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Abstract
Aims/hypothesis Mesenchymal stem cells (MSCs) can exert
an immunosuppressive effect on any component of the im-
mune system, including dendritic cells (DCs), by direct con-
tact, the release of soluble markers and extracellular vesicles
(EVs). We evaluated whether MSCs and MSC-derived EVs
have an immunomodulatory effect on monocyte-derived DCs
in type 1 diabetes.
Methods Bone marrow derived MSCs were characterised and
EVs were obtained by ultracentrifugation. DCs were differen-
tiated from CD14+ cells, obtained from nine type 1 diabetic
patients at disease onset, pulsed with antigen GAD65 and
cultured with MSCs or EVs. Levels of DC maturation and
activation markers were evaluated by flow cytometry.
GAD65-pulsed DCs and autologous CD14− cell were co-
cultured and IFN-γ enzyme-linked immunosorbent spot re-
sponses were assayed. Secreted cytokine levels were mea-
sured and Th17 and regulatory T cells were analysed.

Results MSC- and EV-conditioned DCs acquired an imma-
ture phenotype with reduced levels of activation markers
and increased IL-10 and IL-6 production. Conditioned DC
plus T cell co-cultures showed significantly decreased IFN-γ
spots and secretion levels. Moreover, higher levels of TGF-β,
IL-10 and IL-6 were detected compared with unconditioned
DC plus T cell co-cultures. Conditioned DCs decreased Th17
cell numbers and IL-17 levels, and increased FOXP3+ regula-
tory T cell numbers. EVs were internalised by DCs and
EV-conditioned DCs exhibited a similar effect.
Conclusions/interpretation In type 1 diabetes, MSCs induce
immature IL-10-secreting DCs in vitro, thus potentially
intercepting the priming and amplification of autoreactive T
cells in tissue inflammation. These DCs can contribute to the
inhibition of inflammatory T cell responses to islet antigens
and the promotion of the anti-inflammatory, regulatory re-
sponses exerted by MSCs.
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Abbreviations
CCR7 C-C chemokine receptor type 7
CD Cluster of differentiation
CFSE Carboxyfluorescein succinimidyl ester
DC Dendritic cell
ELISPOT Enzyme-linked immunosorbent spot
EV Extracellular vesicle
GAD Glutamic acid decarboxylase
mDC Mature dendritic cell
miRNA MicroRNA
MSC Mesenchymal stem cell
PBMC Peripheral blood mononuclear cell
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PGE2 Prostaglandin E2
PV Pentavac
SI Stimulation index
Th17 T helper 17
Treg Regulatory T cell

Introduction

Dendritic cells (DCs) are a heterogeneous group of immune
cells involved in the priming, differentiation and expansion of
effector T cells. Activated DCs are required for priming naive
T cells, and DC presentation of islet autoantigens probably
occurs during the development of islet autoreactivity in type
1 diabetes. Thereafter, DCs may play a role at all disease
stages [1, 2]. Recent studies indicate that DCs acquire
tolerogenic properties during in vitro manipulations by
supplementing culture conditions or actively silencing genes
or promoting their overexpression, with therapeutic potential
in the prevention and treatment of autoimmune diabetes [3–5].
In NOD mice, tolerogenic bone marrow derived DCs have
been shown to delay, prevent and, in some cases, reverse di-
abetes [6, 7]. The inhibition of DC differentiation, maturation
and function and the induction of regulatory DCs that can
induce regulatory T cells (Tregs) may account for the multi-
level immunomodulatory properties displayed by mesenchy-
mal stem cells (MSCs) both in vitro and in vivo [8–10].

MSCs have emerged in recent years as a safe, promising
treatment strategy for autoimmune diseases, including type 1
diabetes [11, 12]. Originally performed in animal studies, this
cellular intervention has recently been translated to patients
with recent-onset diabetes [13]. MSCs exhibit their immuno-
modulatory effects through direct contact, the production of
soluble markers and the release of extracellular vesicles
(EVs). EVs express MSC surface receptors and carry biolog-
ically active proteins, lipids, mRNAs, long non-coding RNAs
and microRNAs (miRNAs) [14].

Several studies have suggested that direct inhibition of DC
effector function is involved in the immunological tolerance
state induced byMSCs [9, 10, 15]. In this context, MSCs have
been shown to hinder the ability of DCs to prime antigen-
specific T cells in vivo as a result of downregulating C-C
chemokine receptor type 7 (CCR7) and cluster of differentia-
tion (CD) 49dβ1, which are involved in DC homing to the
draining lymph nodes [16].

So far, few studies have analysed the effects of MSCs on
the profile and function of DCs in the context of type 1 dia-
betes, where the role of DCs has still to be fully elucidated [17,
18]. In NOD mice, MSC-released IL-6 has been reported to
affect DC phenotype, differentiation and cytokine production
and to divert the CD11c+ subset toward a more regulatory
tolerogenic phenotype [19]. Studies on the co-transplantation
of allogenic islets and MSCs in streptozotocin-induced

diabetic mice have shown that downregulation of the matura-
tion, co-stimulatory and MHC class II molecules of recipient
DCs contributes to graft survival by conversion to a more
tolerogenic phenotype [20].

The aim of the present study was to investigate whether
bone marrow derived MSCs and their EVs can alter in vitro
the maturation and phenotype of monocyte-derived DCs from
patients with type 1 diabetes at disease onset. The inhibition of
islet antigen T cell activation by MSC- and EV-conditioned
DCs and the promotion of an anti-inflammatory and Treg
phenotype were also studied.

Materials and methods

Participants and DC generation Peripheral blood mononu-
clear cells (PBMCs) were obtained from nine white patients
with recent-onset type 1 diabetes on the basis of a positive
IFN-γ response to glutamic acid decarboxylase (GAD65;
stimulation index [SI] ≥3; Table 1) by enzyme-linked immu-
nosorbent spot (ELISPOT) analysis as previously described
[12, 21]. CD14+ monocytes were isolated by positive selec-
tion (CD14 microbeads, Miltenyi Biotec, Bergisch Gladbach,
Germany) and CD14− PBMCs were stored in liquid nitrogen
until needed. Immature DCs were generated by the addition of
100 ng/ml human granulocyte-macrophage colony-stimulat-
ing factor (GM-CSF) and 50 ng/ml IL-4 (both from
PeproTech, Rocky Hill, NJ, USA) and induced to mature (to
form mature DCs [mDCs]) on day 6 by adding 50 ng/ml
TNF-α and 50 ng/ml IL-1β (both PeproTech) for 48 h and
pulsed at a concentration of 1×106/ml with 10 μg/ml GAD65
(Diamyd, Stockholm, Sweden) or, in a limited set of control
experiments (n=3), with 5 μg/ml Pentavac (PV) polyvalent
vaccine (Sanofi Pasteur, Lyon, France). In one set of experi-
ments, immature DCs were induced to mature with 40 ng/ml
lipopolysaccharide.

All study participants gave informed consent and the study
was approved by the local ethical review committee.

MSC culture, isolation of MSC-derived EVs and co-
culture with DCs Heterologous MSCs were obtained from
Lonza (Basel, Switzerland) and characterised. EVs were ob-
tained by differential ultracentrifugation and quantified by
nanoparticle tacking analysis, as previously described [21].
A pool of approximately 2.5×108/ml EV particles was la-
belled with 2 μl/ml Vybrant Dil (Life Technologies, OR,
USA) for 15 min at 37°C and then washed, ultracentrifuged
at 100,000 g and added to mDCs (2×105) for 24 h. After
washing, EV internalisation was assessed by flow cytometry
and confocal microscopy (LSM5-PASCAL, Zeiss,
Oberkochen, Germany) analyses. In control experiments,
Dil-labelled MSC EVs were denatured by boiling (10 min at
95°C) and then incubated with mDCs.
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GAD65-pulsed mDCs (5×105) were seeded onto a MSC
monolayer (1:1 ratio) in 24-well plates and cultured for 48 h
(referred to as MSC-conditioned DCs). The optimal DC:MSC
ratio (1:10, 1:1 or 10:1) and incubation time were selected on
the basis of previous experiments using DCs obtained from
blood donor PBMCs stimulated with 5 μg/ml recall antigen
PV. Furthermore, when more DCs were recovered from a
diabetic patient, mDCs were incubated with MSC-derived
EVs (6.25×107 particles/ml) for 48 h in selected experiments
(referred to as EV-conditioned DCs). Conditioned DCs were
recovered by gentle aspiration and centrifugation; parallel ex-
periments using unconditioned mDCs and MSC-or EV-con-
ditioned DCs were performed. The levels of differentiation,
co-stimulatory and maturation surface markers were analysed
by flow cytometry using FITC- or phycoerythrin-conjugated
monoclonal antibodies (mAbs; anti-CD14, anti-CD83, anti-
CD1a, anti-CD86, anti-CCR7, anti-HLA class I and anti-
HLA class II; BD Pharmingen, San Diego, CA, USA). Data
were acquired using a FACSCalibur and analysed using
CellQuest Software (Becton Dickinson, Franking Lakes, NJ,
USA). EVs obtained from human dermal fibroblasts
(i.e. fibroblast-derived EVs; Lonza) served as controls [21].
In a limited set of experiments, mDCs from diabetic patients
(n=3) were cultured in MSC-conditioned medium or in
EV-depleted conditioned medium.

Levels of TGFB1, IL4, IL6 and IL10 transcripts was
analysed by real time PCR (primers listed in electronic sup-
plementary material [ESM] Table 1), as previously described
[21]. Levels of secreted IL-6, IL-10, TGF-β and prostaglandin
E2 (PGE2) were measured in cell-free culture supernatant by
ELISA, according to the manufacturer’s instructions (R&D,
Milan, Italy).

DC plus Tcell co-cultures: ELISPOT, flow cytometric and
ELISA analyses In parallel experiments, mDCs and MSC-
conditioned DCs were co-cultured with autologous T cells
(1×106) for 48 h (DC:T cell ratio, 1:10) and stimulated by
GAD65 for 48 h. IFN-γ ELISPOT analysis was then per-
formed, as previously described [12]. In selected experiments
(four patients), T cell plus EV-conditioned DC co-cultures
were also established.

Tcell proliferation was detected using a carboxyfluorescein
succinimidyl ester (CFSE) assay. Briefly, 2×107/ml CD14−

cells were labelled with 500 μl CFSE (5 μmol/l; Sigma,
Milan, Italy) and the reactionwas stopped with RPMImedium
(containing 10% FCS). CFSE-labelled CD14− cells (1.5×106)
were co-cultured with autologous unconditioned mDCs or
MSC-conditioned DCs (DC:T cell ratio, 1:10) with GAD65
stimulation for 5 days. Cell proliferation and cell-surface ex-
pression of the CD69 activation marker (anti-CD69PE mAb;
BD Pharmingen) were analysed by flow cytometry.

Tregs and T helper 17 (Th17) cells were analysed in
GAD65-stimulated T cells under different co-culture condi-
tions, as previously described [21]. Levels of secreted IL-6,
IL-10, TGF-β, IFN-γ and IL-17 were measured by ELISA
(R&D).

Statistical analysis An SI of ≥3 was chosen as a positive
response in the ELISPOT analysis [12]. Spots and levels of
cytokines and PGE2were compared using theMann–WhitneyU
or the Wilcoxon test for unpaired or paired data, respectively.
Data were analysed using the IBM SPSS statistical package
(version 9.0, Chicago, IL, USA), and p values <0.05 were
considered significant.

Table 1 IFN-γ ELISPOT response to GAD65 in type 1 diabetic patients

Case no. Sex Age (y) mDCs MSC-DCs

Baseline counta,b GAD65
a,c GAD65 SI

d Baseline counta,b GAD65
a,c GAD65 SI

d

1 M 45 7 77 11 5 14 2.8

2 F 28 6 94 15.6 8 11 1.3

3 M 27 7 22 3.1 6 16 2.6

4 M 28 1 5 5 2 2 1

5 F 23 34 114 3.4 23 58 2.2

6 F 21 35 117 3.9 33 61 1.8

7 M 30 8 26 3.3 7 20 2.8

8 F 30 4 24 6 5 14 1.8

9 M 28 2 28 14 4 10 2.5

Data are the mean of the triplicate wells and represent a single experiment performed in triplicate for each patient
a Spot number/300,000 cells
b For co-cultured T cell+mDCs or T cell+MSC-conditioned DCs in vehicle alone
c For co-cultured T cells+mDCs or T cells+MSC-conditioned DCs stimulated with GAD65
d SI of ≥3 indicates a positive response
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Results

Effects of MSC and MSC-derived EVs on DC maturation
and phenotype Phenotypic analysis of DCs generated from
CD14+ cells and cultured in the presence of MSCs (1:1 ratio)
showed skewing toward an immature phenotype with in-
creased expression of CD14 and a reduction of CD1a expres-
sion. Cell-surface expression of the maturation marker CD83
and the co-stimulatory molecules CD86 and CD80 was lower
for MSC-conditioned DCs (Fig. 1a, b). MSCs also had signif-
icantly reduced expression of the CCR7 chemokine receptor
and HLA class II molecules (Fig. 1c). Although not signifi-
cantly different compared with mDCs, a similar trend was
observed when EVs were used instead of MSCs in a limited
number of experiments using DCs from four GAD65 respond-
er patients (Fig. 1a). No significant modification to maturation
or co-stimulation marker levels was detected in mDCs cul-
tured with fibroblast-derived EVs, MSC-conditioned medium
or EV-depleted medium (Fig. 1a, d). Furthermore, when
MSCs were added at a late stage of DC differentiation and
maturation, they did not significantly interfere with the
lipopolysaccharide-matured DC phenotype (ESM Fig. 1).

Confocal microscopy and flow cytometric analyses indi-
cated that MSC-derived EVs were internalised by DCs
(Fig. 2a, b). In control experiments, denatured EVs were not
detected in mDCs (Fig. 2a).

Secretion of IL-6, TGF-β, IL-10 and PGE2 was significant-
ly increased in MSC-conditioned DCs compared with mDCs
(Fig. 2c). This cytokine pattern was also evident in EV-
conditioned DCs, but not in DCs cultured in MSC-
conditioned or EV-depleted medium (Fig. 2c). Upregulation
of IL-6 and IL-10 in both types of conditioned DCs was con-
firmed by increased IL6 and IL10 transcript levels (Fig. 2d).
Furthermore, TGFB1 and IL6 transcripts were detected in
MSCs and in EVs, while IL10 transcripts were only detected
in MSCs (Fig. 2d), as previously reported [21].

Fig. 2 EV internalisation and levels of cytokine secretion. (a) Represen-
tativemicrographs of DCs or DCs incubated with Dil-labelled EVs (+EV-
Dil) or with Dil-labelled EVs denatured by boiling (+dEV-Dil). (b) Rep-
resentative flow cytometric analysis of DCs internalising Dil-labelled
EVs (solid line). Dotted line, DCs not incubated with EVs. (c) Mean ±
SD levels of secreted IL-10, IL-6, TGF-β and PGE2 under the following
culture conditions: GAD65-pulsed DCs cultured without (black) or with
MSCs (light grey), EVs (dark grey), MSC-conditioned medium (white)
or EV-depletedmedium (diagonal stripes). Data were calculated from two
different experiments performed in triplicate for each patient. *p<0.05 vs
DCs cultured without MSCs or EVs. (d) IL6 and IL10 mRNA levels
measured under the following culture conditions: GAD65-pulsed DCs
cultured without (black) or with MSCs (light grey) or EVs (dark grey).
TGFB1 and IL6 mRNA levels in EVs relative to MSC levels. Results
were normalised to 18S RNA and are expressed as the fold change in
gene expression in DCs or MSCs (2−ΔΔCt )

Fig. 1 DC phenotype. (a) Mean±SD percentage expression of differen-
tiation and maturation markers for GAD65-pulsed DCs generated from
CD14+ cells and cultured without (black) or with (light grey) MSCs, with
MSC-derived EVs (dark grey) or with fibroblast-derived EVs (white). (b)
Mean fluorescence intensity (MFI; arbitrary units [AU] of fluorescence)±
SD for the surface intensity of maturation and co-stimulatory markers on
DCs cultured without (black) or with (light grey) MSCs, or with MSC-
derived EVs (dark grey). (c) MFI±SD for HLA class I and II expression
on GAD65-pulsed DCs generated fromCD14+ cells and cultured without
(black) or with (grey) MSCs. (d) Mean±SD percentage of expression of
differentiation and maturation markers for GAD65-pulsed DCs cultured
without (black) or with (white) MSC-conditioned medium or with EV-
depleted medium (diagonal stripes). Data were calculated from two dif-
ferent experiments for each patient. In experiments using fibroblast-de-
rived EVs or conditioned media, DCs from three patients were used.
*p<0.05 vs DCs cultured without MSCs. †p=0.05 vs DCs cultured with-
out MSCs
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MSC- and EV-conditioned DC plus T cell co-cultures:
ELISPOT and flow cytometric analyses As shown in
Fig. 3a, T cells co-cultured with conditioned DCs exhibited
reduced proliferation after GAD65 antigen stimulation. Levels
of the early T cell activation marker CD69 were also signifi-
cantly reduced (Fig. 3b, c).

ELISPOT analysis showed that GAD65-pulsed, MSC-
conditioned DCs co-cultured with autologous T cells showed
an inhibited IFN-γ response (mean spot number: with mDCs
56.3±43, with MSC-conditioned DCs 22.9±21; p<0.05 for
paired data), resulting in a SI of <3, i.e. below the positive cut-
off (Table 1 and Fig. 3d).

Flow cytometric analysis showed an increased proportion
of CD127lowFOXP3+ T cells (gated on CD4+CD25high) when
co-cultured with MSC-conditioned DCs compared with
mDCs (p<0.05), and a reduced percentage of IL-17+ T cells
within the CD4+ population (p<0.05; Fig. 4a, b and ESM

Fig. 2). A similar trend in the IFN-γ response was observed
in FOXP3+ T cell and IL-17+ T cell subsets co-cultured with
EV-conditioned DCs in selected experiments, although with-
out reaching statistical significance.

In experiments using PV to pulse mDCs, MSC-
conditioned DCs co-cultured with autologous T cells showed
a significant reduction in IFN-γ spots (ESM Fig. 3).

Secretion of IL-6, IL-10 and TGF-β was increased and
secretion of IFN-γ and IL-17 was reduced in co-cultured
MSC- and EV-conditioned DCs compared with mDCs
(p<0.05; Fig. 4c).

Discussion

Clinical and experimental data indicate that DCs are involved
in the pathogenesis of most autoimmune diseases via complex

Fig. 3 Tcell proliferation and activation and IFN-γ ELISPOTanalysis of
co-cultured DC and T cells. (a) Representative CFSE flow cytometric
analyses of proliferating T cells obtained from a single diabetic patient,
stimulated with GAD65 and primed by autologous DCs (+DC), autolo-
gous MSC-conditioned DCs (+MSC-DC) or autologous EV-conditioned
DCs (+EV-DC). The number of proliferating cells is also shown. The
histogram shows mean±SD percentages of proliferating CD3+ cells un-
der the following conditions: GAD65-pulsed T cells co-cultured with
autologous (black), MSC-conditioned (light grey) or EV-conditioned
(dark grey) DCs. (b) Representative flow cytometric analyses of activated
CD69+ T cells (upper right quadrant) of a single diabetic patient stimu-
lated with GAD65 and primed by DCs (as described in a). The histogram
shows mean±SD percentage of CD69+ cells in the CD3+ cell population

under the following conditions: GAD65-pulsed T cells co-cultured with
autologous (black), MSC-conditioned (light grey) or EV-conditioned
(dark grey) DCs. *p<0.05 for paired data. (c) Representative flow cyto-
metric analyses of proliferating T cells (left quadrants), as assessed by
CFSE assay, and activated CD69+ T cells (upper quadrants) from a single
diabetic patient. These were stimulated with GAD65 and primed by DCs
(as described in a). (d) Mean ± SD IFN-γ spots per well (300,000 cells)
for the nine diabetic patients with a positive response to GAD65 under the
following conditions: T cells challenged with vehicle alone (white) and
GAD65-pulsed T cells co-cultured with autologous (black), MSC-condi-
tioned (light grey) or EV-conditioned (dark grey) DCs. Data were calcu-
lated from experiments performed in triplicate for each patient. *p<0.05
vs T cells co-cultured with autologous DCs; paired data
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mechanisms. DCs can bidirectionally promote either the prim-
ing and differentiation of self-reactive T cells or tolerance
through the generation of Tregs or induction of effector T cell
unresponsiveness [22–25]. Ex vivo manipulated tolerogenic
DC-based therapies for animal models of autoimmune dis-
eases have been reported. Tolerogenic bone marrow derived
DCs can suppress collagen-induced arthritis or prevent
hyperglycaemia in NOD mice without inducing generalised
immunosuppression [5, 7, 26]. Intriguingly, EVs derived from
in vitro generated immunosuppressive DCs can retain the ef-
fects of their parental cells [27, 28]. Recently, clinical trials
using tolerogenic DC-based therapies have been designed [4,
5]. The present study of type 1 diabetes indicates that heterol-
ogous bone marrow derived MSCs in a proinflammatory

environment can skew monocyte-derived DCs toward an im-
mature, IL-10-producing regulatory phenotype. This was as-
sociated with decreased levels of co-stimulatory marker and
an altered cytokine pattern, possibly via mechanisms depen-
dent on IL-6, TGF-β and PGE2 production. In autologous co-
culture experiments under islet antigen stimulation, MSC-
conditioned DCs failed to trigger antigen-driven inflammatory
effector T cell activation, detected as IFN-γ production, the
number of Th17 cells, levels of proinflammatory IL-17 [29],
and T cell proliferation and activation. DC modulation by
MSCs was, at last in part, mimicked by MSC-derived EVs
after internalisation by DCs.

Several lines of in vitro and in vivo research indicate that
the dual ability of MSCs to suppress or promote the immune

Fig. 4 Flow cytometric analysis of Th17 cells and FOXP3+ Tregs and
levels of cytokine secretion. (a) Representative flow cytometric analysis
of IL17+ CD4+ T cells (upper right quadrant) obtained from a single
diabetic patient, stimulated with GAD65 and primed by autologous
DCs (+DC), autologous MSC-conditioned DCs (+MSC-DC) or autolo-
gous EV-conditioned DCs (+EV-DC). The histogram shows the mean±
SD percentage of IL17+ cells in the CD4+ T cell population under the
following conditions: GAD65-pulsed T cells co-cultured with autologous
(black), MSC-conditioned (light grey) or EV-conditioned (dark grey)
DCs. (b) Representative flow cytometric analysis of regulatory
CD127lowFOXP3+ T cells (lower right quadrant) gated on the
CD4+CD25hi population of a single diabetic patient, stimulated with

GAD65 and primed by autologous DCs (+DC), autologous MSC-condi-
tioned DCs (+MSC-DC) or autologous EV-conditioned DCs (+EV-DC).
The histogram shows the mean±SD percentage of CD127lowFOXP3+

cells in the CD4+CD25hi T cell population under the following condi-
tions: GAD65-pulsed T cells co-cultured with autologous (black), MSC-
conditioned (light grey) or EV-conditioned (dark grey) DCs. *p<0.05 for
paired data. (c) Mean ± SD levels of IL-6, IL-10, TGF-β, IFN-γ and IL-
17 secreted under the following conditions: GAD65-pulsed T cells co-
cultured with autologous (black), MSC-conditioned (light grey), EV-con-
ditioned (dark grey) DCs. Data were calculated from experiments per-
formed in duplicate for each patient. *p<0.05 vs co-cultures with autolo-
gous DCs
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response depends on the microenvironment, and that vigorous
ongoing inflammation induces the immunosuppressive func-
tion [8]. Soluble markers such as PGE2, cytokines and re-
leased EVs contribute to the MSC effects [8, 14, 30]. Howev-
er, as indicated by conditioned medium experiments in the
present study, not only secreted factors but also target cell
contact [8, 31] or high EV concentration [21, 32] are required
to fully induce an immunomodulatory effect, at least in vitro.
It has been established that after surface receptor interaction,
internalisation or fusion to target cell membranes, EVs transfer
proteins, lipids, functional mRNAs and miRNAs that control
transcription, proliferation and immunoregulation
[14, 32–35].

Although specific antigen-dependent interactions do not
appear to be required to mediate DC immunoregulatory func-
tions [36, 37], our data indicate that in vitro DC antigen spec-
ification can target diabetogenic T cells and convey
tolerogenic signals. Indeed, it has been shown that antigen-
primed DCs induce better protection in NOD mice and that
cognate antigen–MCH class II complexes enhance IL-2 in-
duced Treg proliferation [37–39].

Recall antigen experiments confirm at the DC level that
MSCs interfere with the antigen-elicited immune response,
without limiting the exploitation of their immunoregulatory
properties in transplantation and several autoimmune diseases
[8, 13, 30], and with the potential advantage of local action at
specific inflamed anatomical sites. The key therapeutic attri-
bute of both MSCs and DCs is related to their ability to selec-
tively migrate to sites of tissue injury and draining lymph
nodes [3, 11, 39, 40]. This may allow further local antigen
provision and interaction with activated T cells in situ. In
agreement with other studies [16, 41], we found that MSCs
downregulate the CCR7 chemokine receptor, known to drive
the mature DC homing to draining lymph nodes. This poten-
tial limiting effect could, nevertheless, inhibit an autoimmune
amplification loop during the progression of type 1 diabetes.
Indeed, in NODmice, tissue inflammation augments DC mat-
uration, CCR7 upregulation and migration to lymph nodes,
where they amplify the ongoing immune response by promot-
ing the priming of autoreactive T cells [25].

Increasing evidence indicates that DCs promote immune
tolerance by the induction of Tregs [42, 43]. MSC and
MSC-derived EVs induce a shift toward an anti-
inflammatory Treg profile that is exploitable in immune dis-
ease settings, including diabetes [8, 11, 21, 44]. It has been
suggested that direct inhibition of the DC effector function
underlies the immunotolerant state induced by MSCs [9, 10,
15]. In the present study linking the immunomodulatory prop-
erties of both cell types, we show that MSC- and EV-
conditioned DCs increase their IL-6 and IL-10 content and
secretion. In co-culture experiments, conditioned DCs in-
duced a higher frequency of T cells with a regulatory pheno-
type and increased T cell secretion of anti-inflammatory IL-10

and TGF-β and IL-6 molecules. Therefore, an amplifying
loop that mediates and propagates immunomodulation while
inhibiting the maturation of inflammatory DCs can be envis-
aged [19]. Although data regarding the effects on beta cell
function and survival remain controversial [45, 46], IL-6
may also stimulate beta cell repair. Thus, in DC–MSC com-
bination therapy, multiple layers of tolerance could be formed
involving regulatory DCs, T cells and even B cells [47] that
may act and accumulate in relevant tissue.

In conclusion, the present in vitro study confirms that DCs
are a target of versatile, immunomodulatory MSCs in the con-
text of type 1 diabetes. Moreover, MSC-released EVs retain
this biological effect, at least in part, thus rendering them an
attractive tool to exploit the benefits of MSC therapy. Their
ability to induce tolerogenic DCs, together with their easy
procurement, their low tumorigenicity (as shown in several
clinical studies [48]) and recent promising results in new-
onset diabetic patients [13] renders MSC therapy a promising
therapeutic strategy to locally control autoimmune pancreas
inflammation and halt the progression of type 1 diabetes.

Acknowledgements We are grateful to blood sample donors for con-
tributing to this research.

Funding This work was supported by Regione Piemonte, Piattaforme
Biotecnologiche, Pi-Stem project and by a grant from Fresenius Medical
Care.

Duality of interest statement GC is a named inventor in related pat-
ents. CT is a full-time employee of FreseniusMedical Care, Germany. All
other authors declare that there is no duality of interest associated with
their contribution to this manuscript.

Contribution statement MMZ and EF conceived and designed the
study, performed experiments, and analysed and interpreted data; MMZ
and GC wrote the manuscript; AC, CC and CA designed and performed
experiments and analysed data; MG and GC contributed to the study
design, analysed and interpreted data, and oversaw research; and PC-P
and CT interpreted data and contributed to the discussion. All authors
critically revised the manuscript and approved the version of the article
to be published. GC and MMZ are the guarantors of this work and, as
such, had full access to all data and take responsibility for the integrity of
the data and the accuracy of the data analysis.

References

1. Calderon B, Unanue ER (2012) Antigen presentation events in
autoimmune diabetes. Curr Opin Immunol 24:119–128

2. Morel PA (2013) Dendritic cell subsets in type 1 diabetes: friend or
foe? Front Immunol 4:1–11

3. Creusot RJ, Yaghoubi SS, Chang P et al (2009) Lymphoid-tissue-
specific homing of bone-marrow-derived dendritic cells. Blood
113:6638–6647

4. Giannoukakis N, Phillips B, Finegold D, Harnaha J, Trucco M
(2011) Phase I (safety) study of autologous tolerogenic dendritic
cells in type 1 diabetic patients. Diabetes Care 34:2026–2032

Diabetologia (2016) 59:325–333 331



5. Hilkens CM, Isaacs JD (2013) Tolerogenic dendritic cell therapy for
rheumatoid arthritis: where are we now? Clin Exp Immunol
172:148–157

6. Creusot RJ, Giannoukakis N, TruccoM, Clare-SalzlerMJ, Fathman
CG (2014) It’s time to bring dendritic cell therapy to type 1 diabe-
tes. Diabetes 63:20–30

7. Tai N, Yasuda H, Xiang Yet al (2011) IL-10-conditioned dendritic
cells prevent autoimmune diabetes in NOD and humanized
HLA-DQ8/RIP-B7.1 mice. Clin Immunol 139:336–349

8. Wang Y, Chen X, Cao W, Shi Y (2014) Plasticity of mesenchymal
stem cells in immunomodulation: pathological and therapeutic im-
plications. Nat Immunol 15:1009–1016

9. Djouad F, Charbonnier LM, Bouffi C et al (2007) Mesenchymal
stem cells inhibit the differentiation of dendritic cells through an
interleukin-6-dependent mechanism. Stem Cells 25:2025–2032

10. Li YP, Paczesny S, Lauret E et al (2008) Humanmesenchymal stem
cells license adult CD34+ hemopoietic progenitor cells to differen-
tiate into regulatory dendritic cells through activation of the Notch
pathway. J Immunol 1:1598–1608

11. Madec AM, Mallone R, Afonso G et al (2009) Mesenchymal stem
cells protect NOD mice from diabetes by inducing regulatory
T cells. Diabetologia 52:1391–1399

12. Zanone MM, Favaro E, Miceli I et al (2010) Human mesenchymal
stem cells modulate cellular immune response to islet antigen glutamic
acid decarboxylase in type 1 diabetes. J Clin Endocrinol Metab
95:3788–3797

13. Carlsson PO, Schwarcz E, Korsgren O, Le Blanc K (2015)
Preserved β-cell function in type 1 diabetes by mesenchymal stro-
mal cells. Diabetes 64:587–592

14. Théry C, Ostrowski M, Segura E (2009) Membrane vesicles as
conveyors of immune responses. Nat Rev Immunol 9:581–593

15. Aggarwal S, Pittenger MF (2005) Human mesenchymal stem cells
modulate allogeneic immune cell responses. Blood 15:1815–1822

16. Chiesa S, Morbelli S, Morando S et al (2011) Mesenchymal
stem cells impair in vivo T cell priming by dendritic cells.
Proc Natl Acad Sci U S A 18:17384–17389

17. Allen JS, Pang K, Skowera A et al (2009) Plasmacytoid dendritic
cells are proportionally expanded at diagnosis of type 1 diabetes
and enhance islet autoantigen presentation to T cells through im-
mune complex capture. Diabetes 58:138–145

18. Guerder S, Joncker N, Mahiddine K, Serre L (2013) Dendritic cells
in tolerance and autoimmune diabetes. Curr Opin Immunol
25:670–675

19. JurewiczM, Yang S, Augello A et al (2010) Congenic mesenchymal
stem cell therapy reverses hyperglycemia in experimental type 1
diabetes. Diabetes 59:3139–3147

20. Li FR, Wang XG, Deng CY, Qi H, Ren LL, Zhou HX (2010)
Immune modulation of co-transplantation mesenchymal stem cells
with islet on T and dendritic cells. Clin Exp Immunol 161:357–363

21. Favaro E, Carpanetto A, Lamorte S et al (2014) Human mesenchy-
mal stem cell-derived microvesicles modulate T cell response to
islet antigen glutamic acid decarboxylase in patients with type 1
diabetes. Diabetologia 57:1664–1673

22. Ganguly D, Haak S, Sisirak V, Reizis B (2013) The role of dendritic
cells in autoimmunity. Nat Rev Immunol 13:566–577

23. Diana J, Simoni Y, Furio L et al (2013) Crosstalk between neutro-
phils, B-1a cells and plasmacytoid dendritic cells initiates autoim-
mune diabetes. Nat Med 19:65–73

24. Wakkach A, Fournier N, Brun V, Breittmayer JP, Cottrez F,
Groux H (2003) Characterization of dendritic cells that in-
duce tolerance and T regulatory 1 cell differentiation in vivo.
Immunity 18:605–617

25. Melli K, Friedman RS, Martin AE et al (2009) Amplification of
autoimmune response through induction of dendritic cell matura-
tion in inflamed tissues. J Immunol 1:2590–2600

26. Perone MJ, Bertera S, Tawadrous ZS et al (2006) Dendritic cells
expressing transgenic galectin-1 delay onset of autoimmune diabe-
tes in mice. J Immunol 177:5278–5289

27. Bianco NR, Kim SH, Ruffner MA, Robbins PD (2009) Therapeutic
effect of exosomes from indoleamine 2,3-dioxygenase-positive
dendritic cells in collagen-induced arthritis and delayed-type hyper-
sensitivity disease models. Arthritis Rheum 60:380–389

28. Kim SH, Lechman ER, Bianco N et al (2005) Exosomes derived
from IL-10-treated dendritic cells can suppress inflammation and
collagen-induced arthritis. J Immunol 174:6440–6448

29. Arif S, Moore F, Marks K et al (2011) Peripheral and islet
interleukin-17 pathway activation characterizes human autoim-
mune diabetes and promotes cytokine-mediated β-cell death.
Diabetes 60:2112–2119

30. Koch M, Lemke A, Lange C (2015) Extracellular vesicles from
MSC modulate the immune response to renal allografts in a MHC
disparate rat model. Stem Cells Int 486141:1–7

31. Krampera M, Glennie S, Dyson J et al (2003) Bone marrow
mesenchymal stem cells inhibit the response of naive and
memory antigen-specific T cells to their cognate peptide.
Blood 101:3722–3729

32. Quesenberry PJ, Aliotta J, Deregibus MC, Camussi G (2015) Role
of extracellular RNA-carrying vesicles in cell differentiation and
reprogramming. Stem Cell Res Ther 153:1–10

33. Cocucci E, Racchetti G, Meldolesi J (2009) Shedding
microvesicles: artefacts no more. Trends Cell Biol 19:43–51

34. Akyurekli C, Le Y, Richardson RB, Fergusson D, Tay J, Allan DS
(2015) A systematic review of preclinical studies on the therapeutic
potential of mesenchymal stromal cell-derived microvesicles. Stem
Cell Rev 11:150–160

35. Ratajczak MZ, Kucia M, Jadczyk T et al (2012) Pivotal role of
paracrine effects in stem cell therapies in regenerative medicine:
can we translate stem cell-secreted paracrine factors and
microvesicles into better therapeutic strategies? Leukemia
26:1166–1173

36. Feili-Hariri M, Dong X, Alber SM, Watkins SC, Salter RD, Morel
PAV (1999) Immunotherapy of NOD mice with bone marrow-
derived dendritic cells. Diabetes 48:2300–2308

37. Zou T, Caton AJ, Koretzky GA, Kambayashi T (2010) Dendritic
cells induce regulatory T cell proliferation through antigen-
dependent and -independent interactions. J Immunol 1:2790–2799

38. Lo J, Peng RH, Barker T, Xia CQ, Clare-Salzler MJ (2006) Peptide-
pulsed immature dendritic cells reduce response to beta cell tar-
get antigens and protect NOD recipients from type I diabetes.
Ann N Y Acad Sci 1079:153–156

39. Creusot RJ, Yaghoubi SS, Kodama K (2008) Tissue-targeted ther-
apy of autoimmune diabetes using dendritic cells transduced to
express IL-4 in NOD mice. Clin Immunol 127:176–187

40. Fiorina P, Jurewicz M, Augello A et al (2009) Immunomodulatory
function of bone marrow-derived mesenchymal stem cells in exper-
imental autoimmune type 1 diabetes. J Immunol 183:993–1004

41. English K, Barry FP, Mahon BP (2008) Murine mesenchymal stem
cells suppress dendritic cell migration, maturation and antigen pre-
sentation. Immunol Lett 15:50–58

42. Jonuleit H, Schmitt E, Schuler G, Knop J, EnkAH (2000) Induction
of interleukin 10-producing, nonproliferating CD4(+) T cells with
regulatory properties by repetitive stimulation with allogeneic im-
mature human dendritic cells. J Exp Med 6:1213–1222

43. Dhodapkar MV, Steinman RM, Krasovsky J, Munz C, Bhardwaj N
(2001) Antigen-specific inhibition of effector T cell function in
humans after injection of immature dendritic cells. J Exp Med
15:233–238

44. Kordelas L, Rebmann V, Ludwig AK et al (2014) MSC-derived
exosomes: a novel tool to treat therapy-refractory graft-versus-
host disease. Leukemia 28:970–973

332 Diabetologia (2016) 59:325–333



45. Kristiansen OP, Mandrup-Poulsen T (2005) Interleukin-6 and dia-
betes: the good, the bad, or the indifferent? Diabetes 54(Suppl 2):
S114–S124

46. Boumaza I, Srinivasan S, Witt WT et al (2009) Autologous bone
marrow-derived rat mesenchymal stem cells promote PDX-1 and
insulin expression in the islets, alter T cell cytokine pattern and
preserve regulatory T cells in the periphery and induce sustained
normoglycemia. J Autoimmun 32:33–42

47. Di Caro V, Phillips B, Engman C, Harnaha J, Trucco M,
Giannoukakis N (2013) Retinoic acid-producing, ex-vivo-
generated human tolerogenic dendritic cells induce the prolifera-
tion of immunosuppressive B lymphocytes. Clin Exp Immunol
174:302–317

48. von Bahr L, Batsis I, Moll G et al (2012) Analysis of tissues fol-
lowing mesenchymal stromal cell therapy in humans indicates lim-
ited long-term engraftment and no ectopic tissue formation.
Stem Cells 30:1575–1578

Diabetologia (2016) 59:325–333 333


	Human mesenchymal stem cells and derived extracellular vesicles induce regulatory dendritic cells in type 1 diabetic patients
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Materials and methods
	Results
	Discussion
	References


