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Mesenchymal stromal cells (MSCs) can modulate inflammation
and contribute to tissue regeneration and, thus, have emerged
as a promising option for cell-based therapy. However, the abil-
ity of MSCs to migrate to injured tissues still needs to be
improved. In this study, we investigated whether genetically en-
gineered MSCs could exhibit increased migratory properties
and improved therapeutic efficacy. Using a mouse model of
contact hypersensitivity (CHS), chemokine gene expression
screening revealed that CXCL13 changed most significantly
in injured tissue. Unfortunately, MSCs hardly express the
corresponding receptor, CXCR5. Thus, CXCR5-overexpress-
ing MSCs (MSC“*“®®) were generated that retained their
abilities of proliferation, differentiation, and immunomodula-
tion. Furthermore, MSC“*“® showed significantly increased
migrating ability toward CXCL13. Importantly, systemic infu-
sion of MSC“X“®* dramatically suppressed CHS in mice, as evi-
denced by decreased levels of inflammatory cell infiltration and
pro-inflammatory cytokine production. Numerous MSC“*“®*
migrated into inflamed ears, localized with T cells, inhibited
T cell proliferation, promoted T cell apoptosis, and suppressed
the production of T cell-derived pro-inflammatory factors.
Collectively, these findings demonstrate that CXCR5 overex-
pression increases the ability of MSCs to respond to migratory
stimuli and highly intensifies their inmunomodulatory effects
in vivo. This strategy for enhancing targeted stem/progenitor
cell homing may improve the efficacy of MSC-based therapies.

INTRODUCTION

Mesenchymal stromal cells (MSCs) have attracted great interest for
cell therapy because of their self-renewal capacity,' multipotency,”
and potent immunomodulatory effects on both innate and adaptive
immune cells.”” Although numerous preclinical and clinical studies
have shown that MSCs can be therapeutically relevant for a variety of
inflammatory and autoimmune diseases, certain obstacles still limit
the translation of stem cell therapy into practice.” '’ For example,
the therapeutic efficacy of MSCs largely depends on their ability to
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migrate to injured tissues.''* After intravenous injection, MSCs typi-

cally distribute to the lungs and are detected at only low frequencies in
injured tissues.”>* To overcome this limitation, we need to under-
stand the molecular and cellular mechanisms that form the basis
for MSC trafficking under physiological and pathological conditions.

For MSCs to home to a specific (i.e., injured) tissue, they require the
right combination and interactions of tissue-secreted chemokines and
the corresponding chemokine receptors on MSCs. MSCs show
relatively good homing when freshly isolated, but they exhibit
decreased homing capacities after ex vivo expansion.'” For instance,
the CXCR4 chemokine receptor, which recognizes CXCL12 (also
termed SDF-1a), is highly expressed on bone marrow MSCs but is
lost upon culturing,"”'® There are also other examples of mismatches
between tissues and MSCs, such as when specific chemokines are up-
regulated in infarcted myocardium but the expression levels of the
corresponding chemokine receptors (e.g., CCR1 and CXCR2) on
MSCs remain very low.!” Therefore, several studies have sought to
genetically modify MSCs with specific chemokine receptors needed
for efficient homing in an effort to enhance their targeting ability.
As an example, Bobis-Wozowicz et al."® found that overexpression
of CXCR4 significantly increased the motility, invasiveness, and hom-
ing of MSCs to the bone marrow of non-obese diabetic (NOD)/severe
combined immunodeficiency (SCID) mice. Moreover, CCR7-modi-
fied MSCs showed increased migration to secondary lymphoid organs
(SLOs) and remarkably alleviated murine graft versus host disease
(GvHD)."” MSCs overexpressing CCR1 were associated with a
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significant reduction in infarct size, reduced cardiomyocyte apop-
tosis, and increased capillary density in injured myocardium.'”
Importantly, different types of injured organs secrete specific inflam-
matory cytokines and chemokines.**** Therefore, elucidating the in-
teractions between tissue-specific chemokines and the corresponding
receptors on MSCs should provide new strategies for improving the
homing and therapeutic efficacy of these cells.

Contact hypersensitivity (CHS), which is a T cell-mediated antigen-
specific skin inflammation induced by skin exposure of sensitized
mice to haptens, is an experimental model for human allergic contact
dermatitis (ACD).**** Although previous studies demonstrated that
MSCs could alleviate CHS,”>” their therapeutic efficacy still needs to
be improved; for example, by enhancing their homing ability.

Here we hypothesized that genetically modifying MSCs to enhance
the levels of specific chemokine receptors should improve the engraft-
ment of such cells to damaged tissues, thereby improving their ther-
apeutic effects in the mouse model of CHS.

RESULTS

CXCL13 Is Highly Upregulated in Inflamed Ears of CHS mice

The murine CHS model consists of three stages: the sensitization
stage, the challenge stage, and the resolution/regulation stage.”” We
compared the mRNA expression levels of many common skin inflam-
mation-related chemokines, such as CCL2, CCL8, CCL17, CCL27,
CXCL2, CXCL10, and CXCL12, in the ears of unchallenged mice
with the CHS-inflamed ears of challenged mice.”**® CCL19,
CCL21, and CXCL13 were of interest to examine because recent
studies demonstrated that they are strongly correlated with skin
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Figure 1. CXCL13 Expression in the Inflamed Ears of
CHS Mice

(A) The expression levels of various chemokines involved
in CHS were analyzed by gRT-PCR of mRNA samples
extracted from the normal and inflamed ears of three in-
dependent mice per condition. Data are presented as the
mean + SEM for each group. Fold change represents the
expression of each chemokine in inflamed ears on day 2
post-challenge compared with control ears. (B) Total tis-
sue lysates of normal and inflamed ears were subjected to
western blot analysis of mouse CXCL13 expression. The
experiment was repeated three times with tissues isolated
from independent mice; a representative blot is shown.
(C) Representative confocal images of normal and in-
flamed ear sections stained for CXCL13 (red) on day 2
post-challenge. The experiment was repeated three
times with tissues isolated from independent mice; a
representative image is shown. Nuclei were visualized by
DAPI staining (blue). Scale bars, 100 um. (D) CXCL13
expression was analyzed by gRT-PCR, and mRNA was
extracted from both normal and inflamed ears of three
independent mice from day O to day 3 post-challenge
(mean + SEM). GAPDH was detected as an internal
control for mMRNA. In inflamed ears, CXCL13 expression
peaks 48 hr post-challenge and then decreases.
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Figure 1A shows the fold changes of CCL2, CCL8, CCL17, CCL27,
CXCL2, CXCL10, CXCL12, CCL19, CCL21, and CXCL13 in inflamed
ears (2 days post-challenge, when the ear edema/spongiosis peaked)
compared with unchallenged ears.”* The results indicated that the
CXCL13 mRNA expression level was almost 100 times higher in in-
flamed ears and exhibited the most significant change among the
tested chemokines (Figure 1A). Western blotting and in situ immu-
nofluorescence staining confirmed that CXCL13 was intensely upre-
gulated in the inflamed ears of CHS mice (Figures 1B and 1C).
Furthermore, time course analysis during the challenge stage showed
that CXCLI13 expression peaked on day 2 post-challenge and then
decreased gradually, and the changed trend was consistent with the
clinical symptoms (Figure 1D).

Chemokine Receptors Exhibit Low-Level Expression on Human
MSCs

Lesion-secreted chemokines and their MSC-expressed receptors
might play important roles in regulating the homing of MSCs to
inflamed tissues. Accordingly, we analyzed the mRNA expression
of common CC chemokine receptors (CCR1-10) and CXC chemo-
kine receptors (CXCR1-7) through genome-wide RNA sequencing
(RNA-seq) of MSCs from three different donors (global transcrip-
tional profiling data to be published elsewhere). As shown in Fig-
ure 2A, human MSCs at the fifth passage expressed extremely low
chemokine receptors at the mRNA level. These results were
confirmed by qRT-PCR analysis of additional human MSC
samples from six donors (Figure 2B). Because we observed intense
upregulation of CXCLI13 in the inflamed ears of CHS mice, we
examined the expression of its receptor, CXCR5, on MSCs specif-
ically. The qRT-PCR results showed that the expression of CXCR5
was feeble in MSCs compared with human peripheral blood
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Figure 2. Expression of Chemokine Receptors on
Human Bone Marrow-Derived MSCs

(A) Histograms represent the RNA-seq-derived expres-
sion profiles of CC and CXC chemokine receptors on
fifth-passage MSCs of three independent donors
(mean + SEM). MSC surface markers (CD13, CD29,
CD44, CD73, CD105, and CD90) were detected as a
positive control. (B) The mRNA expression levels of CC
and CXC chemokine receptors from fifth-passage
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MSCs of additional six independent donors were
analyzed by gRT-PCR (mean + SEM). GAPDH was de-
tected as an internal control for mRNA. (C) gRT-PCR
analysis was used to detect CXCR5 mRNA expression
levels in MSCs and hPBMCs (a positive control) (mean +
SEM). GAPDH was detected as an internal control for
mRNA. (D) Flow cytometric analysis was used to detect
CXCRS5 proteins on the cell surfaces of MSCs from six
independent donors. hPBMCs served as a positive
control. All experiments were repeated at least three
times.
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CD45, indicating that transduced cells main-
tained the phenotype of MSCs (Figures S1C

mononuclear cells (hPBMCs) (Figure 2C). Likewise, cell surface
CXCR5 protein expression on MSCs was virtually undetectable
when analyzed by flow cytometric analyses at passage 5 (Fig-
ure 2D). Collectively, these results indicate that chemokine recep-
tors exhibit low-level expression on long-term culture human
MSCs, further suggesting that MSCs might not efficiently home
to the injured target tissue through the chemokine/chemokine-re-
ceptor axis.

CXCR5-Overexpressing MSCs Retain the Characteristics of
hMSCs

To determine whether overexpression of CXCR5 chemokine recep-
tors in MSCs augmented their migration ability, MSCs were trans-
duced with lentiviral vectors encoding CXCR5 (referred to as
MSCXR%) or EGFP (referred to as MSCECF?) (Figures SIA and
S1B). We detected significantly higher expression of CXCR5 at the
mRNA, protein, and cell surface levels of MSCEXCRS compared
with those of MSCECF? (Figures 3A-3C). The MSCXR® and
MSCF were all EGFP-positive and isolated by fluorescence-acti-
vated cell sorting (FACS) as described in Materials and Methods.
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CXCR5 and SID). To demonstrate the multipotency
of MSCX“®, we cultured cells under condi-
tions that promote differentiation into osteo-
genic, adipogenic, or chondrogenic lineages. As confirmed by
alizarin red S staining, oil red O staining, or Aggrecan staining,
respectively, MSCEXCR5 showed no change in mesodermal differen-
tiation capacity compared with MSCFS™ (Figures SIE and S1F).
The transgenic MSCs do not undesirably alter the intrinsic charac-

teristic of MSCs.

To investigate the immunoregulatory abilities of MSCs after trans-
genic manipulation, we detected the effects of MSC*CR®
MSCES*? on the proliferation and pro-inflammatory cytokine pro-
duction of CD3" T cells. As shown in Figure 3D, both MSCX<R?
and MSC"“* significantly inhibited the proliferation of CD3"
T cells (83.09% =+ 3% versus 25.05% + 9.53%, 24.19% + 5.53%; p <
0.001) and suppressed the percentages of tumor necrosis factor o
(TNF-a)—producing (35.2% =+ 8.18% versus 5.55% =+ 3.5%,
5.01% =+ 2.11%; p < 0.001) and interferon y (IFN-y)-producing
(15.06% =+ 5.12% versus 7.1% =+ 2.08%, 7.13% + 1.28%; p < 0.01)
CD3" T cells, respectively. Collectively, these results indicate that
CXCRS5 overexpression did not influence the intrinsic characteris-
tics of MSCs.

and
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Figure 3. Overexpression of CXCR5 in MSCs and the Effects of MSCE®"P and MSC®*FS on CD3* T Cells In Vitro

(A) MSCs were transfected with the CXCR5-encoding or control gene, and qRT-PCR was used to analyze the mRNA expression of the CXCRS5 transcript in MSCES™ and
MSC*R5, The experiment was repeated three times. Data are presented as the mean + SEM for each group. (B) Total cell lysates of MSCES™” and MSC®*°R® were analyzed
by western blotting of CXCR5 and EGFP proteins. The experiment was performed three times with tissues isolated from independent mice; a representative blot is shown. (C)
Flow cytometry was used to analyze the levels of the CXCR5 protein on the surfaces of MSCES™P and MSC*CR®. The experiment was repeated three times. (D) T cells were
cultured with or without MSCEC™ and MSC®*CR® for 3 days, and their proliferation was analyzed by flow cytometry, whereas their production of TNF-a and IFN-y was
examined by flow cytometry. The results are representative of three independent experiments. Bar graphs show percentage inhibition of the frequency of CD3* T cells and
TNF-a- and IFN-y-producing CD3* T cells after coculture with MSCES™” and MSC*°R®. Cumulative results are expressed as mean + SEM. Significant differences are
indicated as follows: **p < 0.01 and ***p < 0.001.
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MSCCXCR5 Exhibit Enhanced Migration toward Human and
Murine CXCL13 In Vitro

We next investigated whether CXCR5-modified MSCs exhibited
increased migration toward the ligand CXCL13. Indeed, a chemo-
taxis assay showed that MSC“*“®°, but not MSC®**, strongly re-
sponded to human CXCL13 (hCXCL13) at 5 ng/mL and murine
CXCL13 (mCXCL13) at 50 ng/mL (Figure 4A). In the absence of
CXCL13, MSC*“®> and MSCECT? showed similar, relatively low
levels of non-specific migration (Figure 4A). In addition, significant
increases (nearly two times) in the chemotaxis response of
MSC¥® were observed over culture time from 5 hr to 10 hr
(Figure 4B).

It has been reported that targeted cell movement corresponds to the
formation of actin-filled projections.”” The Rho-like GTPase Racl
reportedly contributes to the actin-related cytoskeletal alterations
that may play important roles in cell activation, adhesion, migration,
and invasion.”>** In culture, MSC“*“®* were spindle-shaped, and
their actins were lined up in a parallel manner (Figure S2A, I). Cells
formed lamellipodia protrusions, and more actins were rearranged
along the cell membrane following the occurrence of migration (Fig-
ure S2A, II). As shown in Figure S2B, mCXCL13 increased the relative
number of MSC*®° carrying lamellipodia protrusions after migra-
tion. Finally, a PAK-1 pull-down assay, which was used to detect the
activation of Racl, revealed that the presence of mCXCL13 increased
the activation of Racl in MSC*®* (Figure $2C). To further confirm
these observations, we also treated MSCSX“®® with hCXCL13 and
found that both the lamellipodia protrusions and the activation of
Racl had significantly increased (Figures S2D-S2F).

MSCCXCR5 Exhibit an Enhanced Capacity for Targeted Migration
to Inflamed Ears In Vivo

Because MSC“*“*® showed increased migration toward CXCL13
in vitro, we then investigated whether they could migrate to in-
flamed ears following intravenous infusion in vivo. MSC“*“*® and
MSCES*P (1 x 10° per mouse) were injected into CHS mice through
the tail vein on day 2 after challenge. The inflamed ears were
collected from each group on days 1, 3, and 5 post-injection and sub-
jected to in situ immunofluorescence staining. Our results revealed
that MSC®C™™ were almost undetectable, whereas MSCEX“R® were
highly accumulated in the inflamed ears of CHS mice (Figures 4C
and 4D). These results demonstrate that CXCR5 modification en-
hances the targeted migration of MSCs to inflamed sites in vivo, pre-
sumably by targeting CXCL13. To quantify the retention of the
administered MSC“*“®> and MSC"** to the inflamed ears of
CHS mice, we detected human genomic DNA by amplifying the hu-
man-specific human beta-2 microglobulin (hB2M) sequence and
calculated human cells in 1 pg genomic DNA of diseased ears
(187.6 £ 9.9 versus 72.7 + 7.8, p < 0.001). We also use the mRNA
level of EGFP as an exogenous gene marker by QRT-PCR to calculate
the cell number in 1 pg cDNA of diseased ears (132.6 + 3.8 versus
40.7 £ 5.3, p < 0.001). Compared with MSCESFP | two or three times
as many MSC“*®* were distributed in the inflamed ears (Figures
S3A-S3F).
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MSCCX°P5 nfusion Dramatically Ameliorates CHS

To examine whether the enhanced migration of MSC“*** to in-
flamed sites might improve the symptoms of CHS, we injected mice
with MSC*“R® and MSCE*® (1 x 10° per mouse) on day 2 post-
challenge and measured swelling/inflammation (in terms of external
ear thickness) every 24 hr for the next 5 days. As shown in Figure 5A,
MSCX® displayed better treatment efficacy than MSCF®*F, as
characterized by their ability to decrease ear thickness and leukocyte
infiltration. MSC“*“®* significantly attenuated CHS as early as
24 hr post-injection (CHS+MSC"** versus CHS, p < 0.05; CHS+
MSC ¥R yersus CHS, p < 0.05) and had even greater effects 48 hr
post-injection (CHS+MSC“*®® versus CHS, p > 0.05; CHS+
MSCXCRS versus CHS, p < 0.01) (Figure 5B).

Because myeloperoxidase (MPO) activity can reflect the degree of
neutrophil infiltration and thus may be used as an index for evalu-
ating the severity of CHS,® we examined the MPO activity of ear ho-
mogenates obtained from CHS mice 72 hr post-injection. Compared
with the control group, MPO activity was notably decreased in the
MSC*“®> group and differed slightly in the MSC®** group (Fig-
ure 5C). We also used qRT-PCR and ELISA to examine the levels
of pro-inflammatory (IFN-vy, interleukin-17 [IL-17], TNF-a, and
IL-6) and anti-inflammatory (IL-4 and IL-10) cytokines in the in-
flamed ears. We observed significant decreases in the expression levels
of pro-inflammatory cytokines in the inflamed ears of the MSC“X“R®
treatment group, whereas only slight changes were seen in the
MSCFS? treatment group versus the control group. The expression
of pro-inflammatory and anti-inflammatory cytokines in the
MSC“*“E treatment group was close to the normal levels in the con-
trol group (Figures 5D and 5E). These results demonstrate that
MSC®* are better able to improve the symptoms of CHS, mainly
via their ability to suppress pro-inflammatory cytokines.

MSC®XCRS Localize Near T Cells and Exert Potent
Immunosuppressive Effects on These Cells in the Inflamed Ears
of CHS Mice

MSCs can modulate inflammation and contribute to tissue regenera-
tion through potent immunomodulatory effects on both innate and
adaptive immune cells. Thus, we hypothesized that genetically modi-
fying MSCs to enhance the levels of a specific chemokine receptor
(CXCR5) should improve the engraftment of such cells to the in-
flamed ear, thereby improving their therapeutic effects in the mouse
model of CHS. As shown in Figures 4 and 5, compared with
MSCESP ) MSCER® showed significantly increased migration
ability toward CXCL13. More importantly, systemic infusion of
MSC*®> dramatically suppressed CHS in mice. Furthermore,
many more MSC“*“®> migrated into the inflamed ears and localized
in close proximity with T cells (Figures 6A and 6B). Both of these
results may identify the hypothesis that the transduced CXCR5 in
MSCs improves their targeting ability to damaged tissues. In addition,
frozen inflamed ear sections were fixed and stained for the B chain of
the T cell receptor (TCR) complex (red) and costained for CD3
(white), EGFP (green), and nuclei (blue) with specific antibodies.
The results demonstrated that more MSC“*“®® migrated to the



www.moleculartherapy.org

>
w

5h 10h
MSCEGFP MSCCXCRs MSCEGFP MSCCXCRs

= MSCEGFP
200- 88 MSCo%®

200

100

Cell number per field
5h

0

hCXCL13 - + o =
mCXCL13 - - - +

E MSCEGFP
600 mE MSCCXCRs

kk

400

200

Cell number per field
10h

0

MCXCL13(+) mCXCL13(-) hCXCL13(+) hCXCL13(-)
MCXCL13(+) MCXCL13(-) hCXCL13(+) hCXCL13(-)

hCXCL13 - + - &
mCXCL13 - = - +
C
Day1
5 407 N "
@ * * *
e * *
a 304 A
= -
8 20- og
Day3 E % o Z?
£ 104
2 e = a
ClEamE
Day1 Day3 Day5 Day1 Day3 Day5
MSCEGFP MSCCXCRS
Day5

Figure 4. MSC®*CR5 Exhibit Enhanced Migration toward hCXCL13 and mCXCL13 In Vitro and to Inflamed Ears In Vivo

(A) In vitro migration of MSC*CR® and MSCES toward human CXCL13 (hCXCL13) or murine CXCL13 (MCXCL13). Transwell filters were stained with 0.1% crystal violet and
observed under bright-field microscopy. Scale bars, 100 um. (B) Quantification of migrated cells. Data are presented as the mean + SEM. ***p < 0.001. (C) MSCE®™” and
MSC*CR both expressing green fluorescence, were intravenously injected into CHS mice. On days 1, 3, and 5 post-injection, the presence of EGFP-expressing MSCs was
examined by cryosectioning. Signals: EGFP, green; DAPI, blue. Scale bars, 100 pm. (D) EGFP-positive cells were quantified per microscopic field of ear cryosections in
triplicate mice. Data are presented as the mean + SEM for each group. The data are representative of three independent experiments. ***p < 0.001 versus the CHS+MSCEEP
group on the corresponding day.

inflamed ear and located in close proximity with CD3*/TCR" T cells.  cells. These results further confirmed that the frequencies of CD4" or
The corresponding data were added as Figure S4A. Moreover, we as-  CD8" T cell populations were much lower in the CHS* MSC*<R?
sessed the colocalization of CD4 or CD8 with CD3 in the sectionsand ~ group compared with the CHS or CHS* MSCFS™" groups of mice.
found that most of the CD4- or CD8-positive cells were CD3-positive ~ The corresponding data are presented in Figure S4B.
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We then tried to study the potential mechanisms of the underlying
cellular mechanism. CHS is a T cell-mediated immune response
that is induced by topical skin immunization with small molecules
(ie., haptens). Allergen-specific effector CD4* and CD8" T cells are
activated and produce a plethora of inflammatory cytokines and
mediators that contribute to the appearance of eczematous lesions.
Previous studies have demonstrated that MSCs can inhibit T cell
proliferation, induce T cell apoptosis, and decrease the release of
pro-inflammatory cytokines by T cells.””*® Therefore, we asked
whether more MSC“*“®* migrated to damaged tissue could affect
T cell numbers and functions and show more obvious therapeutic ef-
fects against CHS in vivo. Thus, we used ethynyl-2’'-deoxyuridine
(EdU) incorporation to detect T cell proliferation and found that
the CHS+MSC“*“®* group exhibited the most apparent decreased
proliferation of CD4"/EdU" and CD8"/EdU™ T cells compared with
the CHS+MSCFSF” group and the CHS group (Figure 6C). Also, to
quantitatively analyze apoptotic cell death, total cells isolated from
the inflamed ears were stained with Annexin V, anti-CD4, and
anti-CD8 and performed FACS analysis. Compared with the CHS
and MSCES™®  groups, MSC*®® significantly increased the
apoptosis percentages of CD4" and CD8" T cells (Figure 6D).

Finally, consistent with reports that T cell-derived cytokines, espe-
cially IL-17 and IFN-v, may play important roles in the progress of
CHS,*** we found that the proportions of IL-17- or IFN-y-produc-
ing CD4" and CD8" T cells were reduced in the CHS+MSC“*®
group 24 hr post-infusion relative to the other groups (Figures 6E
and 6F).

EGFP CXCRS
C C

Taken together, compared with MS , more MS migrated
into the inflamed ears, localized close to T cells, inhibited T cell pro-
liferation, promoted T cell apoptosis, and suppressed the production
of T cell-derived pro-inflammatory factors. These findings demon-
strate that CXCR5 overexpression increases the ability of MSCs to
respond to migratory stimuli and highly intensifies their immuno-
modulatory effects in vivo.

DISCUSSION

In this study, we identified CXCL13 as being highly expressed in the
inflamed ears of our CHS model and transduced CXCR5 into MSCs
in an effort to improve their targeting ability. Indeed, we found that
systemic infusion of MSC“X“®® dramatically attenuated CHS in the
mouse model.

Because of their multipotency, immunomodulatory properties, and
ease of isolation and ex vivo expansion, MSCs have become prom-
ising candidates for cellular therapy and regenerative medicine.*"**
However, inadequate engraftment of the cells to the tissue of injury
limits the therapeutic efficacy of MSCs. It has been shown that,
with higher passage number, the engraftment efficiency of MSCs de-
creases.”” In addition, it is believed that the therapeutic effects of
MSCs depend mainly on cell-to-cell interaction and/or juxtacrine ac-
tivity. Therefore, the therapeutic potential of injected MSCs may be
closely bound up with their localization. It is anticipated that strate-
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gies that enhance local recruitment will improve the effectiveness of
cellular therapy through acceleration of tissue recovery.*>** However,
the predominant primary signaling pathways that orchestrate local
engraftment of MSCs remain to be fully elucidated.

Chemokines and their receptors have been identified as major medi-
ators for cell migration and homing to target tissues. Therefore, injec-
tion of genetically manipulated MSCs that overexpress chemokine re-
ceptors may provide a novel strategy for improvement of stem cell
homing. Previous studies also demonstrated that genetic modifica-
tions of MSCs with chemokine receptors such as CXCR4*>*
tegrin-alpha4"’ significantly increased the mobilization of the cell to
the site of tissue injury and enhanced the therapeutic efficacy of
MSCs. Although the CXCR4/CXCL12 axis has emerged as an impor-
tant regulator of cell migration, it seems that this might not be a
unique axis to enhance MSC homing. For example, human MSCs
overexpressing CXCR4 did not improve cell migration, indicating
that there might be other mechanisms participating in MSC engraft-
ment.** For MSCs to home to a target tissue, they require the right
combination of interactions of chemokines secreted by the injured tis-
sue and the corresponding chemokine receptors on MSCs. The che-
mokine expression profiles of lesions may vary with different organs
and diseases and be regulated temporally and spatially during the dis-
ease process. Hence, elucidating the chemokine expression profiles of
specific disease microenvironments will provide exact clues for MSC
homing. Here we reported that the CXCR5/CXCL13 axis is the
disease-specific regulator for MSC homing in CHS. CXCL13 is a
highly conserved chemokine expressed constitutively in secondary
lymphoid tissues and is reported to be a homeostatic chemokine
involved in lymphoid organogenesis.”” CXCL13 could be also
observed in many inflammatory tissues, including lesions of the
skin.®! Indeed, we found that CXCL13 acts as a prominent feature
in the challenge phase of CHS in the inflamed ear that guides the
migration of CXCR5-expressing MSCs to lesions in vivo. However,
the expression of CXCR5 was low in MSCs. Thus, CXCR5-modified
MSCs may serve as a disease-specific therapeutic strategy to enhance
MSC homing for treating CHS.

and in-

CHS is a T cell-mediated immune response that is induced by
topical skin immunization with small molecules (i.e., haptens). It
typically peaks 24-48 hr post-challenge with the symptoms of cuta-
neous antigen-primed T cell infiltration and edema/spongiosis.”* In
the elicitation phase, various types of innate immune cells, particu-
larly allergen-specific effector CD8" and CD4" T cells, are activated
and produce a plethora of inflammatory cytokines and mediators
that contribute to the appearance of eczematous lesions. Recently,
He et al."” have claimed that IFN-y and IL-17 mediate the elicitation
of CHS by different mechanisms and that both cytokines are
required for optimal responses. In this study, we found that more
CXCR5-modified MSCs aggregated near T cells at the elicitation
sites of CHS mice. Moreover, the results from in vitro and in vivo
studies indicated that MSCs could suppress T cell responses; for
example, inhibit T cell proliferation and suppress the production
of the T cell-derived pro-inflammatory factors IFN-y and IL-17.
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In addition, engrafted MSCs at the elicitation sites could promote
apoptosis of invasive T cells in the inflamed ear. This may explain
how the modified MSCs showed more obvious therapeutic effects
against CHS in vivo.

In summary, here we performed ex vivo genetic manipulation of
MSCs and found that CXCR5 overexpression strongly enhances the
migration, engraftment into the injured tissue, and in vivo immuno-
modulatory effects of MSCs. Although the therapeutic potential of
MSCs has not yet been fully translated into the clinic, this work ad-
vances our understanding of the chemokine/receptor axis and
stem/progenitor cell biology and may offer a new strategy for enabling
MSCs to be quickly and precisely delivered to disease sites, thereby
maximizing their therapeutic benefits.

MATERIALS AND METHODS

Mice

BALB/c male mice were purchased from the Animal Center of Sun
Yat-sen University. All animal studies were carried out in accordance
with the guidelines of the Sun Yat-sen University Institutional Animal
Care and Use Committee.

RNA Library Preparation and lllumina Sequencing

MSC samples from three different donors were used for the genome-
wide RNA-seq analysis. Then, RNA library preparation and
sequencing were performed as recommended by the manufacturer
(Genome Analyzer Iix, Illumina). Sequencing data were processed us-
ing Consensus Assessment of Sequence and Variation (CASAVA,
version 1.8.2, Illumina) using the default settings. In brief, clusters
were located using the raw images, cluster intensity and position pa-
rameters were obtained as output, and the noise for each cluster was
estimated. The program determines the base sequences read from
each cluster, the confidence level for each base, and whether the
read passed filtering. The resulting bcl files were converted into
fastq.gz files. Sequence reads were mapped to transcripts annotated
in the NCBI database and used to calculate overall gene expression
in terms of reads per kilobase of exon per million mapped reads
(RPKM). The global transcriptional profiling data will be published
elsewhere.

Isolation and Characterization of MSCs
Human bone marrow samples were obtained from healthy donors
along with their informed consent. MSCs were isolated from the
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bone marrow and cultured as described previously."” In brief,
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% fetal bovine serum (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 x 10°/cm?
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 ex-
hibited surface expression of CD29, CD44, CD73, CD90, CD105,
and CD166 (MSC markers) but not CD34 or CD45 (hematopoietic
markers). After 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 previously.”* >

RNA Isolation, Reverse Transcription, and Real-Time gRT-PCR
Total RNA was extracted using an RNeasy mini kit (QIAGEN)
according to the manufacturer’s protocol. Reverse transcription was
performed using oligo-dT primers (Fermentas) and quantitative
real-time qRT-PCR was performed using SYBR PCR Master Mix
(Toyobo) according to the manufacturer’s instructions. gRT-PCR
was conducted in duplicate for each sample, and three independent
experiments were performed. Signals were detected using a Light
Cycler 480 detection system (Roche). The primer sequences are listed
in Table S1.

Western Blot Analysis

Cell and tissue lysates were prepared and centrifuged at 4°C. The pro-
teins were separated by SDS-PAGE and transferred to a polyvinyli-
dene fluoride (PVDF) membrane. The membrane was blocked, incu-
bated with rabbit anti-CXCR5 antibody (Santa Cruz Biotechnology)
or goat anti-CXCL13 antibody (R&D Systems), and then incubated
at room temperature with secondary antibodies. Antigen-antibody
complexes were detected by enhanced chemiluminescence (GE
Healthcare).

Immunofluorescence Staining

At the indicated time points, tissues were harvested, fixed with 4%
paraformaldehyde (Sigma), washed in PBS, and dehydrated overnight
in 30% sucrose (Sigma). The samples were embedded in Tissue-Tek
OCT compound (Bio-Optica) and frozen in an ethanol dry ice
bath. Sections (7 mm thick) were placed on glass slides (Bio-Optica),

Figure 5. Injection of MSCC*CR® Attenuates CHS In Vivo

(A) Representative photos and H&E-stained ear samples from mice of each group. 72 hr post-injection, ear tissues were collected, paraffin-embedded, sectioned, and
stained with H&E. Photos were taken of at least six sections per tissue. Scale bars, 100 um. (B) Ear swelling response (mean + SEM). The degree of swelling was calculated as
the thickness of the right ear (challenged ear) minus the baseline thickness of the left ear (unchallenged ear). Control mice were challenged with 0.2% DNFB without prior
sensitization. Experimental mice were injected i.v. with 1 x 10% MSC*R® or MSCES™ on day 2 of CHS. n = 6 mice/group from three independent experiments. (C) MPO
activity was examined by colorimetric assay of ear tissue homogenates obtained from each group during DNFB-induced CHS (72 hr post-injection). Data are presented as the
mean + SEM for individual mice. **p < 0.01. (D) The mRNA levels of TNF-a., IFN-v, IL-17, IL-6, IL-4, and IL-10 were analyzed by gRT-PCR. mRNA was extracted from the
inflamed ears of each group 72 hr post-injection. GAPDH was detected as an internal mRNA control. The results are representative of three experiments. Data are presented
as the mean + SEM. *p < 0.05, *p < 0.01, “**p < 0.001. (E) The concentrations of TNF-a., IFN-vy, IL-17, IL-6, IL-4, and IL-10 in homogenates of inflamed ears obtained from
each group 72 hr post-injection were determined by ELISA. Data are presented as the mean + SEM for each group. n = 6 mice/group from three independent experiments.

*p < 0.05, *p < 0.01, **p < 0.001.
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blocked for 30 min with PBS-Tween 0.05% plus 0.5% FBS, and then
incubated with the appropriate primary and secondary antibodies
(Tables S2 and S3; diluted in blocking solution) overnight at 4°C
and for 30 min at room temperature, respectively. Nuclei were visu-
alized with DAPI (Fluka). Images were acquired under fluorescence
or confocal microscopy. The primary antibodies and secondary anti-
bodies are listed in Tables S2 and S3.

Lentiviral Vector Construction and Transduction

Entry vectors were generated by flanking the EFla promoter, CXC
motif chemokine receptor 5 (CXCR5), internal ribosomal entry site
(IRES)-EGFP) gene with attB4/Blr, attB1/B2, and attB2r/B3 sites,
respectively, by PCR (Figure S5A). The promoter PCR product was
cloned into pDONR P4-P1r (Invitrogen) using the Gateway BP recom-
bination method following the manufacturer’s instructions. The att-
flanked CXCR5 fragment and IRES-EGFP fragment were cloned into
pDONR 221 and pDONR P2r-P3 (Invitrogen) using the same method
(Figure S5B). The resulting vectors, termed pUp-EFla, pDown-
CXCR5, and pTail-IRES-EGFP, were next recombined into the
pDest-puro vector using a recognized LR recombination reaction
protocol described in the Gateway LR kit and a clonase enzyme mix
(Invitrogen) (Figure S5C). The final lentiviral expression vector was
designated pLV/puro-EF1a-CXCR5-IRES-EGFP. The vector pLV/
puro-EF1a-EGFP was constructed in a similar way (Figures S6A-S6C).

Lentiviruses were prepared by transient cotransfection of 293FT cells
with the pLV/puro-EF10-CXCR5-EGFP or pLV/puro-EF1a-EGFP
construct together with Vira Power lentiviral packaging mix (Invitro-
gen) using Lipofectamine 2000 (Invitrogen). Three days after trans-
fection, supernatants containing viral particles were harvested,
filtered through polyether sulfone membranes (pore size, 0.45 um),
and titered.

For lentiviral transduction, MSCs were dissociated into single-cell
suspensions using 0.125% TrypLE Select (Invitrogen) and then
replated with lentiviral particles and 5 pg/mL Polybrene (Sigma-Al-
drich, http://www.sigmaaldrich.com). Three days after transduction,
83.18% + 5.83% of MSC¥®® cells expressed EGFP (in comparison
with a transduction efficiency of 85.79% + 6.28% of MSCF®™) (Fig-
ure S7A). MSC¥“®> and MSCECF? were purified by FACS (Influx,
Becton Dickinson). Stably transfected MSCs were cultured continu-
ously after sorting.

Molecular Therapy

Flow Cytometry

MSCs were transduced with vectors encoding human CXCR5 and
EGFP incubated for 30 min with the appropriate antibody
(Table S4) in the dark at 4°C and then analyzed by flow cytometry.
Each analysis was performed on at least three separate cell prepara-
tions. Flow cytometric analyses were performed with Influx (BD) or
Gallios (Beckman Coulter) flow cytometers, and the data were
analyzed with the Flow]o7.5 (Tree Star) or Kaluza (Beckman Coulter)
software packages.

Proliferation Assay

Isolated CD3™ T lymphocytes were stained using a CellTrace CFSE
cell proliferation kit (stain concentration, 5 pM; Invitrogen) accord-
ing to the manufacturer’s instructions. Labeled CD3" T cells were
cultured in replicate wells with or without MSCs and stimulated
with an anti-CD3 monoclonal antibody (mAb) (0.2 pg/mL; BD Bio-
sciences Pharmingen) and an anti-CD28 mAb (1 pg/mL; BD Biosci-
ences Pharmingen) for 96 hr. T cell proliferation was evaluated by
flow cytometric analysis of 5,6-carboxyfluorescein diacetate succini-
midyl ester (CFSE) dilutions.

Survival Assay

Sorted CD3" T lymphocytes were cultured in 24-well plates with or
without MSCs (5:1 ratio). After 96 hr of culture, the extent of T cell
survival was measured by flow cytometric analysis of Annexin V
and propidium iodide (PI) staining (BD Biosciences Pharmingen).

Intracellular Cytokine Staining

CD3" T cells were sorted from healthy donors, resuspended in RPMI
1640 medium (HyClone), and cultured in duplicate wells with or
without MSCs for 72 hr. Brefeldin A (BFA, 10 ng/mL, Sigma), phor-
bol-12-myristate-13-acetate (PMA, 50 ng/mL, Sigma), and ionomy-
cin (1 pg/mL, Sigma) were added, and the cells were cultured for
an additional 6 hr. The cells were fixed, permeabilized, and stained
for cell surface CD3, cytoplasmic TNF-o, and IFN-y and analyzed
by flow cytometry.

Migration Assays

Migration was assessed using a transwell chamber system of 8-jum-pore
membrane filters (PIEP12R48, Millipore). Each upper chamber was
loaded with serum-starved MSCs (2 x 10°/well), whereas each lower
chamber was loaded with 500 puL serum-free medium with or without

Figure 6. Possible Mechanisms through which MSC®*®R® Could Attenuate CHS

(A) Sections were obtained from challenged ears 1 day after injections and stained with anti-CD4 (violet) or anti-CD8 (red). EGFP-expressing MSCES™ and MSCCR® were
observed in challenged ears. Nuclei were visualized by DAPI staining (blue). n = 6 mice/group from three independent experiments, and pictures were taken of at least six
sections per tissue. (B) Immunohistochemical staining of the challenged ears of CHS mice (left), CHS+MSCES™P mice (center), and CHS+MSC*R® mice (right). The mice
were sacrificed 72 hr post-injection, and challenged ears were sampled, sectioned, and stained with anti-CD4 (violet) or anti-CD8 (red), EGFP (green), and DAPI (blug).
n = 6 mice/group from three independent experiments, and pictures were taken of at least six sections per tissue. (C) The percentages of EdU-incorporated cells among the
CD4*, CD8" cell populations were assessed using flow cytometry. The data are representative of three independent experiments. (D) The percentages of Annexin-V-positive
cellsinthe CD4™", CD8" cell populations were measured by flow cytometry. The data are representative of three independent experiments. (E and F) The cells were stimulated
with PMA (50 ng/mL) and ionomycin (500 ng/mL) for 6 hr. During this period, BFA (10 ng/mL) was used to inhibit the secretion of cytokines (all from Sigma-Aldrich), and the
IL-17/IFN-y-positive CD4*, CD8" T cells were analyzed by flow cytometry. The numbers indicate the percentages of positive cells in the gated CD4* or CD8" T cell pop-

ulations. The data are representative of three independent experiments.
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hCXCL13 (5 ng/mL, PeproTech) or mCXCL13 (50 ng/mL, PeproTech).
After 5-10 hr of incubation at 37°C in 5% CO,, 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 microscopy.

CHS Model Induced by DNFB and Ear Thickness Measurements
The mouse ear swelling test was performed as described else-
where.”>"* Briefly, 2,4-dinitro-1-fluorobenzene (DNFB, D1529,
Sigma) was used as a contact-sensitizing agent. DNFB (0.5% dissolved
in 4:1 acetone/olive oil) was applied to the shaved back of each mouse
(sensitization). 5 days later, the mice were challenged by epicutaneous
application of 0.2% DNFB on the right ear. The control group con-
sisted of age- and sex-matched syngeneic naive mice challenged
with 0.2% DNFB on the right ear without prior sensitization.

Ear thickness was measured for both the left and right sides daily for
7 days post-challenge using a dial thickness gauge (Mitutoyo). The
degree of swelling was calculated as the thickness of the right ear (chal-
lenged ear) minus the baseline thickness of the left ear (unchallenged
ear). To compare the immunosuppressive effects of MSCF*“** and
MSCXR on the CHS response, the mice were subjected to intrave-

nous (i.v.) injection of one million MSCs on day 2 post-challenge.

Measurement of MPO Activity

72 hr after MSC injection, ear tissues were harvested and homoge-
nized in 0.5% cetyltrimethylammonium chloride (Sigma). The
homogenates were passed through a nylon mesh, centrifuged at
3000 rpm for 20 min at 4°C, and collected. MPO activity was assessed
with the MPO kit (Jiancheng) according to the manufacturer’s in-
structions. MPO activity is shown as the absorbance per gram of total
protein in ear tissue homogenates.

ELISA

Commercially available ELISA kits were used to measure the levels of
TNF-a, IFN-v, IL-17, IL-10, IL-4 (all from eBioscience), and IL-6
(RayBiotech) in the inflamed ears of each group according to the
manufacturer’s recommended procedures.

In Vivo Distribution of Transplanted MSCs

To detect the distribution of transplanted MSC®S** or MSC“*CR*
in vivo, samples were collected from the left and right ears of recipi-
ents on days 1, 3, and 5 post-injection. Cryosections were prepared
and counterstained with 1.0 pg/ml DAPI in PBS for 20 min at
room temperature in the dark.

Flow Cytometric Detection of Apoptosis

The DNFB-sensitized ears of each group were harvested 24 hr post-
injection, and primed T cells were isolated and stained with anti-
mouse CD3, anti-mouse CD4, or anti-mouse CD8 (BD Biosciences)
in 100 pL staining buffer for 20 min in the dark at 4°C. The cells
were then washed with cold FACS buffer (0.1% sodium azide and
0.5% BSA in PBS) and stained for 15 min with Annexin V and PI
in binding buffer according to the manufacturer’s instructions.

Analysis of EdU Incorporation

MSC-injected mice were administered a single intraperitoneal injec-
tion of EAU (50 mg/kg body weight, Invitrogen). 24 hr after EAU in-
jection, the mice were sacrificed, and challenged ears were collected
and minced into small pieces. The cells were dissociated by digestion
with 1 mg/ml collagenase type IV (Invitrogen) in RPMI 1640 medium
(Invitrogen) at 37°C for 20 min. RPMI 1640 medium containing 5%
FBS (HyClone) was added to stop the collagenase activity, and the
samples were centrifuged at 1,500 rpm for 10 min at room tempera-
ture. The cells were stained with Alexa Fluor 647-conjugated anti-
EdU antibody (Ab) using the EdU kit (Invitrogen) according to the
manufacturer’s instructions. Finally, the cells were analyzed by flow
cytometry.

Measurement of Cytokine Production by Hapten-Primed T Cells

Primed T cells were harvested from the DNFB-sensitized ears of each
group 24 hr post-injection, and cytokines were measured by flow cy-
tometry. For detection of intracellular cytokines, the primed T cells
were stimulated with PMA (50 ng/mL), ionomycin (500 ng/mL),
and BFA(10 pg/mL) for 6 hr and then collected, fixed, permeabilized,
and stained for cell surface CD3, CD4, or CD8 or for cytoplasmic
IL-17 or IFN-vy. The stained cells were analyzed by flow cytometry.

Statistics

All data are presented as the mean + SEM obtained from at least three
independent experiments. Comparisons between groups were per-
formed using ANOVA with Newman-Keuls post hoc comparison.
p < 0.05 was considered statistically significant. All statistical analyses
were performed with the aid of SPSS version 14.0 (SPSS).
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