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Abstract

Dendritic cells (DCs) orchestrate innate inflammatory responses and adaptive

immunity through T‐cell activation via direct cell–cell interactions and/or cytokine

production. Tolerogenic DCs (tolDCs) help maintain immunological tolerance through

the induction of T‐cell unresponsiveness or apoptosis, and generation of regulatory T

cells. Mesenchymal stromal cells (MSCs) are adult multipotent cells located within the

stroma of bone marrow (BM), but they can be isolated from virtually all organs.

Extracellular vesicles and exosomes are released from inflammatory cells and act as

messengers enabling communication between cells. To investigate the effects of

MSC‐derived exosomes on the induction of mouse tolDCs, murine adipose‐derived
MSCs were isolated from C57BL/6 mice and exosomes isolated by ExoQuick‐TC kits.

BM‐derived DCs (BMDCs) were prepared and cocultured with MSCs‐derived
exosomes (100 μg/ml) for 72 hr. Mature BMDCs were derived by adding lipopoly-

saccharide (LPS; 0.1μg/ml) at Day 8 for 24 hr. The study groups were divided into (a)

immature DC (iDC, Ctrl), (b) iDC + exosome (Exo), (c) iDC + LPS (LPS), and (d)

iDC + exosome + LPS (EXO + LPS). Expression of CD11c, CD83, CD86, CD40, and

MHCII on DCs was analyzed at Day 9. DC proliferation was assessed by coculture

with carboxyfluorescein succinimidyl ester‐labeled BALB/C‐derived splenocytes

p. Interleukin‐6 (IL‐6), IL‐10, and transforming growth factor‐β (TGF‐β) release were

measured by enzyme‐linked immunosorbent assay. MSC‐derived exosomes decrease

DC surface marker expression in cells treated with LPS, compared with control cells

(≤ .05). MSC‐derived exosomes decrease IL‐6 release but augment IL‐10 and TGF‐β
release (p ≤ .05). Lymphocyte proliferation was decreased (p ≤ .05) in the presence of

DCs treated with MSC‐derived exosomes. CMSC‐derived exosomes suppress the

maturation of BMDCs, suggesting that they may be important modulators of

DC‐induced immune responses.
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1 | INTRODUCTION

Stem cells are classified into embryonic and adult stem cells

(Körbling & Estrov, 2003). Mesenchymal stromal cells (MSCs) are

adult multipotent cells located within the stroma of bone marrow

(BM), but they can also be isolated from virtually all organs

including adipose tissue. These cells are able to self‐renew under

controlled conditions and may differentiate into various cells other

than mesodermal cell lineages such as osteocytes and adipocytes

(Spaggiari, Abdelrazik, Becchetti, & Moretta, 2009). MSCs do not

express specific markers, but they are negative for hematopoietic

cell markers (CD45) and positive for CD90, CD73, and CD105

(Barry, Boynton, Haynesworth, Murphy, & Zaia, 1999). Moreover,

MSCs have low immunogenicity and immunomodulation character-

istics (B. Zhang et al., 2009). These cells are able to secrete several

cytokines, growth factors, and extracellular matrix molecules

(Majumdar, Thiede, Haynesworth, Bruder, & Gerson, 2000).

MSCs have been used in regeneration and transplantation

(Le Blanc et al., 2004), and particularly in the prevention and

treatment of graft versus host disease (Le Blanc et al., 2004). MSCs

have a strong inhibitory effect on immune cells, such as dendritic

cells (DCs; Beyth et al., 2005; B. Zhang et al., 2009), natural killer

(NK) cells (Spaggiari, Capobianco, Becchetti, Mingari, & Moretta,

2006), B cells (Corcione et al., 2006), and unconventional T cells

(NKT and Tγδ cells; Prigione et al., 2009).

Exosomes are vesicles with a diameter of 40–100nm (Cocucci,

Racchetti, & Meldolesi, 2009). Exosomes were first described as being

released from sheep reticulocytes (Trajkovic et al., 2008). Exosomes do

not contain cellular organelles, but they contain proteins and nucleic acids

originating from the mother cells (van den Boorn, Dassler, Coch, Schlee, &

Hartmann, 2013). For example, they may possess fusion and transport

proteins (annexins and flotillin), heat shock proteins (HSP70), cell‐surface
markers (CD9, CD81, and CD63), endosomal sorting complexes required

for transport (ESCRT complex; TSG101, ALIX; Vickers & Remaley, 2012),

phospholipases, and other lipid‐related proteins (Théry, Ostrowski, &

Segura, 2009). Almost all cells produce and release exosomes in vivo and

in vitro (De Toro, Herschlik, Waldner, & Mongini, 2015), including many

inflammatory cells such as fibroblasts, intestinal epithelial cells, neuronal

cells, adipocytes, and tumor cells (Zwicker et al., 2009). Furthermore, they

are detectable in many biological fluids including blood, breast milk, urine,

saliva, amniotic liquid, synovial fluid, and malignant effusions of ascites

(Zwicker et al., 2009).

MSC‐derived exosomes play critical roles in tissue damage and

repair through repressing inflammatory responses, inhibiting apop-

tosis, inducing proliferation, and enhancing angiogenesis (Yin, Ji, Wu,

Jin, & Qian, 2019). MSC‐derived exosomes participate in tissue repair

by the transfer of proteins, nucleotides, and lipids (Biancone, Bruno,

Deregibus, Tetta, & Camussi, 2012). For example, human umbilical

cord MSC‐derived exosomes promote angiogenesis during skin repair

following burn injury (B. Zhang et al., 2015), and MSC‐derived
exosomes have therapeutic effects in liver disease (Fouraschen et al.,

2012), kidney disease (G. Zhang et al., 2016), cardiovascular

disease (L. Liu, Jin, Hu, Li, & Shen, 2017), and neurological disease

(Cui et al., 2017). Recently, human MSC‐derived exosomes were

shown to impair antigen uptake by immature monocyte‐derived DCs

and halted DC maturation. In addition, these MSC‐derived exosomes

reduced the expression of DC maturation and activation markers

(CD83, CD38, and CD80), decreased the release of interleukin‐6
(IL‐6) and IL‐12p70, and increased transforming growth factor‐β
(TGF‐β) production (Reis et al., 2018).

DCs are the most potent antigen‐presenting cells (APCs) and are

derived from hematopoietic progenitor cells in the BM (Guilliams &

van de Laar, 2015). They are essential for initiating a primary

adaptive immune response via the capture, processing, and pre-

sentation of antigen to naive CD4+ T cells (Steimle & Frick, 2016).

Activated DCs have expressed MHC molecules, costimulatory

receptors (CD80, CD86), and proinflammatory cytokines to induce

T‐cell proliferation (J. Liu & Cao, 2015).

In contrast to classical immunogenic DCs, tolerogenic DCs

(tolDCs) play an important role in the maintenance of immunological

tolerance via the induction of T‐cell unresponsiveness or apoptosis,

and generation of regulatory T (Treg) cells (Yoo & Ha, 2016). tolDCs

usually display low levels of surface costimulatory molecules, which

become upregulated on DC maturation, and high levels of anti‐
inflammatory cytokines such as IL‐10 and TGF‐β (Thomson &

Robbins, 2008). The mechanism(s) by which TolDCs induce anergy

in T cells and cause Treg activation are unknown (Yoo & Ha, 2016).

Thus, the aim of the present study is to investigate whether MSC‐
derived exosomes can drive mouse BM‐derived DCs (BMDCs) to

become tolDCs.

2 | MATERIALS AND METHODS

2.1 | Reagents

Granulocyte‐macrophage colony‐stimulating factor (GM‐CSF) and

IL‐4 were purchased from PeproTech (NY). Penicillin/streptomycin

and Trypsin‐EDTA 10X were obtained from BioSera Company

(Nuaille, France). Lipopolysaccharide (LPS) was purchased from

Sigma‐Aldrich (MO). Phosphate‐buffered saline (PBS) was purchased

from Biotech (Bio Basic, Canada). Fetal bovine serum (FBS),

phytohemagglutinin (PHA), Dulbecco's modified Eagle's medium

(DMEM), and Roswell Park Memorial Institute (RPMI) 1640 were

obtained from Gibco (NY). BCA protein quantification kit was

purchased from Thermo Scientific Pierce (Rockford, IL). Carboxy-

fluorescein succinimidyl ester (CFSE) dye was obtained from Thermo

Fisher Scientific (CA). ELISA kits for IL‐10, IL‐6, and TGF‐β were

obtained from Invitrogen (Camarillo, CA), BioLegend (San Diego, CA),

and R&D Systems (MN), respectively. Monoclonal antibodies against

mouse CD105‐APC (Cat number: 17‐1051‐82), CD73‐PE (Cat

number: 12‐0731‐82), CD90‐PE Cyanine (Cat number: 15‐0909‐
42), CD45‐FITC (Cat number: 11‐0451‐81), MHCII‐FITC (Cat

number: 11‐5321‐82), PE‐CD83 (Cat number: 12‐0831‐82) and

CD86 (Cat number: 12‐0861‐82) were obtained from eBioscience

(San Diego, CA). Monoclonal antibodies against mouse CD11c‐APC
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(Cat number: 550261) and CD40‐FITC (Cat number: 553790) were

purchased from BD Bioscience (Franklin Lakes, NJ). Fc blocking reagents

were obtained from BioLegend (San Diego, CA). Mitomycin‐C, PKH kit,

and ExoQuick‐TC kit were purchased from Kyowa (Tokyo, Japan),

Sigma‐Aldrich, and System Biosciences (Palo Alto, CA), respectively.

2.2 | Animals and protocols

Female C57BL/6 mice (6–8‐week old) were purchased from the

Pasteur Institute, Tehran, Iran. The animals were housed in

pathogen‐free and standard laboratory conditions. All experiments

in these studies were approved by the Shahid Beheshti University

guidelines for animal care (number of approval ethic committee:

IR.SBMU.MSP.REC.1395535).

2.3 | Culture of adipose‐derived MSCs

Murine adipose‐derived MSCs (AD‐MSCs) were isolated from

abdominal fat tissue C57BL/6 mice as previously described (Baghaei

et al., 2017). Briefly, C57BL/6 mice were euthanized with CO2; after

cutting the midline of the abdominal region and isolation the adipose

tissue, it was washed in the PBS and the extracellular matrix of tissue

was digested with type I collagenase. Then, homogenous tissue was

centrifuged and the sediment was cultured in DMEM (Gibco)

supplied with 10% FBS and penicillin–streptomycin 0.01% in

75 cm2 flask, at 37°C in 95% humidity and 5% CO2. Nonadherent

cells were removed by changing the culture medium twice a week.

After 2–3 weeks when the cells reached 80% confluency, they were

trypsinized and used for experiments.

2.4 | Adipogenic differentiation potential of MSC

To assay the differentiation of MSCs derived from adipose tissue,

cultured cells from the second passage were cultured in complete

media supplemented with indomethacin (100 mM), 3‐isobutyl‐
methylxanthine (0.5 mM), dexamethasone (250 mM), and insulin

(5 mM) for 21 days and then characterized with staining of Oil

Red O.

2.5 | Immunophenotyping of MSCs

After 2–3 weeks when MSCs reached 80% confluency, they were

passaged. Passage 2 MSCs were characterized by cell‐surface
expression using CD90‐PE Cyanine, CD45‐FITC, CD73‐PE, CD105‐
APC, and isotypes controls according to the manufacturer's instruc-

tions (all antibodies were purchased from eBioscience). Cells were

analyzed using a FACSCalibur flow cytometer (FACSCalibur; BD

Bioscience), and data was analyzed by FlowJo 7.6.1.

2.6 | Isolation and purification of MSCs‐derived
exosomes

After reaching 80–90% confluency, MSCs at passage 2 were

adapted to serum‐free culture by gradual reduction of serum

concentrations over a 2‐week period. After 48 hr, cell supernatants

were collected and, after filtering by 0.22 μm filters, the super-

natants were stored at −70°C and exosomes were isolated using an

ExoQuick‐TC kit according to the manufacturer's instructions. After

48 hr, cell supernatants were collected and exosomes were isolated

using an ExoQuick‐TC kit according to the manufacturer's instruc-

tions. Briefly, the cells were centrifuged at 3,000g for 15 min to

remove cells and cell debris. The supernatant was transferred to a

sterile vessel, and an appropriate volume of ExoQuick‐TC (1:5) was

added. The samples were mixed before incubation overnight at

+4°C for 24 hr. Exosomes were isolated by centrifugation for 30 min

at 1,500g.

2.7 | Exosome protein quantification

The protein content of purified exosomes was measured using a

BCA protein assay kit (Thermo Scientific Pierce) according to the

manufacturer's instructions. BSA standards or samples (25 µl) were

transferred to a 96‐well plate, to which 200 µl working reagent

(working reagent 50:1 ratio of assay reagents A and B) was added.

The plate was incubated at 37°C for 30 min, and then it was

analyzed with a spectrophotometer at 562 nm (MPR4+; Hiperion,

Roedermark, Germany).

2.8 | Dynamic light scattering of exosomes

The size of isolated exosomes was determined using dynamic light

scattering (DLS) using a Zetasizer Nano ZS DLS instrument (Malvern

Instruments, UK) as previously described (Martínez‐Gutierrez et al.,

2012). All experiments were performed in triplicate.

2.9 | Scanning and transmission electron
microscopy of exosomes

The shape and size of the isolated exosomes was assessed by scanning

electron microscopy (SEM; KYKY‐EM 3200). Briefly, 1 μg/ml of

exosome solution was left to dry on a glass slide for 24 hr, before

the surface was covered with a thin layer of gold and analyzed by SEM.

Experiments were carried out in triplicate.

For transmission electron microscopy (TEM), MSCs‐derived
exosomes were fixed in paraformaldehyde and glutaraldehyde.

Then, exosomes were loaded onto formvar/carbon‐coated
grids, contrasted with 2% uranyl acetate and examined by TEM

(Zeiss‐EM10C‐100 kV).
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2.10 | Induction of mouse BMDCs

The method for generating BMDCs was adapted from that described by

Lutz et al. (1999) with slight modifications. BM cells were isolated from

C57BL/6 mice femur and tibia and cultured in six‐well Petri dishes
(1 × 106 cells/well) in RPMI 1640 (Gibco) with 10% FBS (Gibco),

supplemented with recombinant mouse GM‐CSF and IL‐4 (both

20 ng/ml; PeproTech). On Day 6, nonadherent and loosely adherent

cells were harvested for analysis by flow cytometry (surface marker

expression). To prime DCs with exosomes, DCs were treated with

100 μg/ml exosomes on Day 6 of culture for 72 hr. On Day 8 of culture,

0.1 μg/ml LPS (Sigma‐Aldrich) was added to induce DC maturation.

The shape of DCs was examined using phase‐contrast micro-

scopy. The expression of DC surface marker was assessed by flow

cytometry using cells stained with CD11c‐APC, FITC‐MHCII, FITC‐
CD40, PE‐CD83, and PE‐CD86 with Fc blocking reagents.

2.11 | Uptake of labeled exosomes

To assay transfer of exosome into DCs, MSCs‐derived exosomes

were labeled with PKH67 dye (Sigma‐Aldrich) according to the

manufacturer's instructions. Briefly, the isolated exosomes were

incubated with the dye for 5min at room temperature, and the

labeling reaction was stopped by the addition of cold FBS (1X).

1 × 105 DCs (harvested at Day 6) were treated with 50 μl of PKH67‐
labeled exosomes. After 24 hr, PKH‐positive cells were detected by a

fluorescent microscope (Nikon, ECLIPSE80i).

2.12 | Evaluation of DC surface markers

To assess the effect of MSC‐derived exosomes on DCs, immature

DCs (iDCs) were treated with MSC‐derived exosomes for 72 hr. Flow

cytometry evaluation of DCs' surface markers, including CD11C,

MHCII, CD83, CD86, and CD40, was performed in the following

groups: iDCs (Ctrl), iDCs treated with 100 μg/ml MSC‐derived
exosome for 72 hr (Exo), mature DCs (LPS) treated for 24 hr with

0.1 μg/ml LPS, and iDCs treated with 100 μg/ml MSC‐derived
exosomes and 0.1 μg/ml LPS (Exo + LPS).

BMDCs were harvested from culture plates, centrifuged at 300g

for 5 min, and resuspended in FACS buffer. Cells were incubated in

the dark for 30min at 4°C with antibodies. Thereafter, they were

washed with washing buffer twice and determined in 10,000 cells by

Flow cytometry (FACSCalibur; BD Bioscience). The data were

analyzed by FlowJo software Version 7.2.2.

2.13 | Lymphocyte proliferation assay

To evaluate the ability of DCs in different groups to activate lymphocytes,

a lymphocyte proliferation assay was performed, as described previously

(Mortaz et al., 2009). Lymphocytes from the spleen of female BALB/C

mice were labeled with CFSE (Thermo Fisher Scientific) as before (Quah

& Parish, 2010). Briefly, lymphocytes were resuspended to 20× 106/ml in

RPMI 1640 medium enriched with 10% FBS at 20°C. A final

concentration of 5 μM of dye was added to 1ml aliquots of lymphocytes

and then mixed rapidly to ensure homogeneous labeling of cells. Cells

were incubated at 37°C for 15min and then washed three times with

PBS supplemented with 5% FBS. DCs from the different groups detailed

above (Ctrl, Exo, LPS, and Exo + LPS) were treated with 10 μg/ml

Mitomycin‐C for 40min and then cocultured with CFSE‐labeled
lymphocytes at 1:3, 1:10, and 1:30 ratios. The mixed cultures were

incubated for 72 hr in a 96‐well plate at 37°C and 5% CO2. Lymphocyte

proliferation was evaluated by flow cytometry for CFSE density.

CFSE‐labeled lymphocytes without any treatment and

CFSE‐labeled lymphocytes treated with 2% PHA (Gibco) were used

as negative and positive controls, respectively.

2.14 | Cytokine assay

Levels of mouse IL‐6 (BioLegend), IL‐10 (Invitrogen), and TGF‐β (R&D

Systems, UK) in DCs culture supernatants were quantified, on Day 9

of culture, by enzyme‐linked immunosorbent assay according to the

manufacturer's instructions.

2.15 | Statistical analysis

Experimental results are presented as mean ± standard error of the

mean. Results were tested statistically using an unpaired two‐tailed
Student's t test or one‐way analysis of variance, followed by the

Newman–Keuls test for comparing all pairs of groups. Analyses were

performed in Graph Pad Prism (Graph Pad Prism 4.0, CA). Results

were considered statistically significant when p < .05.

3 | RESULTS

3.1 | Characterization and differentiation potential
of AD‐MSCS

The shape of AD‐MSCs was examined after 7 days (Figure 1a) and

after 21 days in a supplemented adipogenic induction medium

(Figure 1b). MSCs became differentiated over this time frame as

confirmed by Oil Red O staining for lipid vacuoles (Figure 1b).

AD‐MSCs obtained at Passage 2 were positive for CD73, CD90, and

CD105 markers, and relatively negative for the hematopoietic stem

cell marker CD45 (Figure 1c).

3.2 | Developing mouse DCs from BM nuclear cells

The morphology of iDCs was assessed by phase‐contrast microscopy,

and cells demonstrated projections on Day 6 (Figure 2a). DC surface
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markers were detected by flow cytometry with iDC having low

cell‐surface expression of MHC class II, CD86, CD83, and CD40

(Figure 2b).

3.3 | Characterization of exosomes

DLS analysis indicated that the average exosome size was 90 nm

(Figure 3a). The spherical shape and size of isolated exosomes

(<100 nm) was confirmed by SEM (Figure 3b).

3.4 | Internalization of exosomes by DCs

To visualize the internalization of exosomes by DCs, exosomes

were labeled with a green fluorescent lipid dye (PKH67). DCs

were treated with PKH‐labeled exosomes, and they became

fluorescent after 24 hr. Phase contrast (Figure 3c) and fluores-

cent microscopy (Figure 3d) revealed that exosomes were

internalized by DCs.

3.5 | Microscopic morphology of DCs in various
study groups

Phase‐contrast microscopy was used to characterize the morphology of

DCs on Day 9. The iDC left as a control group (Figure 4a) or stimulated

with LPS for full maturation (Figure 4b), as demonstrated by the presence

of macropinosomes and cytoplasmic vacuoles. MSC‐derived exosome‐
treated iDCs showed the appearance of cytoplasmic veils on the surface

of cells and some cells displayed dendrite formation (Figure 4c). Combined

LPS and exosome‐exposed iDCs (Figure 4d) had characteristics of both

types of individually exposed cells.

3.6 | Effects of exosomes on DC phenotype and
maturation

Phenotype analysis examined the cell‐surface expression of CD11c,

MHCII (Figures 5a and 5e), the costimulatory molecules CD86

(Figures 5b and 5f), CD40 (Figures 5c and 5g), and the maturation

marker CD83 (Figures 5d and 5h). LPS treatment significantly

F IGURE 1 Characterization of adipose

tissue‐derived mesenchymal stem cells
(AD‐MSCs). Representative images and
flow plots of (a) spindle shape of AD‐MSCs

after 7 days as determined using
phase‐contrast microscopy (×200).
(b) Adipogenic differentiation after 21 days

was determined by Oil Red O staining
(×200). (c) Immunophenotyping of Passage
2 AD‐MSCs using flow cytometric analysis
of CD45, CD105, CD73, and CD90 staining
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enhanced the expression of MHC11 (111.2 ± 11.3 vs. 67.1 ± 9.1 MFI

units; p < .05; Figures 5a and 5e), CD86 (85.5 ± 5.8 vs. 52.9 ± 5.2 MFI

units; p < .05; Figure 5b and 5f), and CD40 (62.6 ± 8.9 vs. 28.4 ± 3.7

MFI units; p < .01; Figures 5c and 5g) but not of CD83 (56.2 ± 9.5 vs.

35.6 ± 5 MFI units; p = ns; Figures 5d and 5h), compared with iDCs.

Exosomes did not significantly affect the expression of these markers

(Figure 5). Although combined exposure of cells to exosomes and to

LPS resulted in a significant induction of MHCII (63 ± 7.1 vs.

111.2 ± 11.3 MFI units; p < .01; Figures 5a and 5e), there was no

significant induction of CD86 (Figures 5b and 5f), CD40

(Figures 5c and 5g), or of CD83 (Figures 5d and 5h), compared with

control cells. However, the effect of combined exosome/

LPS‐stimulation did not differ significantly from the effect of LPS

alone (Figure 5). Furthermore, when exosomes were added together

with LPS to iDCs on Day 6, their differentiation and maturation in

response to LPS did not significantly differ.

3.7 | Exosome‐treated DCs stimulate lymphocyte
proliferation

CFSE‐labeled splenic lymphocytes were cocultured with allogenic

BMDCs at DC:T cell ratios of 1:3 (Figure 6a), 1:10 (Figure 6b), and

1:30 (Figure 6c) for 72 hr. The MFI of CFSE indicates the opposite of

the lymphocyte proliferation rate. Exosome‐treated DCs significantly

attenuated lymphocyte proliferation at 3:1 (243.2 ± 7.4 vs. 41.2 ± 6

MFI units; p < .001), 10:1 (188.8 ± 17.8 vs. 36.9 ± 3.7 MFI units;

p < .001), and 30:1 (157 ± 18.6 vs. 31.4 ± 5.6 MFI units; p < .001)

ratios, with no difference in effect size, compared to LPS‐stimulated

DCs (Figure 6a–c). The presence of exosomes resulted in a reduced

effect of LPS on lymphocyte proliferation, which no longer reached

significance compared with control levels with exosome + LPS‐
exposed DCs at 3:1 (91.3 ± 5.9 vs. 41.2 ± 6 MFI units), 10:1

(88.5 ± 2.6 vs. 36.9 ± 3.7 MFI units), and 30:1 (86.7 ± 3.4 vs.

F IGURE 2 Morphology and phenotypic

characterization of DCs. Representative
images and flow plots of (a) morphology of
immature dendritic cells assessed by

phase‐contrast microscopy. The figure
indicates immature dendritic cells with
cytoplasmic veils appearing on their

surfaces. (b) Flow cytometric
immunophenotyping of DC using
antibodies against CD11, MHC11, CD86,
CD40, and CD83. DCs, dendritic cells
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31.4 ± 5.6 MFI units) ratios, compared with LPS‐stimulated cells

(Figure 6a–c).

3.8 | Cytokine production altered in
exosome‐treated DCs

To further characterize MSC‐derived exosome‐treated DCs, cell

culture supernatants from the different groups (Ctrl, Exo, LPS, and

Exo + LPS) were collected after 72 hr, and the levels of IL‐6
(Figure 7a), TGF‐β (Figure 7b), and IL‐10 (Figure 7c) were analyzed.

Compared with iDCs (Ctrl), exosome‐exposed DCs had no effect

on IL‐6 release (64 ± 1.5 vs. 61.4 ± 1.1; Figure 7a), but they

enhanced the release of TGF‐β (48.1 ± 5.6 vs. 392.9 ± 7.9;

p < .001; Figure 7b) and IL‐10 (75 ± 0.3 vs. 682.7 ± 31; p < .001;

Figure 7c).

In contrast, LPS‐stimulated cells had enhanced release of IL‐6
(284.7 ± 27.6 vs. 64 ± 1.5 pg/ml; p < .001; Figure 7a) and TGF‐β
(229 ± 12.8 vs. 48.1 ± 5.6 pg/ml; p < .01; Figure 7b) but decreased

production of IL‐10 (59.3 ± 2.2 vs. 75 ± 0.3 pg/ml; p < .001;

Figure 7c), compared with immature (Ctrl) DCs. Exosome + LPS‐
exposed cells had decreased release of IL‐6 (89.5 ± 3.4 vs.

284.7 ± 27.6 pg/ml; p < .01; Figure 7a) but increased secretion of

TGF‐β (341.2 ± 16.4 vs. 229 ± 12.8 pg/ml; p < .05; Figure 7b) and

IL‐10 (611 ± 29.3 vs. 51.3 ± 2.2 pg/ml; p < .01; Figure 7c), compared

with LPS‐stimulated cells.

F IGURE 3 Characterization of stem

cell‐derived exosomes and their uptake by
dendritic cells (DCs). The spherical shape
and size of isolated exosomes was

confirmed by (a) scanning and
(b) transmission electron microscopy.
(c) The average size of exosomes was

measured by dynamic light scattering to
show a single peak at 90 nm. Mesenchymal
stromal cell‐derived exosomes were
labeled with green PKH67 dye, and their

uptake by bone marrow‐derived DCs
determined by intracellular localization
was detected by (d) fluorescent

microscopy and (e) phase‐contrast
microscopy. Results are representative of
n = 3 independent experiments
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4 | DISCUSSION

In this study, we investigated the ability of MSC‐derived exosomes to

modulate CD11c+ DC function. We show that MSC‐derived
exosomes affect the release of TGF‐β, IL‐10, and IL‐6 from DCs,

with an effect on the expression of DC costimulatory markers or on

the ability of DCs to modulate lymphocyte proliferation. In contrast,

LPS‐induced DC maturity markedly enhanced expression of MHCII

and the costimulatory markers CD86 and CD40 but not of CD83.

LPS‐treated DCs also enhance lymphocyte proliferation and the

release of IL‐6 and TGF‐β. Exosomes, in the presence of LPS,

prevented LPS‐mediated induction of DC cell‐surface markers and of

IL‐6 expression but did not affect lymphocyte proliferation.

DCs have a critical role in the pathogenesis of most autoimmune

diseases, and both MSCs and MSC‐derived extracellular vesicles

(EVs) exert immunosuppressive effects on immune cells such as T

cells by different mechanisms (Favaro et al., 2016). EVs are cellular

products that carry specific paracrine signals that may reflect the

local cellular environment and may present therapeutic opportunities

(Del Fattore et al., 2015).

Our results confirm several previous studies where MSCs or their

supernatants have been shown to affect monocyte‐derived DC

differentiation and maturity. A murine study, which examined the

direct effects of MSCs on DCs, revealed that mature DCs cocultured

with MSCs had a significantly reduced expression of CD83,

suggesting a reversal towards a more immature phenotype. Mean-

while, decreased expression of presentation molecules (HLA‐DR and

CD1a) and costimulatory molecules (CD80 and CD86), and down-

regulated IL‐12 secretion were also observed. These results were

confirmed by Jung et al. (2007). The human study showed that after

activation of DCs with GM‐CSF and IL‐4, direct coculture with MSCs

strongly inhibited the early differentiation of monocytes into DCs,

but this effect was reversible (Jiang et al., 2005). Finally, the

allostimulatory ability of MSC‐treated mature DCs on T cells was

impaired (Jiang et al., 2005).

Park, Kim, Ryu, Woo, and Ryu (2015) investigated the effects of

murine tonsil‐derived MSCs (T‐MSCs) on the DCs and found that the

suppressive effect of T‐MSCs on DC function and on the downstream

induction of CD4+ lymphocyte proliferation and differentiation was

mediated by both direct contact or via soluble mediators such as GM‐
CSF, RANTES, IL‐6, and MCP‐1. Further evidence using mouse cells

indicated that cell–cell contact was not necessary for these effects as

coculture of mature DCs with BMSCs in a Transwell system also

reduced the expression of the CD83 maturation marker and that of

the CD80 and CD86 stimulatory molecules on DCs (Wang et al.,

2008). W. Zhang et al. (2004) studied the effects of human MSCs and

supernatants of their cells on the monocyte‐derived DCs. They

indicated that MSCs inhibited the expression of CD40, CD80, CD86,

and HLA‐DR during differentiation and increased expression of

CD40, CD83, and CD86 during maturation of DCs. MSC super-

natants have no effect on DC differentiation; however, they inhibit

the expression of CD83 in DC (W. Zhang et al., 2004). Several human

studies showed that MSCs and MSCs supernatants could suppress

the differentiation and maturation of DCs, and T‐cell proliferation
was inhibited in the presence of treated DCs (Deng et al., 2016).

Several studies indicate that MSC‐EVs are cell‐derived products

with potential therapeutic applications for the treatment of

immunological disorders (Bruno, Deregibus, & Camussi, 2015). A

human study suggested that membrane vesicles derived from MSCs

have an immunosuppressive effect on B lymphocytes. These

particles, due to their advantages in terms of standardization, safety,

and feasibility, should be further evaluated as immunosuppressive

F IGURE 4 The effect of exposure to

mesenchymal stromal cell (MSC)‐derived
exosomes (72 hr) and/or
lipopolysaccharide (LPS; 24 hr) on dendritic

cell (DC) morphology. Phase‐contrast
microscopy was used to characterize the
morphology of DCs following treatment

of control immature DCs (Ctrl) (a),
LPS‐treated DCs (b), MSC‐derived
exosome‐treated DCs (Exo) (c), and
Exo + LPS‐treated DCs (d). Results are

representative of n = 3 independent
experiments
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agents in place of the parent cells (Budoni et al., 2013). An additional

study investigated the ex vivo immunomodulatory effects of MSC‐
derived MVs towards antigen‐activated EAE mice lymphocytes. This

showed that MSC‐derived MVs significantly can inhibit autoreactive

lymphocyte activation, proliferation and induce lymphocyte‐derived
anti‐inflammatory cytokine secretion (Mokarizadeh et al., 2012).

A study using mouse and human samples revealed that MSC

exosomes are immunologically active and have the potential to reduce

an activated immune system through the induction of Tregs and anti‐
inflammatory cytokines (B. Zhang et al., 2013). Finally, in vitro

experiments characterizing the immunomodulatory effect of human

adipose MSCs‐derived exosomes (exo‐hASCs) on in vitro stimulated T

cells indicate that these exosomes may be beneficial therapeutically in

the treatment of inflammation‐related diseases (Blazquez et al., 2014).

High concentrations of human MSC‐derived EVs can drive immuno-

suppression of DCs (Favaro et al., 2016). These MSC‐derived EVs

penetrated into the DC to deliver surface receptors and other proteins as

well as functional mRNAs and miRNAs. These factors could mediate the

cell proliferation and immunomodulatory effects of EVs (Favaro et al.,

2016). A more recent study investigating the immunosuppressive effects

of human MSC‐EVs on T lymphocytes (Del Fattore et al., 2015)

determined that EVs derived from MSCs express galectin‐1 and PD‐L1,

F IGURE 5 The effect of mesenchymal stromal cell‐derived exosomes and/or lipopolysaccharide (LPS) on dendritic cell (DC) expression of
surface markers. The phenotype of immature DCs (Ctrl), MDC‐derived exosome (Exo)‐treated DCs, LPS‐treated DCs and Exo + LPS‐treated DCs
were assessed by flow cytometry. DC cells were gated by CD11c+ MHCII+, and then based on this gate, a histogram was drawn up.

Representative histogram shows the expression of MHCII (a). DC cells were gated by CD11c+CD86+, and then based on this gate, a histogram
was drawn up. Representative histogram shows the expression of CD86 (b). DC cells were gated by CD11c+CD40+, and then based on this gate,
a histogram was drawn up. Representative histogram shows the expression of CD40 (c). DC cells were gated by CD11c+CD83+, and then based

on this gate, a histogram was drawn up. Representative histogram shows the expression of CD83 (d). Bar graphs represent mean fluorescence
intensity (MFI; arbitrary units [AU] of fluorescence) ± SEM percentage expression of CD11c‐MHCII (e) and costimulatory molecules CD86 (f),
CD40 (g), and CD83 (h) in the various groups from n = 3 independent experiments. *p < .05, **p < .01. SEM, standard error of the mean
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both of which are expressed on the surface of mesenchymal cells (Del

Fattore et al., 2015). Whereas galectin‐1 induces apoptosis of active T

cells, PD‐L1 acts as an inhibitory molecule and induces the proliferation

and function of Tregs (Del Fattore et al., 2015).

These data suggest that investigating the composition of

MSC‐derived EVs may provide evidence for EV function. A recent

proteomic analysis of human MSC‐EVs revealed the presence of

938 proteins, including those associated with extracellular

matrix–receptor interaction, focal adhesion, and disease‐
specific pathways (Mardpour et al., 2019). Specific immune‐
related proteins, such as IL‐10, HGF, LIF, CCL2, VEGFC, CCL20,

CXCL2, CXCL8, CXCL16, DEFA1, HERC5, and IFITM2, were

present, which may help drive MSC‐EVs migration, regulate

immune cell interactions, and control inflammatory responses. A

comparison between the MSC‐EV transcriptome and proteome

identified nonoverlapping mediators, suggesting that greater

information about possible downstream effects of EV contents

would be obtained using multiomic integration methods (Fathi

et al., 2009). However, several studies suggest that EVs derived

from MSCs are less effective than the cells themselves, and the

biological effect of EVs may vary, depending on extracellular

microenvironment (Burrello et al., 2016).

Although the present study indicates that MSC‐derived
exosomes induce tolDCs, the exact protein or miRNA constituent

that mediates this effect needs to be resolved. Future studies

using RNA sequencing and proteomic analysis along with

CRISPR/Cas9 deletion screens or antibody blocking studies may

delineate the critical factors involved in the induction of tolDCs

by MSC‐derived exosomes. It is important to investigate how an

altered microbiota, exemplified by exposure to LPS and to

cytokines, affects exosomal content and release and subsequent

DC function.

In conclusion, the present in vitro study confirms that

MSC‐derived exosomes induce immature and mature DCs into a

tolerogenic DC population that has low expression levels of

costimulatory markers. They are capable of suppressing lymphocyte

activities, increasing secretion of IL‐10 and TGF‐β and decreasing

secretion of IL‐6.

F IGURE 6 The effect of mesenchymal stromal cell‐derived exosomes (Exo) and/or lipopolysaccharide (LPS) on dendritic cell (DC)‐induced
lymphocyte proliferation. Immature DCs (Ctrl), Exo (100 μg/ml)‐treated DCs, LPS (0.1 μg/ml)‐treated DCs, and Exo + LPS‐treated DCs were

treated with mitomycin‐C. Cells were then cocultured with carboxyfluorescein succinimidyl ester (CFSE)‐labeled splenic lymphocytes at ratios
of 1:3 (a), 1:10 (b), and 1:30 (c) for 72 hr. Data represent the mean fluorescence intensity (MFI; arbitrary units [AU] of fluorescence) ± SEM
triplicate value of CFSE intensity. *p < .05, **p < .01, and ***p < .001. SEM, standard error of the mean
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