. The primary antibodies and sec-
ondary antibodies are listed in Table S2.

IHC staining

The colon samples of each group were immersed in 4% paraformal-
dehyde (PFA) and then embedded in paraffin. Sections were stained
with streptavidin-biotin-peroxidase complex for IHC, and images
were acquired by microscopy. The primary antibodies are listed in
Table S2.

Isolation and characterization of MSCs

Human bone marrow samples were obtained from healthy donors,
along with their informed consent. MSCs were isolated from
the bone marrow and cultured as described previously.52 In brief,
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20–30 mL of bone marrow was diluted 1:1 with human MSC growth
medium consisting of low-glucose DMEM (L-DMEM, HyClone) and
10% FBS (HyClone). Marrow mononuclear cells were separated by
Ficoll-Paque (1.077 g/mL, Amersham Biosciences) density gradient
centrifugation and seeded at a density of 1 � 105/cm2 into T75 cell
culture flasks. At 80% confluence, the cells were detached by 0.25%
trypsin-EDTA and designated as passage 1. The cells were further
passaged at a ratio of 1:3. The culture-expanded MSCs exhibited sur-
face expression of CD29, CD44, CD73, CD90, CD105, and CD166
(MSCmarkers), but not CD34 or CD45 (hematopoietic markers). Af-
ter the fourth passage, the multiple differentiation capacity of the
MSCs was confirmed by their forced differentiation to osteoblasts,
chondrocytes, or adipocytes, which was performed as described pre-
viously.53–55
Plasmid construct

The plasmid was constructed as described previously.14 Briefly, the
vectors pUp-EF1a, pDown-CXCR2, and pTail-IRES-EGFP were re-
combined into the pDest-puro vector using a recognized LR recom-
bination reaction protocol described in the Gateway LR kit and a clo-
nase enzyme mix (Invitrogen). The final lentiviral expression vector
was designated pLV/puro-EF1a-CXCR2-IRES-EGFP (Figure S5A).
Also, pLV/puro-EF1a-EGFP was constructed similarly (Figure S5B).
mRNA construction and transduction

Plasmid DNA was linearized with a restriction endonuclease cleavage
downstream of the insert to be transcribed. The plasmid DNA con-
taining a T7 RNA polymerase promoter site was used as a template
for in vitro transcription with mMESSAGE mMACHINE T7 Ultra.
Briefly, 10 mL of 2 � T7 NTP/ARCA, 2 mL 10 � T7 Reaction Buffer,
1 mg lincolon template DNA, 2 mL T7 Enzyme Mix, and nuclease-free
water constituted a 20-mL reaction that was incubated at 37�C for 2 h.
Then, T7 Ultra reaction, 36 mL nuclease-free water, 20 mL 5� E-PAP
buffer, 10 mL 25 mM MnCl2, 10 mL ATP solution, and 4 mL E-PAP
were added into the mixture and incubated at 37�C for 30–45 min
to install poly(A) tailing. Finally, the reaction was stopped, RNA
precipitated by adding 50 mL LiCl precipitation solution, and the
mixture chilled forR30 min at��20�C. Then, the RNA was precip-
itated by centrifugation at maximum speed for 15 min at 4�C. The
pellet was washed again with 70% ethanol and resuspended in
nuclease-free water to determine the concentration. At 80% conflu-
ency, MSCs were detached and resuspended in 400 mL Opti-MEM,
followed by the addition of 10 mg of CXCR2 or EGFP mRNA into
cell suspension and incubation on ice for 10 min. Finally, the
mRNA was transduced into MSCs and cultured by the standard
method.
Flow cytometry

MSCs and MSCs transduced with mRNA encoding human CXCR2
and EGFP were incubated with the appropriate antibody in the
dark at 4�C for 30 min and analyzed by flow cytometry using Influx
(BD Biosciences) or Gallios (Beckman Coulter) flow cytometers. The
data were analyzed using CytExpert software. The antibodies for flow
cytometry are listed in Table S3. The experiment was carried out in
triplicate.

Flow cytometric detection of apoptosis

At 24 h after electroporation, the MSCEGFP and CXCR2-MSCEGFP

cells were digested by trypsin and washed with cold fluorescence-acti-
vated cell sorting (FACS) buffer (0.1% sodium azide and 0.5% BSA in
PBS), and then stained for 15 min with annexin V and propidium io-
dide (PI) in the binding buffer according to the manufacturer’s in-
structions. Flow cytometric analyses were performed on Influx, and
the data were analyzed using CytExpert software.

Migration assays

Migration was assessed using a transwell chamber system of 8-mm
pore membrane filters (PIEP12R48, Millipore). Each upper chamber
was loaded with serum-starved MSCs (2 � 105/well), whereas each
lower chamber was loaded with 500 mL serum-free medium with or
without hCXCL2 and hCXCL5 (5 ng/mL, PeproTech) or mCXCL2
and mCXCL5 (50 ng/mL, PeproTech). After 5–10 h incubation at
37�C in 5% CO2, the cells remaining on the upper surfaces were
removed with a cotton wool swab, and the filters were fixed and
stained with 0.1% crystal violet. The cells that had migrated to the
lower surface were counted under a microscope.

MSC transplantation and in vivo distribution

Our experimental design consisted of four groups: control group, IBD
group, MSCEGFP group, and CXCR2-MSCEGFP group. During the
modeling process, �8% of the mice died from either anesthesia or
inflammation, and the dead mice were ruled out in the experiment
and statistics. All of the injections were administered 24 h after sensi-
tization, and the cells were suspended in a 0.1-mLmedium via the tail
vein. To detect the distribution of transplanted MSCEGFP or CXCR2-
MSCEGFP in vivo, samples were collected from the colon of recipients
at 12 h post-injection. Also, samples of the spleens, Peyer’s patches,
lungs, livers, and colons from the recipients were collected for cryo-
section. The sections were counterstained with 1.0 mg/mL DAPI in
PBS for 20 min at room temperature in the dark.

Clinical disease score evaluation

Animals were monitored for the symptoms of diarrhea and body
weight loss every day for 4 consecutive days. For disease activity, a
clinical score system consisting of the percentage of weight loss, stool
texture, degree of colonic inflammation, colon adhesion, and conges-
tive colon was used. Such evaluation used a criterion score in which
each signal exhibited by the animal corresponded to one point.
Finally, the sum of all of the values for each animal was calculated
and plotted to construct a graph.56

Ultrasound imaging

We harvested the colon tissue from the ileocecal region to anus for
ultrasonic imaging. The feces were expelled and the colon was
brimmed by enteral irrigation with physiological sodium chloride so-
lution. The colon was immersed in saline and another senior doctor
used a clinical ultrasound imaging system (SIEMENS) to observe
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the form of the colon. The thickest segment of the colon wall was
selected for the measurement of colon lumen size and wall thickness
three times per mouse. The in vitro images were acquired using a 18L6
HD high-frequency scope with the following imaging parameters:
GEN/15 MHz and 0Db/DR 70.

Histopathological analysis

For the histopathological analysis, a colon specimen from the middle
part (4 cm to the anus) was fixed in 10% buffered formalin phosphate
and then embedded in paraffin. The sections were stained with hema-
toxylin and eosin, and inflammation was graded from 0 to 4 in a
blinded fashion as follows: 0, no signs of inflammation; 1, low leuko-
cyte infiltration; 2, moderate leukocyte infiltration; 3, high leukocyte
infiltration, moderate fibrosis, high vascular density, thickening of the
colon wall, moderate goblet cell loss, and focal loss of crypts; and 4,
transmural infiltrations, massive loss of goblet cells, extensive fibrosis,
and diffuse loss of crypts.57

Measurement of MPO activity

For neutrophils, theMPO activity was evaluated in the colon samples.
At 24 h after MSC injection, colon tissues were harvested, homoge-
nized in 0.5% cetyltrimethylammonium chloride (Sigma-Aldrich),
passed through a nylon mesh, and collected by centrifugation at
3,000 rpm for 20 min at 4�C. The MPO activity was assessed with
the commercial kit (Cusabio, CSB-E08723m) according to the man-
ufacturer’s instructions, as expressed as the absorbance per gram of
total protein in the colon tissue homogenate.

ELISA

The expression of IFN-g, TNF-a, IL-10, IL-12, IL-13, and IL-17 (all
from e-Bioscience) in the inflamed colon of each group was measured
using commercial ELISA kits according to the manufacturer’s
protocols.

Detection of lymphocytes and macrophages from mouse colon

Mice were sacrificed and colons were removed and placed in PBS. The
colon was opened longitudinally, washed in PBS, and cut into 0.5-cm
pieces. The segments of the colon were digested for 30 min with
continuous stirring at 37�C with collagenase IV (800 Mandl units/
mL; Roche) in RPMI 1640 medium containing 5% (v/v) fetal calf
serum (FCS). The tissue debris was removed through the filter screen,
and the collected whole cells were used in assays. The cells were fixed;
permeabilized; stained for cell surface markers CD3, CD4, F4/80,
cytoplasmic TNF-a, and IL-10; and at least 30,000 cells were gated
and analyzed by flow cytometry. We set gates according to the scat-
tered light of cells to establish the interception range of lymphocytes
(R1) and macrophages (R2), and then set gates for the cells in R1 and
R2 according to the fluorescence parameters. The antibodies for flow
cytometry are listed in Table S3.

Analysis of bulk RNA-seq

Bulk RNA-seq of MSCs treated with IFN-g (20 ng/mL) or not was
performed in our previous study,58 which has been deposited in the
Sequence Read Archive (SRA) database of National Center for
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Biotechnology Information (NCBI) (accession number SRP095307).
Using the DAVID Gene Functional Classification Tool (https://
david.ncifcrf.gov/) and Gene Ontology database, we explored the bio-
logical functions of genes and semaphorin genes were selected. Their
reads per kilobase of transcript per million mapped reads (RPKM)
values were performed log2-transformed and showed through heat-
maps drawn with GraphPad Prism (version 8.0.1).

siRNAs for knockdown

In vitro silencing of sema7A in MSCs was performed using three sets
of shSema7A.MSC (1� 105 cells) cultured in 12-well plates overnight
and transfected with 20 nM shsema7A-1, shsema7A-2, and shse-
ma7A-3, respectively, using a commercial kit (Ribobio). At 24 h after
transfection, the cell homogenates were extracted for western blot and
qPCR:

shsema7A-1: GCATCCTGTTCATCGAGAA

shsema7A-2: CATGTGCTTTACCTAACTA

shsema7A-3: ACGCCATTGTTCCACTCTA

Isolation of macrophages from mouse colon

Mouse were sacrificed and their colons were removed and placed in
PBS. The colon was slit lengthwise, washed with PBS, and cut into
0.5-cm pieces. Colon segments of digestion for 30 min in collagenase
IV 37�C. The pieces were treated for 30 min at 37�C with PBS con-
taining 5% (v/v) FCS, HEPES (20 nM) (pH 7.4), penicillin (100 U/
mL), streptomycin (100 U/mL), sodium pyruvate (1 mM), EDTA
(10 mM), and polymyxin B (10 mg/mL; Calbiochem) to remove the
epithelial cells and then were washed extensively with PBS. Segments
of the colon were digested for 45 min with continuous stirring at
37�C, with collagenase D (800 Mandl units/mL; Roche), DNase I
(10 mg/mL; Roche), and dispase I (10 mg/mL; Invitrogen) in RPMI
1640 medium with 5% (v/v) FCS. EDTA was added (final concentra-
tion, 10 mM), and cell suspensions were incubated for an additional
5 min at 37�C. Cells were spun through a 17.5% (w/v) solution of Ac-
cudentz (Accurate Chemical & Scientific), and collected whole cells
were used in assays. Macrophages were sorted on the basis of their
expression of F4/80, CD11b with an FACSAria (BD Biosciences).

Coculture ofMSCs andmacrophages andmeasurement of IL-10

production by macrophages

Mouse macrophages were cultured in 12-well plates alone or co-
cultured with MSCs with direct cell-cell contact (5:1 ratio), sise-
ma7A-MSCs (5:1 ratio), or recombinant sema7A protein (R&D Sys-
tems, 2068-S7-050). After 72 h post-transduction, the macrophages
were stained for cell surface F4/80 and cytoplasmic IL-10, and evalu-
ated by flow cytometry (BD Biosciences PharMingen). The specific
antibodies are listed in Table S3.

Statistical analysis

All of the data are presented as means ± SDs from at least three inde-
pendent experiments. One-way analysis of variance (ANOVA) and t
test were used to compare mean responses among the treatments. All

https://david.ncifcrf.gov/
https://david.ncifcrf.gov/
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of the statistical analyses were performed using SPSS version 14.0
(SPSS, Chicago, IL, USA). p < 0.05 (*) was considered significant.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
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