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a b s t r a c t

Systemic administration of mesenchymal stem cells (MSCs) affords the potential to ameliorate the
symptoms of Multiple Sclerosis (MS) in both preclinical and clinical studies. However, the efficacy of
MSC-based therapy for MS likely depends on the number of cells that home to inflamed tissues and on
the controlled production of paracrine and immunomodulatory factors. Previously, we reported that
engineered MSCs expressing P-selectin glycoprotein ligand-1 (PSGL-1) and Sialyl-Lewisx (SLeX) via
mRNA transfection facilitated the targeted delivery of anti-inflammatory cytokine interleukin-10 (IL-10)
to inflamed ear. Here, we evaluated whether targeted delivery of MSCs with triple PSGL1/SLeX/IL-10
engineering improves therapeutic outcomes in mouse experimental autoimmune encephalomyelitis
(EAE), a murine model for human MS. We found PSGL-1/SLeX mRNA transfection significantly enhanced
MSC homing to the inflamed spinal cord. This is consistent with results from in vitro flow chamber assays
in which PSGL-1/SleX mRNA transfection significantly increased the percentage of rolling and adherent
cells on activated brain microvascular endothelial cells, which mimic the inflamed endothelium of blood
brain/spinal cord barrier in EAE. In addition, IL-10-transfected MSCs show significant inhibitory activity
on the proliferation of CD4þ T lymphocytes from EAE mice. In vivo treatment with MSCs engineered with
PSGL-1/SLeX/IL-10 in EAE mice exhibited a superior therapeutic function over native (unmodified) MSCs,
evidenced by significantly improved myelination and decreased lymphocytes infiltration into the white
matter of the spinal cord. Our strategy of targeted delivery of performance-enhanced MSCs could
potentially be utilized to increase the effectiveness of MSC-based therapy for MS and other central
nervous system (CNS) disorders.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Multiple sclerosis (MS) is a major cause of neurological
disability, an incurable and debilitating disease affecting over
300,000 people in the US [1]. The inefficiency and adverse effects
such as severe infections caused by current immunosuppressive
agents suggest an unmet need of therapies for MS [2]. Recent evi-
dence has shown that stem cell therapy might offer therapeutic
potential for CNS inflammatory diseases including MS [3,4].
Mesenchymal stem cells (MSCs) are one of the most promising
stem cell types for treating MS due to their potent immunomod-
ulatory abilities [2,5,6]. There are approximately 21 clinical trials
evaluating the MSC treatment for different subtypes of multiple
sclerosis (September 2015, Keywords: “Mesenchymal stem cell”
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AND “Multiple sclerosis”, www.ClinicalTrials.gov). Results from a
recent Phase II clinical trial suggested that bone marrow MSCs are
safe and may reduce inflammatory parameters (gadolinium-
enhancing lesions) measured by magnetic resonance imaging
(MRI), in agreement with their immunomodulatory properties in
relapsing-remitting MS [7]. However, these clinical trials, overall,
have producedmixed results, often documenting the failure of MSC
therapies to ameliorate MS. The inconsistent results from different
trials are attributed not only to the different MSC sources and
preparation (e.g., culture conditions, heterogeneity, passage
numbers and genetic modification), but also to the low efficiency of
cell delivery to targeted sites and to a lack of control over the cell
fate, especially the production of therapeutic and anti-
inflammatory factors following transplantation. Thus, overcoming
these major bottlenecks would be critical for increasing the efficacy
of stem cell based therapy.

Systemic infusion is considered as the most favorable modality
for MSC transplantation because of its convenience and minimal
invasiveness. Indeed, the majority of both preclinical and clinical
studies use systemic infusion for cell delivery [8e10]. Although
MSCs have inherent tropism to pathological sites such as inflamed
tissue, ischemic tissue and tumors [11e13], mounting evidence
suggests that MSC homing is inefficient due partly to the lack of
several key professional homing ligands found in the leukocyte
homing cascade [14]. There are three main steps during leukocyte
homing: tethering/rolling, firm adhesion/arrest, and extravascular
transmigration [15,16]. MSCs express several adhesion molecules
including very late antigen-4 (VLA-4, a4b1 integrin) and vascular
cell adhesion molecule-1 (VCAM-1) [17,18], which are involved in
firm adhesion of MSCs on endothelial cells [17,19]. MSCs have also
been shown to efficiently transmigrate through activated endo-
thelial cells via both transcellular and paracellular pathways
[19e23]. However, MSCs do not robustly express endothelial P- and
E-selectin ligands, including notably P-selectin glycoprotein ligand-
1 (PSGL-1) and Sialyl-Lewisx (SLeX), that are required for tethering
and rolling, a critical first step for trafficking cells to adhere on
endothelium from the blood stream [17]. Therefore, expression of
selectin ligands on MSCs might help increase their trafficking to
Fig. 1. Illustration of mRNA transfected MSCs with homing ligands and immunomodulator
express a combination of homing ligands (PSGL-1 and SLeX) and anti-inflammatory factor
mRNA-engineered MSCs home to inflamed CNS tissues by crossing blood brain/spinal cord b
remyelination mechanisms.
targeted tissues and the efficiency of drug delivery by MSCs for
therapeutic purposes. Indeed, previous studies have shown that
engineering MSCs with key cell rolling ligands including hemato-
poietic cell E-/L-selectin ligand (HCELL) and SLeX led to enhanced
homing efficiency to inflammatory and diseased sites [24,25].

The therapeutic functions of MSCs for autoimmune diseases
largely rely on their unique ability to secrete immunomodulatory
cytokines [26]. However, the immunomodulatory secretome of
MSCs is highly variable, likely due to their active interaction with
the components of innate and adaptive immune system and their
plasticity and heterogeneity with respect to immunomodulatory
function [27]. The uncertainty and lack of control over the in vivo
MSC secretome present great challenges in achieving predictable
and reproducible therapeutic efficacy of MSCs following systemic
infusion. Therefore, engineering MSCs with defined immunomod-
ulatory cytokines might maximize their therapeutic utility.

Based on this premise, we have recently demonstrated that
systemic administration of MSCs engineered with PSGL-1/SLeX by
mRNA transfection improved MSC homing and targeted delivery of
the anti-inflammatory cytokine IL-10 in a murine ear inflammation
model [25,28]. mRNA-based protein expression is particularly
attractive for such cell engineering due to its simplicity, transient
and rapid protein translation after transfection, and ease for
expressing multiple factors simultaneously [28e30]. Here, we
aimed to examine if such targeted therapeutic delivery can improve
the therapeutic efficacy of transplanted stem cells in a clinically
relevant setting of CNS inflammatory autoimmune disease. Spe-
cifically, we hypothesized that these modified MSCs could home
more efficiently to inflamed CNS tissues and increase therapeutic
efficacy in mice with experimental autoimmune encephalomyelitis
(EAE), a murine model of clinical MS (Fig. 1). We found enhanced
localization of engineered MSCs in the inflamed spinal cord, the
main affected CNS tissue in EAEmice [31], and the engineeredMSCs
showed superior therapeutic functions over unmodified MSCs. Our
results provide a promising strategy for targeted delivery of
performance-enhanced MSCs for the treatment of MS and other
immune-mediated CNS disorders. In a broader context, our simple
mRNA engineering technology may also serve as a platform for
y factors to improve their therapeutic effects in EAE mice. (A) MSCs are engineered to
(IL-10) via mRNA transfection and infused into EAE mice systemically (tail vein). (B)

arrier and exert their therapeutic functions by anti-inflammatory and/or other potential
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engineering and controlling the fate of other types of cells after
systemic administration to effectively treat a wide range of
diseases.

2. Materials and methods

2.1. Animals

The usage of animals was in accordance with National Institutes
of Health (NIH) guidelines and approved under the Institutional
Animal Care and Use Committees (IACUC) of University of Califor-
nia, Irvine. C57BL/6 (Charles River Laboratories, San Diego, CA)mice
were used in all in vivo studies.

2.2. Cell culture

The primary bone marrow derived MSCs were purchased from
Texas A&M Institute of Regenerative Medicine, where these stem
cells were characterized and isolated from the healthy bone mar-
rows of consenting donors. CD4þ T cells were isolated from the
spleen of C57BL/6 mice spleen. HL-60 cells and brain microvascular
endothelial cells (BMECs) were obtained from American Type
Culture Collection (ATCC). MSCs were cultured in a-MEM media
(Gibco, Life Technology) supplemented with 15% FBS, 1% L-Gluta-
mine and 1% PenicillineStreptomycin. The HL-60 cells were grown
in IMBM medium (Lonza) that has supplements of 20% FBS, 1% L-
Glutamine and 1% PenicillineStreptomycin. BMECs were expanded
in endothelial cell medium (Lonza) supplemented with Endothelial
Cell Medium Supplement Kit (CellBiologics). All the cultures were
incubated at 37 �C with 5% CO2, and the media was changed every
two to three days. MSCs at passage 3e6 were used for all
experiments.

2.3. mRNA synthesis and transfection

All PSGL-1, FUT-7 and IL-10 mRNAs were synthesized as previ-
ously described [28] by Factor Bioscience (Boston, MA). Briefly, the
in vitro transcription of pre-mRNA templates for PSGL-1, FUT-7, and
IL-10 have been constructed to all have T7 promoter at the 50 ends
and an optimized Kozak sequence in the sequence between the 50

UTR and the start codon. For each pre-mRNA, the protein coding
sequence was flanked by the 50 and 30-untranslated region (UTRs)
of the human beta-globin (HBB). This pre-mRNA was synthesized
with 50-cap and 30-polyadenylate tail using the T7mScript Standard
mRNA Production System protocol kit (CellScript). A modified
nucleoside 59-triphosphate solution was used, in which pseu-
douridine-59-triphosphate (pseudo-UTP) and 5-methylcytidine-
59-triphosphate (5-methyl-CTP) were substituted for UTP and CTP,
respectively. After transcription, uncapped RNA was purified using
an RNeasy kit (Qiagen, Hilden, Germany) and a 59 cap structure and
39-poly(A) tail were added using the T7 mScript kit. For mRNA
transfection, PSGL-1, FUT-7, or IL-10 mRNAs (1mg/10 cm2 surface
area) were diluted in of Opti-MEM (50 mL/mg mRNA; Gibco, Life
Technology). Lipofectamine RNAiMAX (4m/mg, Invitrogen, Life
Technology) were added to the same amount of Opti-MEM and
incubated for 5 min at room temperature. Then the Lipofectamine
and mRNA solution were mixed and incubated for 15 min at room
temperature before added to MSC culture (serum-free media).
Media were changed at 4 h after the transfection.

2.4. Immunostaining and ELISA

MSCs or frozen spinal cord sections were fixed in 4% PFA for
15e30 min and 10% goat serum were used to block non-specific
binding. Then anti-CD15s (1:100, BioLegend), anti-PSGL-1 (1:100,
BioLegend), CD45 (1:100 Tonbo Biosciences) were added and
incubated at 4 �C overnight. Alexa-488 conjugated Anti-rabbit
secondary antibody (Abcam) were then added and incubated for
1 h at room temperature. The MSCs or tissue sections were then
covered by a glass coverslip with DPX mounting solution and
analyzed under a fluorescent microscope. IgG-FITC, and IgM-FITC
were used as isotype controls. To quantify the percentage of
CD15s or PSGL-1 positive MSCs in the culture dishes, at least 5
random fields from images (20�) taken under fluorescent micro-
scope were analyzed by imageJ and the percentage was calculated
as the number of CD15s or PSGL-1 positive cells (green) divided by
the total number of cells in the field as identified by DAPI stained
blue nuclei. For the detection of IL-10 secretion, the condition
media from either native MSCs or engineered MSCs were collected
and analyzed via Human IL-10 ELISA Kit II (BD OptEIA).

2.5. In vitro cell rolling and adhesion on BMECs

The BMECs were grown in 6-cm culture dishes until 100%
confluent. To mimic inflamed condition, BMECs were activated
with TNFa (50 ng/mL) for 6 h before the experiment. PicoPlus sy-
ringe pump (Havard Apparatus) and Vacuum pump (Welch) were
used for the flow chamber assay to conduct the cell rolling exper-
iments. The flow rates were adjusted according to the desired shear
stresses: 4.42 mL/min (1 dyn/cm2), 8.84 mL/min (2 dyn/cm2),
17.68 mL/min (5 dyn/cm2), and 35.36 mL/min (10 dyn/cm2). The cell
rolling and adhesion activities of the engineeredMSCs, nativeMSCs
and HL-60 (1� 105 cells/run) on BMECs monolayers were observed
and recorded for further quantification analysis. At least six random
10-s frames from each video were analyzed. ImageJ (Plugin: Stack,
manual tracking) was used to quantify the velocity and percentage
of the rolling cells. The percentage of rolling cells was calculated as
the total number of rolling cells divided by the total number of cells
that were injected for those 10 s time frame. At the end of each flow
chamber run, images of adherent cells (pre-labeled with DiI or DiO)
on BMECs were photographed using build-in Nikon cameras in
fluorescent microscope, the number of adherent cells were counted
by ImageJ software for statistical analyses.

2.6. Co-culture of MSCs and CD4þ T cells

MSCs were engineered 1e2 days prior to co-culturing with
CD4þ T-cells. The proliferation of T cells were measured using
carboxyfluorescein diacetate succinimidyl ester (CFSE) assay.
Briefly, splenocytes were obtained from the EAE mice spleen, after
removing red blood cells using ACK lysing buffer (Gibco, Life
Technology), EasySep Mouse CD4þ T Cell Isolation kit (StemCell
Technology) was used to purify CD4þ T-cells from the splenocytes.
These isolated CD4þ T-cells (1 � 107 cells/mL) were pre-stained
with CFSE (1 mM). Then the CD4þ T-cells (1 � 105) were added
onto 24-well plates with confluent engineered MSCs in the pres-
ence of anti-CD3 (1 ng/mL), anti-CD28 (1 ng/mL) antibodies and IL-2
(2 ng/mL) in RPMI-1640 medium (Calsson) supplemented with 10%
deactivated FBS, 2-mercaptoethanol (50 nM), and 1% penicillin and
streptomycin. 6 days later, the cultured T cells were harvested and
stained with anti-CD4 antibody (1 mg/ml) and 7ADD (1 mg/ml)
before analyzed by flow cytometer.

2.7. EAE induction

To induce EAE in mice, complete Freund's adjuvants (CFA) was
prepared by mixing Mycobacterium tuberculosis (2 mg/ml) with
Freund's adjuvants (Sigma). An equal amount of MOG35-55 peptide
(Anaspec Inc., Fremont, CA) (2 mg/mL in ddH2O) and CFA solution
were mixed to have a final concentration of 1 mg/mL before
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injected into each mouse. 100 ml of antigen/CFA emulsion was
delivered to two different sites of each hind flank, and immediately
after that, 400 ng of pertussis toxin were intraperitoneally injected.
Another pertussis toxin was given two days later. Clinical signs of
EAE disease severity was scored according to the previously
described 0e4 scale [32] as follows: 0, no clinical signs; 0.5, tail
weakness; 1, completely limp tail; 1.5, limp tail and hindlimb
weakness; 2, unilateral hindlimb paralysis; 2.5, bilateral partial
hindlimb paralysis; 3, bilateral hindlimb paralysis; 3.5, complete
hindlimb and unilateral forelimb paralysis; and 4, death or
moribund.
2.8. Cell transplantation and homing assay

EAEmice in engineeredMSCs (n¼ 7), nativeMSCs (n¼ 6) or PBS
(n ¼ 6) groups received 1 million cells (in 200 ml PBS) or PBS only
via tail vein injection on day 14 post immunization and clinical
scores were evaluated for 21 days after injection. For homing assay,
dissociated engineered MSCs or native MSCs were labeled with
lipophilic fluorescent dyes (DiD or DiI, 5 mg/mL, Invitrogen) before
transplantation on day 14 post immunization. Each mouse received
a single dose of about 1 million (in 200 ml PBS) fluorescently labeled
MSCs. For cotransplantation, engineered MSCs and native MSCs
were mixed at 1:1 ratio and each animal received a total of
1.5 � 106 cells. PBS injection served as sham control. Mice were
sacrificed at 6 h or 24 h after injection and frozen sections of spinal
cord were analyzed under fluorescent microscope. Cell quantifi-
cation was performed on at least five spinal cord cross-sections per
animal for at least three animals. Homing efficiency was calculated
by dividing the estimated total number of homing MSCs in the
entire spinal cord by the total number of injected cells.
2.9. In vivo tracking of MSCs labeled by luciferase lentivirus

The fluc lentivirus was packaged in 293FT cells by co-
transfection of pLenti-fluc-RFP plasmid (2 mg), pMDLg/pRRE,
pRSV/REV, and pMD2.G using Lipofectamine® LTX (Sigma). The
lentivirus containing supernatant were added to MSCs culture and
incubated for 24 h. After the incubation, the media containing the
lentiviral particles were removed and new media with puromycin
(1 mg/mL) were added to select the successfully transduced cells. A
single dose of 1 � 106 cells were injected into EAE mice via tail vein
on day 14 post immunization. IVIS Imaging of the mice was
observed at 6 h, and 24 h after MSCs injection.
2.10. Demyelination and inflammation area quantification

Twenty one days after cell injection, mice were sacrificed and
spinal cord sections (10 mm) were sliced from the block and
embedded on a glass slide to be analyzed with luxol fast blue (LFB)
staining. 0.1% LFB working solutionwas made by disolving1 mg LFB
powder with 95% ethanol and acetic acid. The spinal cord sections
were incubated in the LFB solution for 4 h at 60 �C. Then the excess
stain will be differentiated with 0.01% Lithium carbonate in 95%
ethanol. Paramount was used to cover the tissues with a glass
coverslip. The quantification of demyelination was performed on at
least five spinal cord cross-sections per animal. The area of demy-
elination, each spinal cord section and the grey matter were traced
and measured using ImageJ. White matter areas were determined
by subtracting the grey matter area from the whole spinal cord
area. The same method was applied to quantify the inflammation
area that was identified by CD45þ staining in spinal cord sections
as mentioned above.
2.11. Statistical analysis

The results are presented as mean ± standard deviation (SD).
Experimental and control groups were compare d using an un-
paired two-tailed Student's t-test. Differences between three or
more groups were evaluated by the one-way ANOVA with Dun-
nett's multiple comparison test. P < 0.05 was considered statisti-
cally significant.

3. Results

3.1. MSCs transfected with PSGL-1/SLeX exhibit superior rolling and
adhesion on inflamed endothelium in vitro

P- and E-selectins mediate cell tethering and rolling, a crucial
step required to trigger the ensuing firm adhesion of leukocytes on
activated endothelial cells and eventually leading to their extrava-
sation to parenchyma of an inflammatory site [16]. Selectin ligands
are SLeX e like carbohydrate-containing molecules biosynthesized
by glycosyltransferases including a-(1,3)-fucosyltransferase (FUT7)
[16,33]. To bind selectins effectively, the carbohydrate ligand
structures must be presented on specialized glycoprotein scaffolds
including PSGL-1 [16]. PSGL-1/SLeXwas used in the current and our
previous studies [25,28] because their interaction with selectins
accounts for more than 90% of all the rolling function for T cells
[34e36].

While numerous approaches including genetic, enzymatic and
chemical modification were used to engineer cells to express
homing ligands [24,25,37e39], we chose mRNA transfection
because of its simplicity in the simultaneous engineering of cells
with multiple factors and the rapid and transient expression of
proteins to target therapeutic mechanisms that occur rapidly and
transiently following cell transplantation therefore avoiding po-
tential long-term safety issues [29,30]. In particular, recent ad-
vances to increase mRNA translational efficiency and stability, and
to decrease immunogenicity by cap modifications modified nu-
cleotides [40,41], further broaden their applications [42e45]. Pre-
viously, we showed rapid (maximal expression is typically reached
in 1e2 days) and transient (up to 7 days) expression of PSGL-1/SLeX
in MSCs transfected with the PSGL-1/FUT-7 mRNAs [28]. In the
present study, we confirmed this efficient mRNA transfection using
immunostaining for PSGL-1/SLeX 24 h after mRNA transfection
(right before the cell transplantation). As shown in Fig. 2A, more
than 90% of transfected MSCs expressed PSGL-1 or SLeX, with no
detectable expression of either of them in non-transfected MSCs,
which is consistent with our previous flow cytometry data [28].

To mimic the dynamics of the rolling and adhesion of systemi-
cally infused MSCs on inflamed endothelium, monolayer BMECs
were activated with TNF-a to upregulate selectins and firm adhe-
sion molecules [46]. MSC rolling and adhesion on activated BMEC
were examined using a conventional parallel flow chamber assay
(Fig. 2B,C) under shear stresses (1e5 dyn/cm2) relevant to the hy-
drodynamic conditions found in CNS venules [17,22]. Previously,
we demonstrated that both PSGL-1 and SLeX are required to
generate a rolling response and triple transfections of PSGL-1/SLeX/
IL-10 exhibited similar robust rolling behavior as PSGL-1/SLeX
transfected MSCs, suggesting that transfection of IL-10 does not
affect the adhesive properties of PSGL-1/SLeX [28]. Moreover, we
have shown that transfection of IL-10 alone does not display any
improved rolling response [28]. Compared to unmodified MSCs
that only exhibited a minimal level of cell rolling and adhesion on
activated BMEC, MSCs transfected with PSGL-1/SleX had demon-
strated a significantly increased frequency of rolling cells (Fig. 2D)
and decreased cell rolling velocity (Fig. 2C,E; Video S1). The overall
cell rolling performance of PSGL-1/SleX-engineered MSCs is



Fig. 2. Enhanced rolling ability of engineered MSCs in a flow chamber assay. (A) The majority of (>90%) mRNA transfected MSCs express PSGL-1 and SLeX as shown by anti-PSGL-1
and anti-CD15s antibody staining, respectively. The native MSCs are negative for either PSGL-1 or SLeX expression. Scale bar ¼ 100 mm. (B) Illustration of flow chamber assay. (C)
Representative images showing PSGL-1/SLeX MSCs (white arrows) roll on TNF-a activated BMECs surface in vitro at a comparable velocity as HL-60, while at a substantially lower
velocity than native MSCs. Shear stress in these images: 2 dyn/cm2. Scale bar ¼ 25 mm. (D) Percentage of rolling cells on activated BMECs in PSGL-1/SLeX MSCs, Native MSCs and HL-
60 groups. (E) Rolling velocity of PSGL-1/SLeX MSCs, Native MSCs and HL-60 cells on activated BMECs (at least 20 cells were analyzed in each group).
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comparable to (although slightly less robust than) that of HL-60
cells, a promyelocytic leukemia cell line that is commonly used as
a positive control for leukocyte rolling. We next demonstrated that
significantly more PSGL-1/SLeX-transfected MSCs adhered onto the
BMECs as compared with unmodified MSCs under different shear
stresses (Fig. 3A, B). Similarly, when PSGL-1/SLeX-transfected MSCs
and unmodified MSCs labeled with different colored fluorescent
dyes were mixed in a 1:1 ratio and run simultaneously in the same
flow chamber, significantly higher numbers of transfected MSCs
were arrested on activated endothelial monolayers when compared
to unmodified MSCs (Fig. 3C, D). Collectively, this set of data vali-
dates our hypothesis that engineering MSCs with cell rolling
selectin ligands is crucial to initiate cell rolling and the downstream
firm adhesion cascade.

Supplementary data related to this article can be found online at
http://dx.doi.org/10.1016/j.biomaterials.2015.11.005.

3.2. Enhanced homing of PSGL-1/SLeX-engineered MSCs to spinal
cord of EAE mice

We next determined if PSGL-1/SLeX-engineering of MSCs also
enable them to homemore efficiently to the inflamed CNS tissues in
EAE mice. For most of our studies, we focused on examining spinal
cord because inflammatory cells predominantly infiltrate the spinal
cord with a relative lack of inflammation in the brain in EAE mice
model [31]. Initially, we labeled the MSCs with firefly luciferase to
monitor the distribution of MSCs in live animals or ex vivo CNS
organs. However, wewere unable to detect any signals at either 6 or
24 h after transplantation (Fig. S1). This is likely due to the limited
sensitivity of the luciferase signal and limited total number of MSCs
that homed to the CNS. Therefore, we used fluorescent DiD dyes for
imaging the spinal cord ex vivo. The results showed that the signals
in the engineered MSCs group were significantly higher than those
in the unmodified MSCs group (Fig. 4A, B).

We further compared the homing efficiency of native and PSGL-
1/SLeX engineeredMSCs by quantification of the cells in spinal cord
frozen sections in both wild type (WT) and EAE mice. In one
experiment, the native and PSGL-1/SLeX engineered MSCs were
labeled with the same fluorescent dye DiD and injected to different
individuals of animals. Alternatively, native MSCs and engineered
MSCs labeled with different dyes (DiD and DiI, no visible dye
transfer between the two labeled MSCs; Fig. S2A) were mixed in a
1:1 ratio and injected into mice to compare their competitive
homing in vivo. We found that unmodified MSCs homed to the

http://dx.doi.org/10.1016/j.biomaterials.2015.11.005


Fig. 3. Increased adhesion of MSCs engineered with PSGL-1/SLeX on activated BMECs under flow conditions. (A) Representative brightfield and fluorescent images demonstrated
that significantly more cells (red) adhere on TNF-a activated BMECs in PSGL-1/SLeX MSCs groups than those in native MSCs groups under three different sheer stresses (1, 2 and
5 dyn/cm2). Scale bar ¼ 100 mm. This set of experiments is quantified in (B). (C) Representative images of adhered cells in a flow chamber (2 dyn/cm2) running a mixture of DiI
labeled PSGL-1/SLeX MSCs (red) and DiO labeled native MSCs (green) at 1:1 cell ratio. Scale bars ¼ 100 mm. A total of 1 � 105 cells were run for each flow chamber assay. This set of
experiments is quantified in (D). At least three random areas were selected for cell counting using ImageJ. Data were presented as Mean ± SD. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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spinal cords of EAE mice slightly more efficiently than to WT mice
(~1.4% vs. ~1%), although the efficiencies were rather low in both
cases (Table S1). This finding is consistent to previous studies that
MSCs possess limited homing capability to sites of inflammation
[28,47]. By contrast, PSGL-1/SLeX engineering significantly
increased homing efficiency of MSCs in both EAE (~7.6%) (Fig. 4CeF,
Fig. S2B, C, TableS1) and WT mice (~1.7%) (Table S1, Fig. S3).
Importantly, this increase was higher in the EAE mice than control
mice (Table S1, Fig. S4), suggesting that MSCs equipped with PSGL-
1/SLeX homing ligands could interact more effectively with P-/E-
selectins for the ensuing adhesion and transmigration into the
spinal cord parenchyma in EAE mice. This increase probably also
attribute to the upregulated levels of P-/E-selectins in the micro-
vascular compartment of CNS in MOG35-55 induced C57BL/6 EAE
mice [48]. Consistent with this argument, both engineered and
unmodified MSCs are localized in the peripheral white matter of
spinal cord (Fig. 4C,E and Fig. S2B), where the inflammation and
demyelination occur in EAE mice [49]. Further analysis showed the
localization of both engineered and native MSCs was inside the
regions infiltrated with immune cells as identified by the typical
CD45 and nuclear staining patterns (Fig. 4G). As expected, there
were significantly more engineered MSCs than unmodifiedMSCs in
the inflammatory regions. We also observed the attachment of
engineered MSCs on the lumen surface (vessel-like structure) in
spinal cord (Fig. 4G), which will be further investigated in our
future studies regarding the molecular mechanisms and kinetics of
MSC's rolling, adhesion and transmigration across the blood brain/
spinal cord barrier in vivo. These data confirm previous reports that
native MSCs have an increased tropism towards inflammatory sites
[28,47], and PSGL-1/SLeX expression can dramatically enhance the



Fig. 4. Increased homing of PSGL-1/SLeX engineered MSCs to spinal cords of EAE mice after systemic administration. (AeB) Representative image and quantification of signals of
DID labeled MSCs in spinal cord using IVIS imaging 24 h after cell transplantation. (CeD) PSGL-1/SLeX engineered MSCs show enhanced homing ability to spinal cords as compared
to native MSCs. Scale bar ¼ 500 mm. (EeF) Injection of a mixture of DiD labeled PSGL-1/SLeX MSCs (white) and DiI labeled native MSCs (red) confirms the superior homing ability of
engineered MSCs to EAE spinal cords. Scale bar ¼ 500 mm. (G) Representative image shows that both engineered MSCs (red) and native MSCs (white) localize in inflammatory region
(marked by solid line) as identified by CD45 staining (green) and higher cellular density (blue) in the white matter of EAE spinal cord. Two engineered MSCs (yellow arrows) adhere
onto the luminal surface of a blood vessel-like structure. The right image is the magnification of the square box (marked by dash line) of the left image. Scale bars ¼ 100 mm. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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ability of MSCs to home to the inflamed spinal cord in EAE mice.

3.3. IL-10 engineered MSCs exhibit enhanced inhibition of CD4þ T
cells proliferation in vitro

Next we demonstrate that MSCs transfected with IL-10 mRNA
exhibit enhanced inhibitory effects on the in vitro proliferation of
CD4þ T cells isolated from EAE mice. First, we confirmed the effi-
cient mRNA transfection and IL-10 secretion using an ELISA assay.
IL-10 was transiently secreted (>10 ng from 10,000 seeded cells)
from engineered MSCs for up to 7 days while IL-10 secretion was
not detected in the supernatant of unmodified MSCs (Fig. 5A). In
order to assess the immuno-inhibitory function of IL-10-
transfected MSCs, we harvested splenocytes from EAE mice and
isolated CD4þ T lymphocytes with magnetic cell sorting. CD4þ T
cells are thought to be the one of themain effector T cells mediating
the pathology of EAE mice [50,51]. After labeling with CFSE and
stimulating them with anti-CD3 and anti- CD28 antibodies and IL-
2, CD4þ T cells were co-cultured with recombinant IL-10, native-
MSCs or IL-10-engineered MSCs for 6 days and their proliferation
was analyzed using flow cytometry. As shown in Fig. 5B, IL-10-
engineered MSC exhibited significantly enhanced suppression of
T-cell proliferation compared to native MSCs and recombinant IL-
10.

3.4. PSGL-1/SLeX/IL-10 engineered MSCs enhance the neurological
recovery of EAE mice

We have previously shown that triple PSGL-1/SleX/IL-10 trans-
fections were required for MSCs engineering to significantly
decrease the thickness of LPS-induced inflammatory ear in mouse,
while either PSGL/SleX or IL-10 transfection alone failed to enhance
the anti-inflammatory effects of MSCs [28]. Based on these
important observations, in the current study we determined
whether triple PSGL-1/SleX/IL-10 engineered MSCs ameliorates
EAE more effectively than control unmodified MSCs, MSCs with or
without PSGL-1/SleX/IL-10 engineering (106 cells in 200 mL PBS per
mouse) were injected via the tail vein at the acute stage of the
disease (day 14 post immunization). EAE mice that received the
same amount of PBS served as sham injection controls. As shown in
Fig. 6A (Video S2), sham-treatedmice developed typical EAE, with a
mean clinical score of 2.8 ± 0.7 at day 21 post treatment. While
unmodified MSC treatment resulted in recovery of neurological
function by clinical scoring (mean clinical score: 2.0 ± 0.5), PSGL-1/
SLeX/IL-10-engineered MSC treatment elicited a significantly more
profound functional improvement (mean clinical score: 1.3 ± 0.6) in
the EAE mice.

Supplementary data related to this article can be found online at
http://dx.doi.org/10.1016/j.biomaterials.2015.11.005.

3.5. PSGL-1/SLeX/IL-10 engineered MSCs inhibit demyelination and
leukocyte infiltration in vivo

As a first step towards understanding the mechanism of how
engineered MSCs accelerate functional recovery in mice during
EAE, we analyzed the demyelination and inflammatory status of
these mice. Demyelination, which leads to neurological deficits, is
hallmark of murine EAE and human MS. To compare EAE induced
spinal cord demyelination between mice bearing PSGL-1/SLeX/IL10
MSCs, unmodified MSCs (or PBS control groups), the same regions
of lumbar spinal cords in the ventral column at L3 were examined
at the end of the experiment (21 days post transplantation).
Consistent with clinical observations, PBS-treated animals under-
going EAE showed multiple large demyelination areas in the white

http://dx.doi.org/10.1016/j.biomaterials.2015.11.005


Fig. 5. Inhibitory activity of IL-10 transfected MSCs on T cell proliferation in vitro. (A)
mRNA transfected MSCs exhibit robust secretion of IL-10 up to seven days (Data bars
for native-MSCs are hardly to see due to the low or undetectable IL-10 expression). (B)
mRNA transfected MSCs exhibit superior inhibitory effects on CD4þ T cell proliferation
isolated from EAE mice spleen as compared to IL-10 or native MSCs. Murine EAE spleen
CD4þ T cells were cocultured with native or IL-10-transfected MSCs in the presence of
CD3/CD28 monoclonal antibodies and IL-2, and CD4þ T cell proliferation was
measured using CFSE assay (7-AAD staining was used to identify dead cells). Error bars
represent standard deviation (SD) (n ¼ 3).
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matter, with an average of about 21% of the white matter demon-
strating demyelination. The demyelination was less severe in the
spinal cords of EAE mice receiving unmodified MSCs, in which the
percentage of demyelination was decreased to ~14%. The percent-
age of demyelination was further decreased to 6% in spinal cords of
EAE mice receiving PSGL-1/SLeX/IL-10-engineered MSCs (Fig. 6B,
D). In parallel to the demyelination results, the infiltration of CD45þ

leukocytes (associated with inflammation) in spinal cords was
significantly suppressed by PSGL-1/SLeX/IL-10-engineered MSCs
compared to unmodifiedMSCs and PBS-treated EAEmice at 21 days
post transplantation (Fig. 6C, E). Notably, the inflammatory regions
were generally co-localized with the demyelinated areas in the
peripheral white matter of spinal cord [49] (Fig. 6B, C). These data
suggest a superior anti-inflammatory effect of PSGL-1/SLeX/IL-10-
engineered MSCs over unmodified MSCs in EAE animals.

4. Discussion

MSC-based therapy shows great promise for the treatment of
conditions with a predominantly inflammatory/autoimmune
component, such as MS [2,4]. However, it remains difficult to
deliver sufficient numbers of stem cells to the site of interest by
systemic infusion, which is even more challenging for CNS target-
ing because of the existence of the blood brain/spinal cord barrier
[22]. While it remains controversial whether MSCs are able to
transmigrate across the endothelium via leukocyte-like extravasa-
tion mechanisms including rolling, adhesion and transmigration, it
is clear that the cumulative homing efficiency is rather low [14].
This may be due to the lack of expression of essential homing
molecules, especially those involved in cell rolling, including PSGL-
1, Mac-1 and LFA-1 on MSCs [17,52,53]. In the present study, we
demonstrated that engineered expression of PSGL-1/SLeX on MSCs
significantly increased their homing to the inflamed CNS paren-
chyma in EAE mice compared to that of native MSCs. This is
consistent with the results of our in vitro flow chamber assay, in
which few unmodified MSCs were able to build up firm adhesion
onto inflamed BMECs, but more MSCs adhered upon transfection
with PSGL-1/SLeX. The absence of the rolling molecules PSGL-1/
SLeX in unmodified MSCs may also result in the limited activa-
tion of adhesion molecules (integrins) on these cells that are nor-
mally required for efficient adhesion and subsequent
transmigration. Notably, we observed only slight increases in
adherence of modified MSCs on non-inflamed BMECs (i.e., without
TNF-a pretreatment) after PSGL-1/SLeX transfection (data not
shown). This further confirmed that MSC-expressed PSGL-1/SLeX
must interact with P- and/or E-selectin, and these interactions are
responsible for the arrest of MSCs on BMECs. Our findings are also
consistent with our previous report in which PSGL-1/SLeX mRNA
transfection significantly promoted the homing of MSCs to
inflamed murine ear [25,28]. Future efforts are still needed to
follow in more detail the kinetics and stages of MSCs extravasation
in spinal cord, e.g., by using intravital 2-photon microscopy.

The increased vascular permeability during pathological con-
ditions is generally thought to be an important factor in facilitating
stem cell homing to the injured tissues [14,22]. However, a recent
study found that the frequency of MSCs transmigrating across
endothelium was unchanged even after increasing the endothelial
permeability [23]. In contrast, the absence of P-/E-selectins or their
ligand PSGL-1 significantly decreased the recruitment of leukocytes
to the CNS microvasculature. The TNF-a induced recruitment of
leukocytes to the brain was reduced after treatment with either
anti-E- or anti-P-selectin antibody, and this was virtually elimi-
nated in E- or P-selectin-deficient mice [46,54]. Likewise, anti-P-
selectin blocking antibodies prevented nearly all leukocyte rolling
and reduced adhesion by about 70% in brain postcapillary venules
of EAE mice [55]. Thus, these data suggest that PSGL-1/SLeX in-
teractions with selectins are essential for leukocyte recruitment
into CNS tissue upon inflammation. Our data that PSGL-1/SLeX-
engineered MSCs in the EAE setting exhibited significantly
enhanced homing compared to PSGL-1/SLeXMSCs inWTmice, and
native MSCs in WT and EAE mice (Table S1, Fig. S4), further dem-
onstrates that engineered MSCs utilize leukocyte-like active hom-
ing mechanisms (rolling, adhesion and transmigration) rather than
passive capture for the extravasation, even at sites of “leaky”
endothelia in inflamed tissues. Therefore, manipulation of
leukocyte-like extravasation mechanisms on MSCs may be an
effective strategy to facilitate targeted MSC delivery. Future work
will exploit combined engineering of both PSGL-1/SLeX and che-
mokine receptors (e.g., CXCR4 and CCR1) on MSCs that may syn-
ergistically promote the homing and extravasation of MSCs to
inflamed parenchymal tissues [38,39,56].

In the context of inflammatory diseases, the therapeutic func-
tions of MSCs rely largely on their unique ability to secrete
immunomodulatory cytokines [26]. Results frommost studies have
suggested that the recruitment of MSCs into inflamed sites peaks at
24e48 h, and they are usually cleared from the body within one
week after systemic infusion [13,28,57]. Therefore, it has been hy-
pothesized that MSCs act through a “hit-and-run” mechanism to
exert their therapeutic effects [57,58]. Given the uncertainty and
heterogeneity of the MSC secretome after systemic infusion,
optimal therapeutic potential can be maximized if MSCs are engi-
neered with controlled production of therapeutic secretome agents
(such as IL-10 in current study) and delivered rapidly to targeted



Fig. 6. Triple PSGL-1/SLeX/IL-10 transfected MSCs exhibit improved therapeutic function in EAE mice. (A) Clinical scores show engineered MSCs treatment (n ¼ 7) significantly
accelerate the functional recovery of EAE mice, as compared to native MSCs (n ¼ 6) or PBS (n ¼ 6) treated mice. (B) Representative images of demyelination (pale area in white
matter) of spinal cords by luxol fast blue (LFB) staining. Scale bar ¼ 500 mm. (C) Representative images of inflammation of spinal cords by anti-CD45 staining (green). Scale
bar ¼ 500 mm. (D) Quantification of the percentage of demyelination areas in white matter of EAE spinal cords. (E) Quantification of the percentage of inflammation areas (CD45þ
staining) in white matter of EAE spinal cords. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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sites prior to their death and clearance [28].
Various methods to modify MSCs for the exogenous expression

of proteins of interest have been described [25,38,39,59]. In terms
of MSC-based therapy, the emergingmRNA transfection technology
seems appropriate for increasing MSC homing and their transient
delivery of biologic agents. The transfection of mRNA is highly
efficient and non-toxic to MSCs when compared to plasmid trans-
fection [30], and it is compatible with ectopic co-expression of
multiple mRNAs at the same time. Indeed, previous studies have
demonstrated the mRNA transfection-based cell engineering typi-
cally has little impact on important cell properties including cell
viability and cell differentiation capacity [30,41]. We have also
systematically studied howmRNA transfection process might affect
MSC adhesion and rolling on P-selectin coated surface. Using
lipofectamine-treated MSCs, as well as MSCs transfected with
scrambled RNA or IL-10 alone mRNA, we demonstrated that the
mRNA transfection process itself has minimal effect on MSC rolling
on P-selectin surface [28]. Also, the risk of insertional mutation
when using lentivirus to overexpress a protein is also avoided
through the application of transient mRNA transfection. Indeed, the
delivery of mRNA is a potential new drug class to deliver genetic
information, and several clinical trials are exploring the efficacy of
mRNA and other types of regulatory RNAs, as bona fide drugs [29].
As MSCs begin to appear in inflamed tissue within 30 min after
systemic infusion and peak there during the following 24e48 h
[23,28], permanent gene transduction for expression of homing
ligands may be unnecessary. In addition, MSCs have been thought
to act through a transient “hit-and-run” mode to exert their
immunosuppressive functions [28,57,60], which is compatible with
the transient mRNA transfection used in these and other studies.
For instance, in the most common subtype of MS, relapsing-
remitting MS (RRMS), engineered MSCs could be injected for
transient immunosuppression during the relapse stage without
raising unintended consequences of MSCs during the remission
stages of the disease. This approach also has the potential to
minimize the long-term side effects of agents delivered by MSCs,
such as IL-10 in this study, given that theymay no longer be needed
after treatment. Thus, the process of mRNA-engineering enables
rapid and transient induction of protein expression to increase MSC
homing, as well as MSC mediated delivery of therapeutic agents to
sites of interest.

Our current studies focus on further mechanistic investigations
of how MSCs exert therapeutic effects at the inflammation sites
including examining the levels of IL-10 and other immunomodu-
latory factors in vivo, as well as how engineered MSCs interact and
regulate the immune cells at single-cell level in the spinal cords of
EAE mice. We will also quantitatively compare PSGL-1/SLeX/IL-10-
engineered cells with cells engineered with only PSGL-1/SLeX or IL-
10 with respect to their roles in therapeutic improvement as our
previous study demonstrated that only the triple engineered MSC
exhibited the most profound therapeutic effects in the murine ear
inflammation model [28].

In conclusion, we demonstrate significantly improved thera-
peutic outcomes of stem cell therapy via manipulation of cell fate
following transplantation, and through targeted homing and
controlled secretome, which addresses the major bottleneck of
lacking control over cell fate in clinical translation of cell therapy.
In addition, engineered cell homing to CNS tissues, as demon-
strated in this study, offers new opportunities for using stem cells
to deliver therapeutic agents for a variety of CNS injuries and
diseases.
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