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Abstract
Background aims. The immunomodulatory property of mesenchymal stromal cell (MSC) exosomes is well documented.
On the basis of our previous report that MSC exosomes increased regulatory T-cell (Treg) production in mice with allogenic skin graft but not in ungrafted mice, we hypothesize that an activated immune system is key to exosome-mediated
Treg production. Methods. To test our hypothesis, MSC exosomes were incubated with mouse spleen CD4+ T cells that
were activated with either anti-CD3/CD28 mAbs or allogenic antigen-presenting cell (APC)-enriched spleen CD11c+ cells
to determine whether production of mouse CD4+CD25+ T cells or CD4+CD25+Foxp3+ Tregs could be induced. MSC exosomes
were also administered to the lethal chimeric human-SCID mouse model of graft-versus-host disease (GVHD) in which
human peripheral blood mononuclear cells were infused into irradiated NSG mice to induce GVHD. Results. We report
here that MSC exosome–induced production of CD4+CD25+ T cells or CD4+CD25+Foxp3+ Tregs from CD4+ T cells activated by allogeneic APC-enriched CD11C+ cells but not those activated by anti-CD3/CD28 mAbs. This induction was
exosome- and APC dose–dependent. In the mouse GVHD model in which GVHD was induced by transplanted human
APC-stimulated human anti-mouse CD4+ T cell effectors, MSC exosome alleviated GVHD symptoms and increased survival. Surviving exosome-treated mice had a significantly higher level of human CD4+CD25+CD127low/– Tregs than surviving
mice treated with Etanercept, a tumor necrosis factor inhibitor. Conclusions. MSC exosome enhanced Treg production in
vitro and in vivo through an APC-mediated pathway.
Key Words: antigen-presenting cell, exosome, mesenchymal stromal cell, graft-versus-host disease, regulatory T cells

Introduction
Mesenchymal stromal cells (MSCs) are multipotent
fibroblast-like cells that could be readily isolated from
a wide variety of tissues. They also have a large capacity for ex vivo expansion and are reported to have
the potential to differentiate into all the three lineages: ectoderm, mesoderm and endoderm (reviewed
in Ullah et al.) [1]. MSCs are also well known for their
immunomodulatory potency [2]. MSCs are currently in clinical testing for many immune diseases [3],
such as steroid-resistant graft-versus-host disease
(GVHD) [4,5], Crohn disease [6,7] and multiple sclerosis [8]. In a landmark multicenter nonrandomized
trial led by Katarina Le Blanc and colleagues from the
European Group for Blood and Marrow Transplantation Mesenchymal Stem Cell Expansion Consortium,
MSC transplantation induced complete responses in
55% of 55 patients with acute GVHD grade 2–4, and

this response was independent of whether the MSCs
were from third-party mismatched donors, human leukocyte antigen–identical siblings or haplo-identical
family members [9].
Although MSC transplantation is effective in
ameliorating GVHD, it does not impair graft-versusleukemia (GVL) reactions [10,11], and this
phenomenon has been attributed in part to MSCmediated induction of regulatory T cells (Tregs) [12].
Tregs are a subpopulation of T cells known to attenuate immune activity and abrogate autoimmune
diseases and as such have been implicated as a key
immune cell type in the modulation of GVHD [13].
Tregs are progressively lost during GVHD in experimental murine models and patients [14–17]. Ex vivo
infusion of Tregs suppressed GVHD but not GVL responses [18], whereas depletion of Tregs increased
GVHD [19,20]. The hypothesis that MSCs’ efficacy
against GVHD is due to MSC-mediated induction of
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Tregs is supported by numerous lines of evidence.
MSC infusion in mice after heart, islet or kidney transplant was reported to increase Tregs and increase
survival of the transplanted tissues [21–23]. MSCs also
induce Tregs in mouse models of experimental colitis,
allergen-driven airway inflammation and autoimmune
uveitis [24–26]. In a mouse model of collagen-induced
arthritis, allogenic MSCs induce antigen-specific Tregs
and prevent tissue damage [27]. Significantly, MSC
infusion was found to be safe and enhance Treg level
in a clinical study of two kidney transplant patients
[28]. More recently, a phase II multicenter, randomized, double-blind study has reported that MSC
infusions in chronic GVHD (cGVHD) patients increase memory B lymphocytes and Tregs and Th1:Th2
ratio [29].
The induction of Tregs by MSCs has been proposed to be mediated by MSC secretion as coincubation of MSCs with CD4+ T lymphocytes in a
transwell system was sufficient in inducing generation of Tregs [24,30]. Consistent with this, MSCs have
been shown to secrete many factors known to be important in the induction of Tregs, such as interleukin
(IL)-10, transforming growth factor (TGF)-β and prostaglandin (PGE)2. However, as previously discussed
in our review, we have rationalized that in these factors
secreted by MSC, exosomes represent the most plausible secreted candidate in mediating the induction of
Tregs [31].
MSC exosomes are 100- to 200-ηm endosomederived vesicles [32] with a protein- [33] and RNArich [34] cargo and were first reported when they
were shown to reduce reperfusion injury in a mouse
of acute myocardial ischemia [35–37]. Our group has
demonstrated through pulse chase studies that our
CD9+, CD81+ extracellular vesicles are endosomederived [32] and are therefore bona fide exosomes.
Since then, we have reported that MSC exosomes are
also immunologically active [38] and could induce
Tregs in vitro and in vivo [38]. They do not express
MHC class I or II or co-stimulatory molecules such
as CD40, CD80 and CD86 and can polarize THP-1
cells and primary mouse or human monocytes toward
an M2 macrophage-like phenotype with elevated expression of anti-inflammatory IL-10 and an attenuated
expression of pro-inflammatory (e.g., IL-1β, IL-6,
tumor necrosis factor [TNF]-α, IL-12p40) genes.When
pretreated with exosomes,THP-1 cells can induce Treg
differentiation. In mice with allogeneic skin grafts, infusion of MSC exosomes increased Tregs and enhanced
survival of allogenic skin graft. However, in nongrafted
animals, infusion of MSC exosomes have no effect on
Treg production.We hypothesize that MSC exosomes
are immunologically modulatory only in the context
of an activated immune response and not in a homeostatic immune system.

In this report, we tested this hypothesis by evaluating the capacity of MSC exosomes to induce Tregs
in vitro using naive CD4+ T cells that had been activated by anti-CD3 and CD28 antibody. MSC
exosomes had minimal effects on the polarization of
the activated CD4+ T cells into CD4+CD25+ Foxp3–
T cells. However, in the presence of allogenic CD11C+
APCs, MSC exosomes induced significant polarization of naïve CD4+ T cells to CD4+CD25+Foxp3+ Treg
in a dose-dependent manner. Infusion of MSC
exosomes led to a significant improvement in mouse
model of xenogeneic GVHD symptoms and reduction in mortality with an increase of human
CD4+CD25+CD127low/– Tregs in a mouse model of
GVHD induced by human peripheral blood mononuclear cells (PBMCs).
Methods
Mice
Six- to 8-week-old female BALB/c (H-2 d ) and
C57BL/6 (H-2b) mice were purchased from InVivos
Pte Ltd (Singapore) and housed in a specific pathogenfree facility. The 6- to 8-week-old female NSG mice
were provided from Jackson Laboratory, as an outsourced service of an in vivo experiment to assess the
effect of a novel therapeutic of MSC exosomes on survival in a model of human PBMC-induced GVHD
(with irradiation). All manipulations were performed
according to the protocols approved by the Institutional Animal Care and Use Committee.
Preparation of MSC exosomes
MSC exosome was prepared as previously described
[35,36,39]. Briefly, immortalized human embryonic
stem cell–derived MSCs were grown in a chemically
defined medium for 3 days and the conditioned
medium was harvested and 0.22-mm filtered.The conditioned medium was concentrated 100 × for exosomes
by tangential flow filtration (Sartorius; MWCO
100 kDa) and stored in −20°C freezer until use. The
exosomes were assayed for protein concentration using
Coomassie Plus (Bradford) Assay (Thermo Fisher Scientific), as per manufacturer’s instruction, and
characterized for particle size distribution and concentration by Zetaview (Particle Metrix) according to
the manufacturer’s protocol. The mean protein and
particle contents of the exosome preparations were
1.9 mg/mL and 1.9 × 1011 particles/mL.
Incubation of MSC exosomes with CD4+ T cells
activated by anti-cd3cd28 mAb
CD4+ T cells were isolated from C57BL/6 mouse
spleens as previously described [38]. Briefly, the spleens
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Table I. GVHD clinical scoring system.
Criteria

Grade 0

Grade 1

Grade 2

Weight loss
Posture
Activity
Fur texture
Skin integrity
Paleness

<10%
Normal
Normal
Normal
Normal
Normal

>10% to <20%
Hunching noted at rest
Mild to moderately decreased
Mild to moderate ruffling
Scaling of paws/tail
Slightly pale

>20%
Severe hunching impairs movement
Stationary unless stimulated
Severe ruffling/poor grooming
Obvious areas of denuded skin
Severe paleness

were first homogenized to splenocytes using
gentleMAC Dissociator (Miltenyi Biotec) and naive
CD4+ T cells were then isolated using EasySep mouse
CD4+ T cell Negative Selection Kit (Stem Cell Technologies). The T cells were plated at 1 × 106 per well
in 24-well plates that were pre-coated with 5 µg/mL
anti-CD3 mAb (145-2C11, eBioscience) with 5 µg/
mL soluble anti-CD28 mAb (37.51, eBioscience) in
the absence or presence of either 10 or 30 µg/mL MSC
exosomes. In the positive control, the T cells were incubated with 10 ηg/mL rhTGF-β1 (eBioscience).The
cells were grown in RPMI-1640 medium (Life
Technologies/Gibco) supplemented with 10% FCS,
100 U/mL penicillin, 100 mg/mL streptomycin,
2 mmol/L L-glutamine, 1 mmol/L sodium pyruvate,
10 mmol/L HEPES buffer (Life Technologies/Gibco)
and 10 µmol/L 2-mercaptoethanol (Sigma-Aldrich) at
37°C, 5% CO2. After 6 days, the cells were harvested
and stained for fluorescein isothiocyanate–conjugated
anti-mouse CD4 (RM4-5), APC-conjugated antimouse CD25 (PC61.5) and PE-conjugated antimouse Foxp3 Ab (FJK-16s) mAbs using the Mouse
Regulatory T-Cell Staining Kit according to the manufacturer’s instructions (eBioscience). fluorescenceactivated cell sorting (FACS) analysis of the cells was
performed on a B LSR II flow cytometer (BD
Biosciences).
Incubation of MSC exosomes with CD4+ T cells
activated by allogeneic CD11c+ cells
CD11c + spleen cells were isolated from homogenized BALB/c mouse spleens using mouse CD11c+
MACS MicroBeads UltraPure (Miltenyi Biotec), and
naive CD4+ T cells were isolated from homogenized
C57BL/6 mouse spleens as described earlier.The CD4+
T cells were plated at 1 × 106 per well in 24-well plates,
and CD11c+ cells were added such that the ratio of
CD11c+ cells to CD4+ T cells is 1:2, 1:5, 1:10 or 1:20.
The mixed cell cultures were then incubated in the
absence or presence of MSC exosomes at 1, 5, 15,
30 or 60 µg/mL. After 6 days, the cells were harvested and analyzed by FACS for the presence of
CD4+CD25+Foxp3+ Treg cells as described earlier.

Human PBMC-induced mouse GVHD model
Efficacy testing of MSC exosomes in a mouse model
of GVHD was conducted by In Vivo Services at
Jackson Laboratory. Briefly, on day 0, mice were
grouped per body weight and irradiated with 100 cGy
per mouse. Four hours post-irradiation, mice received 1–2 × 107 human PBMC injected via tail vein.
1 or 10 µg MSC exosomes per mouse (n = 20),
phosphate-buffered saline (as vehicle control, n = 20)
and 100 µg Enbrel per mouse (as drug-positive control,
n = 12) were intraperitoneally injected into each mouse
beginning on day 1. Subsequent doses were administered every 3 days thereafter until death of animal
or termination of study at day 34, whichever is earlier.
Cage side observations were made daily throughout
the study. Clinical observations, body weights and
disease activity index (DAI) measurements were performed before GVHD induction and three times a
week thereafter. Clinical observations included weight
loss, posture, activity, appearance of hair coat and skin
based on the grading scale described in Table I to
monitor the progression of GVHD. Clinical observations switched to daily and survival testing began when
the earliest possible clear clinical signs were observed. Clinical signs included ≤10% weight loss from
the starting weight, cold to touch, lethargic, hunched
posture and scruffy coat. On day 21, approximately
100 µL of whole blood per mouse was collected for
FACS analysis of the respective percentage of human/
mouse CD45+ live cell subpopulation and CD3+,
CD3+CD4+ and CD3+CD8+ cell subpopulation out of
the total human CD45+ live cells. On day 34, mice
were euthanized by CO2 asphyxiation, terminal body
weights were recorded, terminal whole blood was collected and spleens were harvested for FACS analysis
of the respective percentage of CD45 + , CD3 + ,
CD3+CD4+, CD3+CD8+ and CD4+CD25+CD127low/–
cell subpopulation.
Statistical analysis
Data are shown as mean ± SD values. Mean values
for each group were compared using Student’s t test.
P < .05 was considered statistically significant.
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Figure 1. Anti-CD3/CD28 mAb activation of CD4+ T cells and Treg induction by MSC exosome. CD4+ T cells were purified from C57BL/6
mouse spleens and incubated with or without (w/wo) MSC exosomes (10 or 30 ug/mL) or TGF-β1 (10 ηg/mL) for CD4+CD25+Foxp3+
Treg cells in the presence of anti-CD3 mAb (5 µg/mL) and anti-CD28 mAb (5 µg/mL) for 6 days. The cells were then harvested
and analyzed by FACS for the presence of (A) CD4+CD25+ cells or (B) CD4+CD25+Foxp3+ Treg cells. The percentage of CD4+CD25+
cells or CD4+CD25+Foxp3+ Treg cells was normalized to that of CD4+ T cells exposed to only anti-CD3 mAb (5 µg/mL) and anti-CD28
mAb (5 µg/mL) (untreated control). Each bar represents the mean (±SD) of three independent assays performed in duplicate or triplicate. **P < 0.001.

Results
MSC exosomes had minimal effect on the polarization of
CD3/CD28-costimulated CD4+ T cells to CD4+CD25+
FoxP3+ tregs
We had previously shown that infusion of MSC
exosomes increased Tregs in mice grafted with allogenic skin but not in ungrafted mice [38]. Therefore,
we hypothesized that MSC exosomes enhance differentiation of Treg only when T cells are activated. To
test this, CD4+ T cells were purified from C57BL/6
mouse spleen and activated with anti-CD3 mAb and
anti-CD28 mAb in the presence of either MSC
exosomes (10 or 30 µg/mL) or rhTGF-β1 (10 ηg/mL).
The rhTGF-β1 treatment served as positive control
as it was previously shown to a potent stimulator of
Treg differentiation in vitro [40,41]. Six days later, the
cells were analyzed by FACS for the presence of
CD4+CD25+ Treg cells or CD4+CD25+FoxP3+ Treg
cells. The percentage of Treg cells was normalized to
that of CD4+ T cells exposed to only anti-CD3 mAb
(5 µg/mL) and anti-CD28 mAb (5 µg/mL) but not
exosomes (untreated control) (Figure 1). Induction
of CD4+CD25+ or CD4+CD25+ FoxP3+ Treg cells
was not significantly different in the exosome-treated
group. The increase in either CD4+CD25+ cells or
CD4+CD25+ FoxP3+ Treg cells over that in the untreated control was small and not likely to have
biological consequences. In contrast, rhTGF-β1
induced a ninefold increase in CD4 + CD25 + in
CD4+CD25+ FoxP3+ Treg cells (Figure 1). Therefore,

MSC exosome has minimal effect on production of
CD4+CD25+FoxP3+ Tregs from anti-CD3/CD28 costimulated CD4+ T cells.
MSC exosomes increased polarization of CD4+ T cells to
CD4+CD25+FoxP3+ tregs in the presence of allogeneic
CD11c+ cells
Because APCs are critical in both activating T cell and
inducing tolerance (as reviewed elsewhere) [42–44],
we next determined whether MSC exosomes could
render a more efficient polarization of T cells to Tregs
in the presence of APC-enriched allogeneic CD11c+
cells. CD4 + T cells were isolated from spleen of
C57BL/6 mice and co-cultured for 6 days with allogenic APC-enriched CD11c+ cells from BALB/c mouse
spleen at ratio of 1:2, 1:5, 1:10 or 1:20 in presence
or absence of 30 µg/mL MSC exosomes. Allogenic
APC-enriched CD11c+ cells alone have the potential to polarise CD4 + T cells to Tregs in a dosedependent manner. At a high ratio of one CD11c+ cell
to two CD4+ T cells,Treg induction was 51 ± 23 times
higher than the induction level at the ratio of 1:20.
This induction potential was enhanced by MSC
exosomes and was inversely proportional to the cell
ratio.The rate of enhancement was 13 ± 6 at 1:20 ratio
of CD11c+ cells to CD4+ T cells and this decreased
to 2 ± 0.3 at the 1:2 ratio. However, the largest
exosome-enhanced increase in Treg production above
background was at the ratio of 1:5 (Figure 2A). This
enhancement was also exosome dose–dependent.
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Figure 2. (A) CD4+ T-cell activation by allogeneic APC-enriched CD11c+ cells and Treg induction by MSC exosome. Allogeneic CD11c+
cells from BALB/c mouse spleens were incubated with CD4+ T cells from C57BL/6 mouse spleens with or without (w/wo) 30 µg/mL MSC
exosomes at a different cell ratio (CD11c+ cells/CD4+ T cells = 1:2, 1:5, 1:10 or 1:20). After 6 days, the cells were harvested and analyzed
by FACS for the presence of CD4+CD25+Foxp3+ Treg cells. Each bar represents the mean (±SD) of three independent assays performed
in triplicate. Background was determined by untreated control. *P < 0.05, **P < 0.001. (B) Effect of exosome concentration on Treg induction. Allogeneic CD11c+ cells from BALB/c mouse spleens were incubated with CD4+ T cells from C57BL/six mouse spleens w/wo a
different dose titration of MSC exosomes (1, 5, 15, 30 or 60 µg/mL) at an optimized cell ratio of 1:5 (CD11c+ cells/CD4+ T cells = 1:5;
CD11c+ cells: 1 × 105 cells/well, CD4+ T cells: 5 × 105 cells/well). After 6 days, the cells were harvested and analyzed by FACS for the
presence of CD4+CD25+Foxp3+ Treg cells. Each bar represents the mean (±SD) of three independent assays performed in triplicate. *P < 0.05,
**P < 0.001.

The most efficient dose was 5 µg/mL MSC exosome,
which had enhancement of 1.7 ± 0.2 per µg exosome
(Figure 2B).Together, these observations demonstrated
that MSC exosomes enhanced CD4+CD25+FoxP3+
Treg differentiation through an allogeneic APCenriched CD11c+ cell–mediated process.
MSC exosomes alleviated GVHD and improved
survival of mice with an increase in human
CD4+CD25+CD127low/– tregs
Because MSC exosomes can enhance murine Treg production from CD4+ T cells in the presence of allogeneic
APC-enriched CD11c+ cells in vitro, we next determined whether the MSC exosomes could also enhance
human Treg production in the well-established chimeric human-SCID mouse model. It was reported that
in this mouse model, human APCs play a requisite
role in stimulating the human anti-mouse CD4+ T-cell

effectors to induce GVHD [45]. Briefly, NSG mice
were irradiated with 100 cGy, injected with 1–2 × 107
human PBMC via tail vein 4 h later, followed by intraperitoneal injections of 1 or 10 µg MSC exosomes,
phosphate-buffered saline vehicle control and 100 µg
Enbrel positive control on day 1 and then every 3 days
thereafter. Cage side observations were made daily,
and GVHD was evaluated using an assessment of combined disease activity index (DAI) score. MSC exosome
administration alleviated GVHD severity and improved survival (P < 0.05; Figure 3A,B). Surprisingly,
both exosome doses of 1 and 10 µg had similar efficacy in alleviating GVHD severity and improving
survival. The efficiency of xenogeneic graft engraftment in human PBMC-induced mouse GVHD model
was assessed by determining the relative presence of
human cells in the blood of the grafted mice by flow
cytometry. Human CD45+ cells in the vehicle- and
exosome-treated animals were present at similar levels
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Figure 3. (A) Assessment of combined disease activity index (DAI). Onset of GVHD was assessed through a disease activity index of various
clinical observations. Clinical observations included weight loss, posture, activity, appearance of hair coat, skin integrity and paleness based
on the grading scale. Baseline measurements were taken of these clinical signs and measurements continued for the duration of the study.
DAI scores were combined for each animal and averaged by treatment group. *P < 0.05, **P < 0.001. (B) Kaplan-Meier survival curve.
The Kaplan-Meier survival plot represents the percentage of animals surviving to the study end point, which does not include the remaining live animals that were taken down on day 34 upon request to end the study. These percentages were generated using GraphPad Prism
5.0 software. Survival curve comparisons were analyzed by the Mantel-Cox and Gehan-Breslow-Wilcox tests (95% confidence interval)
through GraphPad Prism software. *P < 0.05, **P < 0.001. (C) Flow cytometry analysis of mouse whole blood. Flow cytometry measurements were averaged by treatment group at day 21. Mean percent of human CD45+ live cells represents subpopulation out of all live cells
(mouse and human). Mean percent cells for all other markers represent the percentage of each cell population out of the total human
CD45+ live cells. Error bars represent standard error of the mean (SEM). (D) Flow cytometry analysis of human CD4+CD25+CD127low/–
Tregs in mouse whole blood and spleen. Flow cytometry measurements of human CD4+CD25+CD127low/– Tregs were averaged by MSC
exosome and Enbrel-treated groups at the terminal of in vivo study. Mean percent cells for CD4+CD25+CD127low/– Treg markers represent the percentage of each group cell population out of the total human CD45+ live cells. Error bars represent SEM. *P < 0.05, **P < 0.001.

of 70–75% (Figure 3C), whereas that in the Enbreltreated animals was significantly lower at 55.9%
(P < 0.05). Because almost 100% of the human CD45+
cells were hCD3+ cells, the reduced level of hCD45+
cells in the Enbrel-treated animals was consistent with
the immunosuppressive potency of Enbrel. The distribution of hCD3+ cells into hCD3+ CD4+ and hCD3+
CD8+ fractions were similar for all four treatment
groups. The level of human Tregs in surviving mice
was determined by measuring the relative level of
hCD4+CD25+CD127low/– cells in hCD4+ in whole blood
and spleen on day 34 (Figure 3D). The level of Tregs
in the 1-µg versus 10-µg exosome-treated mice was
not significantly different for the blood and spleen.
However, the level of Tregs in the blood and spleen
of Enbrel-treated animals was significantly lower

than the respective levels in exosome-treated mice
(P < 0.001).
Discussion
The well-characterized immunological potency of
MSCs in ameliorating immune diseases [3], such
as steroid-resistant GVHD [4,5], Crohn disease [6,7]
and multiple sclerosis [8], has been increasingly attributed to its paracrine secretion, in particular
exosomes (reviewed elsewhere) [3,46,47]. We previously demonstrated that MSC exosomes possess
many of the immunodulatory properties that have been
ascribed to MSCs and have the potential to underpin the immunotherapeutic activity of MSC secretion
[38]. Like their cellular source, MSC exosomes are
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Figure 4. A proposed model for the pathways of Treg polarization by MSC exosomes. This model proposed that the induction of Tregs by
MSC exosome requires activation of T cells by APCs and not by anti-CD3 and anti-CD28 mAbs. The anti-CD3/anti CD28 mAbs used
to provide Signal 1 and Signal 2 in T-cell activation [53] may not be sufficient or appropriate in activating T cells for polarization to Tregs
by MSC exosomes, and additional ligands present on APCs are necessary to prime the activation of CD4+ T cells for polarization to Tregs
by MSC exosomes. It is not clear at this time, however, whether MSC exosomes exert any effect on either or both activated CD4+ T cells
and APCs during Treg induction.

hypo-immunogenic. They are not only negative for
major histocompatibility complex (MHC) class II but
also MHC class I, B7-1 (CD80), B7-2 (CD86) and
CD40 [48,49]. However, in contrast to the widely reported ability of MSCs to suppress mitogen-stimulated
T-cell proliferation (reviewed in Abdi et al.) [50], MSC
exosomes cannot suppress such T-cell proliferation
except at a relatively high concentration [38,51].
Because this suppression had been shown not to be
essential to patient outcome in MSC-treated GVHD
patients [52], it is unlikely to be an important indicator
of therapeutic potential of MSC exosomes in autoimmune diseases. Instead, we focus on the potential
of MSC exosomes to induce Tregs as a possible mechanism for their immunomodulatory properties [38].
In this study, we determined that MSC exosomes
could replicate the paracrine potency of MSCs in generating Tregs [24,30] through an APC-mediated
pathway. We have previously reported that MSC
exosomes alone failed to polarize T cells to Tregs or
Th17 cells [38]. In addition, we have also observed
that administration of MSC exosomes increased
Tregs in mice grafted with an allogeneic skin and
not in ungrafted animals [38]. Together these suggest
that MSC exosome–mediated induction of Tregs
requires T-cell activation. However, incubation of MSC

exosome with CD4+ T cells that were activated by antiCD3/anti-CD28 mAbs did not induce Treg production.
On the other hand, activation of the CD4+ T cells using
allogenic APC-enriched CD11c+ cells enhanced Treg
production (Figure 4). On the basis of these observations, we proposed that the induction of Tregs by
MSC exosome requires activation of T cells by APCs,
and not by anti-CD3 and anti-CD28 mAbs.The Signal
1 and Signal 2 initiated by anti-CD3/anti CD28 mAbs
[53] may not be sufficient or appropriate in activating T cells for polarization to Tregs by MSC exosomes
and that additional ligands present on APCs are necessary to prime the activation of CD4+ T cells for
polarization to Tregs by MSC exosomes. It is, however,
not clear at this time whether MSC exosomes exert
any effect on either or both activated CD4+ T cells and
APCs during Treg induction (Figure 4). Nevertheless,
our proposal is consistent with previous observations that T-cell stimulation by anti-CD3/anti-CD28
mAbs only partially mimics stimulation by APCs and
that additional co-stimulatory molecules and adhesion molecules such as 4-1BB, CD83, ICAM-1
(CD54) and LFA-3 (CD58) are required [54,55].The
potency of MSC exosomes in inducing Treg production via APC-stimulated T cells was corroborated by
the well-established chimeric hu-SCID mouse of
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GVHD [56]. In this model, GVHD is induced by
human APC-mediated stimulation of human antimouse CD4+ T cells [45]. GVHD symptoms and
survival were significantly alleviated or improved by
MSC exosomes. Consistent with our hypothesis that
MSC exosomes enhance Treg production via APCstimulated T cells, surviving exosome-treated mice had
a higher Treg level in the blood and spleen than Enbreltreated animals.
Our observation that MSC exosomes alleviated
GVHD and improved survival in a xenogeneic mouse
model of GVHD replicated a recent report describing a similar efficacy of human MSC extracellular
vesicles (EVs) in an allogeneic mouse model of GVHD
by Fujii et al. [57]. The latter also reported a higher
level of Tregs in MSC EV-treated animals versus untreated control. Both Fujii et al. [57] and Fattore et al.
[58] also reported that in vitro, MSC EVs induced
Treg-associated effects on anti-CD3/CD28-stimulated
PBMCs. Specifically, Fujii et al demonstrated that
whereas human MSC EVs suppressed non-Tregs
in vitro, they preserved naive but not effector
Tregs within the Foxp3-expressing T-cell population
[57]. On the other hand, Fattore et al. reported
that human MSC-EVs significantly increased
CD4+CD25+CD127lowFoxP3+ Tregs in anti-CD3/
CD28-stimulated PBMCs in vitro [58]. In contrast to
these two studies, we did not observed Treg-associated
effects when testing MSC exosomes on anti-CD3/
CD28-stimulated mouse spleen CD4 + T cells.
However, it is premature at this time to draw specific inferences from these three studies because the earlier
two studies used PBMCs, which are heterogenous and
enriched in memory T cells, whereas our study used
mouse spleen CD4+ T cells enriched in naive T cells.
We attribute the increased survival of Enbreltreated animals to the potent immunosuppression by
Enbrel. Enbrel is a fusion protein consisting of the TNF
receptor and immunoglobulin G1 Fc, and it acts as
a decoy TNF receptor to reduce TNF signaling [59].
The immune suppression activity of Enbrel in Enbreltreated animals was evident in the significant reduction
of hCD45+ cells in their peripheral blood (P < 0.05).
On the other hand, we attribute the increased survival of exosome-treated animals to increased Treg
production. This is consistent with the strong inverse
correlation between the level of Tregs and the severity of GVHD in preclinical animal studies or aGVHD
patients [60]. This correlation helps rationalize
clinical studies on the use of adoptive Treg cell
therapy to alleviate the severity of aGVHD (https://
clinicaltrials.gov/ct2/results?cond=GVHD%2C
+Acute&term=treg+&cntry1=&state1=&Search=Search;
November 2017). Significantly, these studies suggest
that human MSC exosomes could induce both human
and mouse Tregs from APC-activated T cells.

We observed that the efficiency of Treg induction
by MSC exosomes in vitro was inversely proportional to the relative ratio of APC-enriched CD11c+ cells
to CD4+ T cells and exosome dose. At high ratio, the
enhancement effect of MSC exosome was low. The
optimal ratio of APCs to CD4+ T cells for maximal
MSC exosome was 1:5 and the most efficient exosome
dose was 5 µg/mL at the optimal 1:5 cell ratio.We observed that the optimal therapeutic exosome dose in
alleviating GVHD was 1 µg per mouse as there was
no statistically significant differences between the 1and 10-µg doses. There was also no obvious adverse
outcome in either of the two doses.
The importance of APCs, particularly the DCs in
regulating immune reactivity toward a tolerogenic or
an immunogenic response [61,62], is well established. Failure to mount a dynamic and temporally
appropriate response could result in autoimmune diseases or increased susceptibility to invading pathogens.
However, the mechanism through which APCs regulate this dichotomy is not well understood [63].The
main challenge is the complexity in regulating this dichotomy between a tolerogenic or an immunogenic
response.To illustrate, a computer model to understand
the signaling and transcriptional regulatory networks
involved in a stable state of Th1/Th2/Th17/Treg/Tfh/
Th9/Th22 cell differentiation revealed the involvement
of at least 20 signaling pathways, a dozen of transcription
factors and about 30 cytokines, amounting to 101 components in total [64]. In addition to the signaling and
transcriptional regulatory networks, our present study
also revealed that the ratio of activated APCs to naive
CD4+ T cells is an important consideration in regulating the dichotomy between a tolerogenic and an
immunogenic response, and our study revealed a role
for MSC exosome in enhancing the effect of this ratio
in inducing Tregs in a static experimental scenario.
In conclusion, this study demonstrated that MSC
exosomes could replicate the immunological potential of MSCs in inducing Tregs in vitro and in alleviating
GVHD symptoms with a concomitant increase in
Tregs. This makes MSC exosomes a viable alternative cell-free therapeutic candidate to treat GVHD with
minimal compromise in the GVL potency of allogeneic
hematopoietic stem cell transplantation in patients with
leukemia. MSC exosomes being nonviable cellular
products provide many advantages over the use of cellular MSC products. Unlike viable cellular products,
exosomes are more amenable to a strictly regulated
and monitored manufacturing process. Being much
smaller than cells, exosomes could be sterile filtered
and are less likely to cause embolism during intravenous administration. In addition, nonviable and
nonreplicating exosomes will not persist or amplify to
cause abnormal tissue growth, autoimmune disease
or occlusions in the distal microvasculature [65–67].

MSC exosome–induced Treg by APC-mediated pathway
Acknowledgments
We thank Jayanthi Padmanabhan at the Bioprocessing
Technology Institute (BTI) for exosome preparation
and purification.
Disclosure of interest: The authors have no commercial, proprietary, or financial interest in the products
or companies described in this article. S.K.L. is a
founding director of Paracrine Therapeutics Pte Ltd.
References
[1] Ullah I, Subbarao RB, Rho GJ. Human mesenchymal stem
cells—current trends and future prospective. Biosci Rep
2015;35:e00191.
[2] Aggarwal S, Pittenger M. Human mesenchymal stem cells
modulate allogeneic immune cell responses. Blood 2005;
105:1815–22.
[3] Singer NG, Caplan AI. Mesenchymal stem cells: mechanisms
of inflammation. Annu Rev Pathol 2011;6:457–78.
[4] Le Blanc K. Mesenchymal stem cells for treatment of steroidresistant, severe, acute graft-versus-host disease: a phase II
study. Lancet 2008;371:1579–86.
[5] Wernicke C, Grunewald T, Juenger H, Kuci S, Kuci Z, Koehl
U, et al. Mesenchymal stromal cells for treatment of steroidrefractory GvHD: a review of the literature and two pediatric
cases. Int Arch Med 2011;4:27.
[6] Dave M, Jaiswal P, Cominelli F. Mesenchymal stem/stromal
cell therapy for inflammatory bowel disease: an updated review
with maintenance of remission. Curr Opin Gastroenterol
2017;33:59–68.
[7] Qiu Y, Li MY, Feng T, Feng R, Mao R, Chen BL, et al.
Systematic review with meta-analysis: the efficacy and safety
of stem cell therapy for Crohn’s disease. Stem Cell Res Ther
2017;8:136.
[8] Connick P. Autologous mesenchymal stem cells for the
treatment of secondary progressive multiple sclerosis: an
open-label phase 2a proof-of-concept study. Lancet Neurol
2012;11:150–6.
[9] Le Blanc K, Frassoni F, Ball L, Locatelli F, Roelofs H, Lewis
I, et al. Mesenchymal stem cells for treatment of steroidresistant, severe, acute graft-versus-host disease: a phase II
study. Lancet 2008;371:1579–86.
[10] Sato K, Ozaki K, Mori M, Muroi K, Ozawa K. Mesenchymal
stromal cells for graft-versus-host disease: basic aspects and
clinical outcomes. J Clin Exp Hematop 2010;50:79–89.
[11] Auletta JJ, Eid SK, Wuttisarnwattana P, Silva I, Metheny L,
Keller MD, et al. Human mesenchymal stromal cells attenuate
graft-versus-host disease and maintain graft-versus-leukemia
activity following experimental allogeneic bone marrow
transplantation. Stem Cells 2015;33:601–14.
[12] Zhao K, Lou R, Huang F, Peng Y, Jiang Z, Huang K, et al.
Immunomodulation effects of mesenchymal stromal cells on
acute graft-versus-host disease after hematopoietic stem cell
transplantation. Biol Blood MarrowTransplant 2015;21:97–104.
[13] Komanduri KV, Champlin RE. Can Treg therapy prevent
GVHD? Blood 2011;117:751–2.
[14] Miura Y, Thoburn CJ, Bright EC, Phelps ML, Shin T, Matsui
EC, et al. Association of Foxp3 regulatory gene expression
with graft-versus-host disease. Blood 2004;104:2187–93.
[15] Zorn E, Kim HT, Lee SJ, Floyd BH, Litsa D, Arumugarajah
S, et al. Reduced frequency of FOXP3+ CD4+CD25+
regulatory T cells in patients with chronic graft-versus-host
disease. Blood 2005;106:2903–11.

695

[16] Rieger K, Loddenkemper C, Maul J, Fietz T, Wolff D, Terpe
H, et al. Mucosal FOXP3+ regulatory T cells are numerically
deficient in acute and chronic GvHD. Blood 2006;107:1717–
23.
[17] Chen X, Vodanovic-Jankovic S, Johnson B, Keller M,
Komorowski R, Drobyski WR. Absence of regulatory T-cell
control of TH1 and TH17 cells is responsible for the
autoimmune-mediated pathology in chronic graft-versus-host
disease. Blood 2007;110:3804–13.
[18] Xia G, Truitt RL, Johnson BD. Graft-versus-leukemia and
graft-versus-host reactions after donor lymphocyte infusion
are initiated by host-type antigen-presenting cells and regulated
by regulatory t cells in early and long-term chimeras. Biol
Blood Marrow Transplant 2006;12:397–407.
[19] Hoffmann P, Ermann J, Edinger M, Fathman CG, Strober
S. Donor-type CD4+CD25+ regulatory T cells suppress lethal
acute graft-versus-host disease after allogeneic bone marrow
transplantation. J Exp Med 2002;196:389–99.
[20] Taylor PA, Lees CJ, Blazar BR. The infusion of ex vivo
activated and expanded CD4+CD25+ immune regulatory
cells inhibits graft-versus-host disease lethality. Blood
2002;99:3493–9.
[21] Casiraghi F, Azzollini N, Cassis P, Imberti B, Morigi M,
Cugini D, et al. Pretransplant infusion of mesenchymal stem
cells prolongs the survival of a semiallogeneic heart transplant
through the generation of regulatory T cells. J Immunol
2008;181:3933–46.
[22] Berman DM, Willman MA, Han D, Kleiner G, Kenyon NM,
Cabrera O, et al. Mesenchymal stem cells enhance allogeneic
islet engraftment in nonhuman primates. Diabetes 2010;
59:2558–68.
[23] Ge W, Jiang J, Arp J, Liu W, Garcia B, Wang H. Regulatory
T-cell generation and kidney allograft tolerance induced by
mesenchymal stem cells associated with indoleamine 2,3dioxygenase expression. Transplantation 2010;90:1312–20.
doi:10.1097/TP.0b013e3181fed001.
[24] Tasso R, Ilengo C, Quarto R, Cancedda R, Caspi RR, Pennesi
G. Mesenchymal stem cells induce functionally active
t-regulatory lymphocytes in a paracrine fashion and ameliorate
experimental autoimmune uveitis. Invest Ophthalmol Vis Sci
2012;53:786–93.
[25] González MA, Gonzalez-Rey E, Rico L, Büscher D, Delgado
M. Adipose-derived mesenchymal stem cells alleviate
experimental colitis by inhibiting inflammatory and
autoimmune responses. Gastroenterology 2009;136:978–
89.
[26] Kavanagh H, Mahon BP. Allogeneic mesenchymal stem cells
prevent allergic airway inflammation by inducing murine
regulatory T cells. Allergy 2011;66:523–31.
[27] Augello A, Tasso R, Negrini SM, Cancedda R, Pennesi G.
Cell therapy using allogeneic bone marrow mesenchymal stem
cells prevents tissue damage in collagen-induced arthritis.
Arthritis Rheum 2007;56:1175–86.
[28] Perico N, Casiraghi F, Introna M, Gotti E, Todeschini M,
Cavinato RA, et al. Autologous mesenchymal stromal cells
and kidney transplantation: a pilot study of safety and clinical
feasibility. Clin J Am Soc Nephrol 2011;6:412–22.
[29] Gao L, Zhang Y, Hu B, Liu J, Kong P, Lou S, et al. Phase
II multicenter, randomized, double-blind controlled study of
efficacy and safety of umbilical cord–derived mesenchymal
stromal cells in the prophylaxis of chronic graft-versus-host
disease after HLA-haploidentical stem-cell transplantation.
J Clin Oncol 2016;34:2843–50.
[30] Tasso R, Augello A, Carida M, Postiglione F, Tibiletti MG,
Bernasconi B, et al. Development of sarcomas in mice
implanted with mesenchymal stem cells seeded onto
bioscaffolds. Carcinogenesis 2009;30:150–7.

696

B. Zhang et al.

[31] Zhang B, Yin Y, Lai RC, Lim SK. Immunotherapeutic
potential of extracellular vesicles. Front Immunol 2014;5:518.
[32] Tan SS, Yin Y, Lee T, Lai RC, Yeo RW, Zhang B, et al.
Therapeutic MSC exosomes are derived from lipid raft
microdomains in the plasma membrane. J Extracell Vesicles
2013;2.
[33] Lai RC, Yeo RW, Tan SS, Zhang B, Yin Y, Sze NS, et al.
Mesenchymal stem cell exosomes: the future MSC-based
therapy? In: Chase LG, Vemuri MC, editors. Mesenchymal
stem cell therapy. Humana Press; 2012.
[34] Lai RC, Tan SS, Yeo RWY, Choo ABH, Reiner AT, Su Y,
et al. MSC secretes at least 3 EV types each with a unique
permutation of membrane lipid, protein and RNA. J Extracell
Vesicles 2016;5:doi:10.3402/jev.v5.29828.
[35] Lai RC, Arslan F, Lee MM, Sze NS, Choo A, Chen TS, et al.
Exosome secreted by MSC reduces myocardial ischemia/
reperfusion injury. Stem Cell Res 2010;4:214–22.
[36] Lai RC, Arslan F, Tan SS, Tan B, Choo A, Lee MM, et al.
Derivation and characterization of human fetal MSCs: an
alternative cell source for large-scale production of
cardioprotective microparticles. J Mol Cell Cardiol
2010;48:1215–24.
[37] Lai RC, Chen TS, Lim SK. Mesenchymal stem cell exosome:
a novel stem cell-based therapy for cardiovascular disease.
Regen Med 2011;6:481–92.
[38] Zhang B, Yin Y, Lai RC, Tan SS, Choo AB, Lim SK.
Mesenchymal stem cells secrete immunologically active
exosomes. Stem Cells Dev 2014;23:1233–44.
[39] Sze SK, de Kleijn DP, Lai RC, Khia Way Tan E, Zhao H, Yeo
KS, et al. Elucidating the secretion proteome of human
embryonic stem cell-derived mesenchymal stem cells. Mol Cell
Proteomics 2007;6:1680–9.
[40] Fu S, Zhang N, Yopp AC, Chen D, Mao M, Zhang H, et al.
TGF-beta induces Foxp3 + T-regulatory cells from CD4 +
CD25—precursors. Am J Transplant 2004;4:1614–27.
[41] Shevach EM, Davidson TS, Huter EN, Dipaolo RA,
Andersson J. Role of TGF-Beta in the induction of Foxp3
expression and T regulatory cell function. J Clin Immunol
2008;28:640–6.
[42] Raker VK, Domogalla MP, Steinbrink K. Tolerogenic dendritic
cells for regulatory t cell induction in man. Front Immunol
2015;6.
[43] Best K, Chain B, Watkins C. Immune tolerance maintained
by cooperative interactions between t cells and antigen
presenting cells shapes a diverse TCR repertoire. Front
Immunol 2015;6:360.
[44] Taams LS, van Eden W, Wauben MH. Antigen presentation
by T cells versus professional antigen-presenting cells (APC):
differential consequences for T cell activation and subsequent
T cell-APC interactions. Eur J Immunol 1999;29:1543–50.
[45] Wilson J, Cullup H, Lourie R, Sheng Y, Palkova A, Radford
KJ, et al. Antibody to the dendritic cell surface activation
antigen CD83 prevents acute graft-versus-host disease. J Exp
Med 2009;206:387–98.
[46] Tolar J, Le Blanc K, Keating A, Blazar BR. Concise review:
hitting the right spot with mesenchymal stromal cells. Stem
Cells 2010;28:1446–55.
[47] Lai RC, Yeo RWY, Tan SS, Zhang B, Yin Y, Sze NSK, et al.
Mesenchymal stem cell exosomes: the future MSC-based
therapy? In: Chase LG, Vemuri MC, editors. Mesenchymal
stem cell therapy. New York: Springer; 2013.
[48] Pittenger MF, Mackay AM, Beck SC, Jaiswal RK, Douglas
R, Mosca JD, et al. Multilineage potential of adult human
mesenchymal stem cells. Science 1999;284:143–7.
[49] Ronne Wee Yeh Y, Ruenn Chai L, Kok Hian T, Sai Kiang
L. Exosome: a novel and safer therapeutic refinement of
mesenchymal stem cell. Exosomes Microvesicles 2013;1:7.

[50] Abdi R, Fiorina P, Adra CN, Atkinson M, Sayegh MH.
Immunomodulation by Mesenchymal Stem Cells. Diabetes
2008;57:1759–67.
[51] Yeo RW, Lai RC, Zhang B, Tan SS, Yin Y, Teh BJ, et al.
Mesenchymal stem cell: an efficient mass producer of
exosomes for drug delivery. Adv Drug Deliv Rev 2013;
65:336–41.
[52] von Bahr L, Sundberg B, Lonnies L, Sander B, Karbach H,
Hagglund H, et al. Long-term complications, immunologic
effects, and role of passage for outcome in mesenchymal
stromal cell therapy. Biol Blood Marrow Transplant
2012;18:557–64.
[53] Bretscher PA. A two-step, two-signal model for the primary
activation of precursor helper T cells. Proc Natl Acad Sci USA
1999;96:185–90.
[54] Trickett A, Kwan YL. T cell stimulation and expansion using
anti-CD3/CD28 beads. J Immunol Methods 2003;275:251–5.
[55] Eggermont LJ, Paulis LE, Tel J, Figdor CG. Towards efficient
cancer immunotherapy: advances in developing artificial
antigen-presenting cells. Trends Biotechnol 2014;32:456–
65.
[56] Ali N, Flutter B, Sanchez R, Rodriguez E, Sharif-Paghaleh
LD, Barber G, et al. Nestle, Xenogeneic graft-versus-hostdisease in NOD-scid IL-2Rγ(null) mice display a t-effector
memory phenotype. PLoS ONE 2012;7:e44219.
[57] Fujii S, Miura Y, Fujishiro A, Shindo T, Shimazu Y, Hirai
H, et al. Graft-versus-host disease amelioration by human bone
marrow mesenchymal stromal/stem cell-derived extracellular
vesicles is associated with peripheral preservation of naive T
cell populations. Stem Cells 2018;36:434–45.
[58] Del Fattore A, Luciano R, Pascucci L, Goffredo BM, Giorda
E, Scapaticci M, et al. Immunoregulatory effects of
mesenchymal stem cell-derived extracellular vesicles on T
lymphocytes. Cell Transplant 2015;24:2615–27.
[59] Zalevsky J, Secher T, Ezhevsky SA, Janot L, Steed PM,
O’Brien C, et al. Dominant-negative inhibitors of soluble TNF
attenuate experimental arthritis without suppressing innate
immunity to infection. J Immunol 2007;179:1872–83.
[60] Beres A, Drobyski W. The role of regulatory T cells in the
biology of graft versus host disease. Front Immunol 2013;4.
[61] Coombes JL, Maloy KJ. Control of intestinal homeostasis by
regulatory T cells and dendritic cells. Semin Immunol
2007;19:116–26.
[62] Coombes JL, Siddiqui KR, Arancibia-Carcamo CV, Hall J,
Sun CM, Belkaid Y, et al. A functionally specialized population
of mucosal CD103+ DCs induces Foxp3+ regulatory T cells
via a TGF-beta and retinoic acid-dependent mechanism. J Exp
Med 2007;204:1757–64.
[63] Kaiko GE, Horvat JC, Beagley KW, Hansbro PM.
Immunological decision-making: how does the immune system
decide to mount a helper T-cell response? Immunology
2008;123:326–38.
[64] Abou-Jaoude W, Monteiro PT, Naldi A, Grandclaudon M,
Soumelis V, Chaouiya C, et al. Model checking to assess
T-helper cell plasticity. Front Bioeng Biotechnol 2014;2:86.
[65] Poh KK, Sperry E, Young RG, Freyman T, Barringhaus
KG, Thompson CA. Repeated direct endomyocardial
transplantation of allogeneic mesenchymal stem cells: safety
of a high dose, “off-the-shelf,” cellular cardiomyoplasty strategy.
Int J Cardiol 2007;117:360–4.
[66] Furlani D, Ugurlucan M, Ong L, Bieback K, Pittermann E,
Westien I, et al. Is the intravascular administration of
mesenchymal stem cells safe? Mesenchymal stem cells and
intravital microscopy. Microvasc Res 2009;77:370–6.
[67] Breitbach M, Bostani T, Roell W, Xia Y, Dewald O, Nygren
JM, et al. Potential risks of bone marrow cell transplantation
into infarcted hearts. Blood 2007;110:1362–9.

