
RESEARCH ARTICLE

Dendritic cell derived exosomes loaded with immunoregulatory cargo reprogram 
local immune responses and inhibit degenerative bone disease in vivo
Mahmoud Elashiry a, Mohamed M. Elashiryb, Ranya Elsayedc, Mythily Rajendranc, Carol Auersvaldc, 
Rana Zeitound, Mohammad H. Rashide, Roxan Arae, Mohamed M. Meghila, Yutao Liuf, Ali S. Arbabe, 
Roger M. Arceg, Mark Hamrickf, Mohammed Elsalantyh, Marshall Brendanf, Rafal Pacholczyki 

and Christopher W. Cutler c

aDepartment of Periodontics, Department of Oral Biology and Diagnostic Sciences, Dental College of Georgia at Augusta University, 
Augusta, GA, USA; bDepartment of Periodontics, Dental College of Georgia at Augusta University, GA, USA, Department of 
Endodontics, Faculty of Dentistry, Ain Shams University, Cairo, Egypt; cDepartment of Periodontics, Dental College of Georgia at 
Augusta University, GA, USA; dDepartment of Oral Biology and Diagnostic Sciences, Dental College of Georgia at Augusta University, 
Department of Fixed Prosthodontics, Faculty of Dentistry, Ain Shams University, Cairo, Egypt; eDepartment of Biochemistry & 
Molecular Biology, Georgia Cancer Center, Augusta, GA, USA; fDepartment of Cellular Biology and Anatomy, Medical College of 
Georgia at Augusta University, GA, USA; gDepartment of Periodontics and Oral Hygiene, School of Dentistry, The University of Texas 
Health Science Center at Houston, Houston, TX, USA; hMedical Anatomical Sciences, College of Osteopathic Medicine of the Pacific, 
Western University of Health Sciences, Pomona, CA, USA; iGeorgia Cancer Center, Augusta, GA, USA

ABSTRACT
Chronic bone degenerative diseases represent a major threat to the health and well-being of 
the population, particularly those with advanced age. This study isolated exosomes (EXO), 
natural nano-particles, from dendritic cells, the “directors” of the immune response, to examine 
the immunobiology of DC EXO in mice, and their ability to reprogram immune cells responsible 
for experimental alveolar bone loss in vivo. Distinct DC EXO subtypes including immune- 
regulatory (regDC EXO), loaded with TGFB1 and IL10 after purification, along with immune 
stimulatory (stimDC EXO) and immune “null” immature (iDCs EXO) unmodified after purifica-
tion, were delivered via I.V. route or locally into the soft tissues overlying the alveolar bone. 
Locally administrated regDC EXO showed high affinity for inflamed sites, and were taken up by 
both DCs and T cells in situ. RegDC EXO-encapsulated immunoregulatory cargo (TGFB1 and 
IL10) was protected from proteolytic degradation. Moreover, maturation of recipient DCs and 
induction of Th17 effectors was suppressed by regDC EXO, while T-regulatory cell recruitment 
was promoted, resulting in inhibition of bone resorptive cytokines and reduction in osteoclastic 
bone loss. This work is the first demonstration of DC exosome-based therapy for a degenerative 
alveolar bone disease and provides the basis for a novel treatment strategy.
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Introduction

Periodontitis (PD) is a chronic bone disease that affects 
over 50% of the U.S. population [1]. PD has been 
linked to increased risk of a number of other diseases 
with more serious mortality and morbidity profiles 
[2,3]. Histopathological studies of PD lesions implicate 
neutrophils as the first line of defence, which eventually 
turn against the host [4]. Severe PD lesions are infil-
trated with B cells, macrophages and dendritic cell 
(DC) clusters with CD4+T cells [5–8], the equivalent 
of ectopic lymphoid follicles [9,10]. 

The immune response can be shaped based on the 
maturation status of DCs [11]. Immature DCs (iDCs) 

can promote immune tolerance by induction of T cell 
anergy and regulatory T cell (Treg) response to termi-
nate inflammation [12–17]. Whilst mature DCs can 
direct a T-helper cell 17 (Th17) response to eradicate 
invading bacteria. Th17 effector T cells appear to play 
a bone degenerative role [13,18,19], while Tregs report-
edly attenuate inflammatory bone loss [20,21]. 
Restoration of Treg stability in PD patients by imple-
mentation of an anti-infective protocol correlates clo-
sely with clinical improvement [22], but as yet no 
effective immunomodulatory agent for PD has been 
identified.

The marked ability of DCs to direct the immune 
response has led to use of whole DCs, modified to be 
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tolerogenic genetically or with immunosuppressive 
cytokines, to suppress inflammatory disease in ani-
mals. However, immunomodulation using DCs or 
other immunosuppressive cells like Treg has some 
limitations, including rarity and phenotypic instabil-
ity of whole cells in vivo [23].

Targeting proinflammatory cytokines using inhibi-
tors of TNF and IL1B has shown therapeutic efficacy 
for treating inflammatory diseases. However, effects are 
short lived due to rapid clearance and proteolytic 
degradation in challenging inflammatory environ-
ment [24].

Extracellular vesicles (EV) of endosomal origin, 
called exosomes (EXO), can be isolated from DCs, 
and their small size (30–150nm) can optimize the 
delivery of this cargo to recipient cells. Moreover, 
DC EXO harbour unique proteins that shield them 
from attack by the complement system [25] and pro-
mote binding to tissue integrins [26]. DC EXO can 
also be loaded with cytokines or peptides using direct 
or indirect approaches [27–29]. Immunostimulatory 
cargo-loaded mature DCs EXO have been touted for 
anti-cancer benefits [30], while tolerogenic DC- 
derived EXO equipped with immunoregulatory cargo 
offer promise for treatment of autoimmune and 
inflammatory diseases [31].

The goal of the current study was to characterise the 
immunobiology of DC EXO subtypes in vitro and 
in vivo and their ability to reprogram immune cells 
responsible for inflammatory bone loss. After purifica-
tion, reg DC EXO were loaded with immuno- 
regulatory cytokines TGFB1 and IL10. These cytokines 
appeared localized on the EXO transmembrane 
domain and within the EXO lumen, where they were 
protected from proteolytic degradation. Both in vitro 
and in vivo studies show important role for EXO- 
encapsulated TGFβ and IL-10 in prevention of DC 
maturation; moreover, TGFβ1 was required for 
increased induction of CD25+Foxp3+T cells (Treg). 
Moreover, regDC EXO inhibited Th17 and decreased 

bone loss, further evidenced by decrease in Trap+ 
osteoclasts.

We conclude that DC EXO loaded with molecular 
cargo to modulate Th17/Treg balance is an effective 
immunotherapeutic approach to regulate degenerative 
bone disease in vivo in this model.

Material and methods

Ethics statement

The Institutional Animal Care and Use Committee 
(IACUC) of Augusta University (protocol # 2013–0586) 
approved all experimental procedures.

Generation and culture of iDCs, regDCs and 
stimDCs

Bone marrow was isolated from tibias and femurs of 6 – to 
8-week-old mice as previously described [32]. ACK cell 
lysing buffer was used to lyse contaminating erythrocytes 
(Invitrogen, Thermofisher scientific, and Columbia, SC, 
USA). Cells were cultured for 24 h in complete media 
(RPMI 1640 containing 10% FBS and 100 IU/mL penicil-
lin/streptomycin) to remove adherent macrophages. Non- 
adherent cells were then cultured in growth media, con-
taining 20ng/ml of murine GM-CSF and IL-4 (Peprotech, 
Rocky Hill, NJ, USA). Culture media was changed every 
2days and cells were harvested on day 6 and incubated for 
2days in EXO depleted complete media (by using EXO free 
FBS) to generate iDCs. To generate stimDCs, part of the 
harvested cells were cultured in fresh EXO depleted com-
plete medium containing 1ug/ml LPS (Sigma, St. Louis, M. 
O., USA) for 48h, and cells were harvested on day 8. To 
generate regDCs, DCs were cultured for 4days and har-
vested on day 5 for TGFB1/IL10 recombinant cytokines 
treatment in which, 1×107 DCs were incubated for 2hours 
with 1ug/ml TGFB1 (R&D Systems, Inc. Minneapolis, 
MN) and 1μg/mL of the recombinant murine IL-10 (Cell 
Sciences, Canton, Massachusetts) in total volume of 1mL 
serum-free media, then diluted 1:10 in fresh complete 
media for further incubation. On day 6, regDCs were 
harvested, washed and cultured for 48h in EXO depleted 
growth media and isolated on day 8. On day 8, culture 
supernatants were collected for EXO purification. Cultured 
iDCs, regDCs and stimDCs were defined by expression 
level of CD11c+ (N418) (Invitrogen), MHCII (M5/ 
114.15.2) (Milteny biotech Auburn, CA,USA) and CD86 
(GL1) (Invitrogen), by flow cytometry (Milteny biotech) 
and by level of pro/anti-inflammatory cytokine mRNA by 

Table 1. Cytokine and DCs maturation marker CD86 profile in 
DCs derived exosomes subsets.

regDCs exo iDCs EXO stimDCs EXO

TGFB1 + - -
IL10 + - -
IL6 - - +
TNF - - +
IL1B - - +
CD86 - + ++

+ Detectable 
- Below Detectable limit 
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PCR, including IL6 (Mm00446190_m1), IL12 
(Mm01288989_m1), IL23 (Mm00518984_m1), TGFB1: 
Mm01178820_m1 and TNF: Mm00443258_m1, 
(Thermofisher Scientific).

EXO isolation, purification and cytokine loading of 
regDC EXO

EXO isolation was performed as previously described 
[24]. Briefly, the DC culture supernatants was subjected 
to three successive centrifugations at 500g for (5 min), 
2000g for (20 min), and 10,000g for (30 min) to elim-
inate cells and debris, followed by ultrafiltration 3× 
with 0.2 um and 3× with 100 kDA filters (to remove 
free proteins) and ultracentrifugation for 1.5h at 
120,000g. To further remove excess free proteins, 
EXO pellets were washed with a large volume of PBS 
and ultra-centrifuged 2× at 120,000g for 1.5h, and 
finally re-suspended in 100 ul of PBS for further stu-
dies. In the case of regDC EXO, 1×109 particles were 
additionally actively loaded by sonication [27] with 5ug 
TGFB1 and 5 ug IL10 in 500 ul of PBS then filtered 3x 
by ultrafiltration with 100KDA filter to remove free 
proteins and washed 3× with large volume of PBS 
and ultra-centrifugation at 120,000g for 1.5h to further 
purify EXO from free molecules, and finally re- 
suspended in 100 ul of PBS. Supernatant of which 
regDCs EXO were suspended was isolated and checked 
for any contaminants by ELISA. The integrity of EXO 
proteins and loaded cytokines was assessed after soni-
cation using Western blot analysis (Fig. S1A). The size 
and zeta potential of sonicated exosomes was measured 
using Nano particle tracking analysis (Fig. S1B). EXO 
subtypes were quantified by nano-tracking analysis and 
a BCA protein assay. The yield of exosomes from their 
respective DC subtypes are as follows:

RegDCs EXO: approximately four vesicles per one 
cell per hour

ImDCs EXO: approximately five vesicles per one cell 
per hour

StimDCs EXO: approximately eight vesicles per one 
cell per hour

Characterization of DC-Derived EXO

Western blotting
EXO lysates were extracted to determine EXO markers 
and pro/anti-inflammatory cytokines by Western blot-
ting analysis using anti-TSG101 (MA1-23,296), anti- 
Alix (MA1-83,977), anti-CD63 (10628D) and GRP94 
(MA3-016) from (Invitrogen, Thermofisher scientific 
West Columbia, SC, USA), anti-MHCII (MABF33) 
from (Sigma, St. Louis, M.O.,USA), anti-IL1B 

(63,124), anti-TNF (11,948), anti-iL6 anti-TGFB1 
(3711) and anti-B-Actin (3700) from (Cell Signaling 
Technology, Danvers, MA, USA) and CD86 (AF-441- 
NA) and anti-IL10(MAB417) from (R&D Systems, Inc. 
Minneapolis, MN, USA)

Electron microscopy
As described previously [33] EXO samples were loaded 
onto a copper grid. After precipitation of EXO, the 
sample liquid was extracted and counter stained with 
2% phosphotungstic acid solution for 10min then 
placed under an incandescent lamp for 5 min. EXO 
sample was examined with TEM. Immune gold plating 
was done using anti-CD63, anti-TGFB1 and anti-IL10 
primary antibodies.

Nanoparticle tracking analysis
Nanoparticle tracking analysis (NTA) was used to 
visualize and quantitate size and count of nanoparticles 
in suspension. Briefly, as described previously [33–36], 
10 ul of EXO suspension was loaded into the sample 
chamber of ZetaView PMX 110 (Particle Metrix, 
Meerbusch, Germany). Data analysis was performed 
with software (ZetaView 8.02.28).

EXO miRNA microarrays
miRNAs were isolated from EXO using Total EXO 
RNA Kit (4,478,545, Thermofisher Scientific) accord-
ing to manufacturer’s protocol. The concentration of 
miRNA was determined using a NanoDrop spectro-
photometer (Thermo Scientific) and the quality of 
miRNA analysed using an Agilent 2100 Bioanalyzer. 
Analysis of miRNAs was performed using an 
Affymetrix GeneChip® miRNA 4.0 Array at the 
Integrated Genomics Core, Augusta University, GA. 
The P-value cut-off of 0.05 and the miRNAs with 
a fold change above 1.5 were considered differentially 
expressed. Bioinformatic analysis was performed using 
Ingenuity Pathway Analysis (IPA), and TargetScan 
software was used to identify computationally pre-
dicted miRNA-mRNA target relationships [37].

ELISA
EXO lysed with ELISA lysis buffer (#7018, Cell signaling) 
or intact were suspended in PBS and analysed according to 
the manufacturer, using ELISA kits for TGFB1 (BMS608- 
4) and IL10 (BMS614INS) both from (Invitrogen, 
Thermofisher scientific West Columbia, SC, USA)

EXO resistance to proteolytic digestion assay
RegDCs EXO and Free TGFB1 and IL10 with equiva-
lent concentration to those loaded to regDCs EXO 
were divided to trypsin or proteinase k treated at 37° 
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C with concentration of 25μg/ml for 60min and non- 
treated groups and subjected to Western blotting for 
TGFB1 and IL10 detection.

T-cell isolation
CD4+ T cells were isolated from mice spleens using 
negative selection with Mouse T-cell Enrichment Kit 
(#19,765) (Stem cell technologies, Cambridge, MA, 
USA). T-cell purity was assessed by flow cytometry 
analysis of CD4, CD3 and CD8 markers and were 
typically >95% pure.

EXO uptake invitro
For EXO uptake study in vitro, EXO labelled with Dil 
(D282, Thermofisher Scientific) were co-cultured with 
DCs or CD4+T cells for 24h. Cells were fixed and 
stained on glass slides with phalloidin (A12379) and 
DAPI (D1306) (Invitrogen, Thermofisher scientific 
West Columbia, SC, USA). The images were obtained 
by scanning confocal fluorescence microscopy.

Immune modulatory effect of EXO in vitro

DCs activation: The immune modulatory influence of 
EXO subtypes on acceptor DC was investigated by 
incubating 108/ml EXO in DC culture on day 5, fol-
lowed by harvesting on day 8 and measuring the 
expression of antigen presenting and maturation mar-
kers MHCII and CD86 by flow cytometry and mRNA 
level of proinflammatory cytokines including IL6, IL12 
and IL23. Analyses were performed in the presence or 
absence of DC stimulators/inhibitors including LPS 
and neutralizing antibodies against TGFB1 
(MAB1835, R and D) and IL10 (JES5-2A5, Thermo 
fisher scientific). Phosphorylation of TGB1 and IL10 
transcription factors and MHCII was assessed by 
Western blot using anti PSMAD2/3 (D6G10), anti 
SMAD2/3 (D7G7), anti PSTAT3 (D3A7), antiSTAT3 
(D3Z2G) and MHCII (MABF33) antibodies and 
GAPDH (D16H11) (Cell Signaling Technology, 
Danvers, MA, USA).

Antigen-presentation

T-cells specific for OVA antigen peptides were isolated 
from spleen of OT-II transgenic mice and stained with 
carboxyfluoresceine succinimydil ester (CFSE) (C1157, 
Thermo fisher scientific) followed by washing to 
remove excess free CFSE . 108/ml treated – (EXO 
added to DCs culture on day 5) or untreated (control) – 
DCs were incubated with OVA peptide (O1641, Sigma 
Aldrich) 1µg/ml for 24hours, then washed and co- 
cultured with CD4+T-cells, at a ratio of 1:10 DCs to 

T-cells in a 96 well round bottom plate and complete 
RPMI 1640, and incubated at 37° and 5% CO2 for 
5days. T-cell proliferation was assessed by % loss of 
CFSE in each generation by flow cytometry.

T-cell activation and differentiation

To stimulate Tregs or effector CD4+ T-cell prolifera-
tion, 96 round-bottom plate were coated and incubated 
overnight at 4° with 10µg/ml anti CD3 antibody. CFSE- 
stained T-cells were added with or without EXO 108/ml 
to the plate in complete RPMI 1640 media containing 
10µg/ml anti CD28 antibody and incubated at 37° and 
5% CO2 for 5days. In some experiments, TGFB1 and 
IL10 neutralizing antibodies were added. T-cell prolif-
eration was assessed by CFSE dilution using flowcyto-
metry analysis by gating on the CD4+ cells. Regulatory 
T-cells (Tregs) were identified by gating on double 
positive cells for FOXP3 (FJK-16s, Thermo fisher 
Scientific) and CD25 (PC61.5, Thermo fisher 
Scientific), in CD4+ (GK1.5, Thermo fisher 
Scientific), population while T-helper 17 induction 
was identified by measuring IL17 median fluorescent 
intensity in CD4 population by using anti IL7 
Antibody (eBio17B7, Thermofisher scientific), followed 
by flow cytometry. Supernatants were analysed for IL17 
by ELISA (BMS6001, Thermo fisher Scientific). 
Western blot was used to assess the expression of 
FOXP3 using antiFOXP3 (FJK-16s, Thermo fisher 
Scientific).

In vivo imaging of EXO biodistribution in murine 
periodontitis model

Induction of experimental periodontitis (PD) in mice 
model
This model was developed by ligation of the upper 
right second molar with black silk suture to accumulate 
bacteria and induce inflammation induced alveolar 
bone loss as described previously [38,39]. This model 
does not induce inflammatory bone loss in germ free 
animals and is thus dependent on the endogenous 
flora.

In vivo imaging: 1.5 to 2 mCi of Indium-111-oxine 
(AnazaoHealth Corporation, Tampa, FL, USA) in PBS 
was added to 200µl of exosomes particles (~2 × 109 

particles) and incubated at 37°C for 20minutes. Free 
indium was removed by repeated PBS washes through 
an Amicon ultrafiltration device. Collected In-111- 
labelled EXO were diluted to 200 µCi of radioactivity 
per dose and injected intravenously in tail vein or 
locally in palatal tissue in periodontitis mice model 
on day 3 relative to ligature placement. Control 
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animals received injection of equivalent activity of free 
Indium-111-oxine. Whole body and head single 
photon emission spectroscopy (SPECT) images were 
acquired by Mediso’s nanoScan microSPECT/CT sys-
tem ((Mediso, USA) at 24hours after injection, and 
images were reconstructed to determine radioactivity 
in maxilla and whole body. Radioactivity in maxilla was 
expressed in percent of activity in the whole body (total 
radioactivity). Maxilla were excised and ex vivo radio-
activity measurements were performed by gamma 
counter (Perkin-Elmer Packard Cobra II Auto- 
Gamma) [40].

EXO uptake in vivo in murine periodontitis models
For EXO uptake in vivo, Dil-labelled EXO were locally 
injected through palatal gingiva on day 3 relative to 
ligature placement. After 24 hrs, mice were sacrificed 
and gingival tissues from maxilla were removed and 
treated with Collagenase type II (2mg/mL) and DNase 
I (1mg/mL) (both from Sigma Aldrich) solution in PBS 
plus 2% FCS for 30min at 37°C in a shaker bath. 0. 
25μL of 0.5M EDTA per 2mL sample were added and 
incubated for an additional 15minutes, followed by 
centrifugation at 4°C, 400 × g for 8min in PBS with 
2% FBS. Supernatants were removed, cells were sus-
pended in PBS with 2% FBS and filtered through a 70- 
μm cell strainer and stained on glass slide with primary 
antibodies including antiCD11c (N418), antiCD4 
(GK1.5) and Secondary antibodies including Goat anti- 
Rat IgG, DyLight 488 (SA5-10,018) and Goat anti- 
Hamster IgG, Alexa Fluor 488 (A-21,110), all from 
thermofisher Scientific. Then slides were mounted 
with DAPI and images were captured by scanning 
confocal fluorescence microscopy.

Immune modulatory effect of EXO in vivo

The immunomodulatory functions of EXO in six experi-
mental groups were analysed. Group 1 received locally 
10 ul of phosphate buffer saline (PBS) (n=5). The other 
five groups of animals were subjected to ligation with 
5–0 silk to the upper left second molar to induce inflam-
matory bone loss. The contralateral molar tooth in each 
mouse was left un-ligated to serve as baseline control for 
alveolar bone volume measurements. The ligatures 
remained in place in all mice throughout the experimen-
tal period (nine days). Group 2 received ligation plus 
local administration of 10 ul of PBS (n=5), Group 3 
received ligation plus local delivery of 108 particles of 
regDCs EXO suspended in 10 ul PBS (n=5), Group 4 
received ligation plus local delivery of 108 particles of 
iDCs EXO suspended in 10 ul PBS (n=5), group 5 
received ligation plus local delivery of 108 particles of 

stimDCs EXO suspended in 10 ul PBS (n=5), and group 
6 received ligation plus 60 ng TGFB1 and 10 ng IL10 
which are equivalent concentrations to TGFB1 and IL10 
in regDCs EXO as determined by ELISA. The delivery of 
control PBS or EXO in all groups was performed at days 
−2, 0 and 2 relative to ligature placement. After 9days of 
ligature placement maxilla and gingival tissue were har-
vested, and gingival cells were isolated. Cells were stained 
with antibodies against CD3 (17A2), CD86 (GL1), 
CD11c (N418), CD25 (PC61.5),CD4 (GK1.5),Foxp3: 
(FJK-16s), IL17A (eBio17B7), all from Thermofisher 
Scientific and MHCII (M5/114.15.2, Milteny biotech), 
in order to identify DCs and their activation markers 
and T cells subsets infiltrating gingival tissue. Draining 
lymph nodes were excised and cells were isolated and 
stained with anti-CD4 antibody to determine frequency 
of CD4+T cells by flow cytometry.

Immunohistochemical (IHC) staining of gingival 
tissue
Tissue blocks were de-paraffinized, cut into 5 μ sections 
and mounted on slides. Antigen retrieval was done in 
water bath heating with citrate buffer PH6. IHC staining 
with DAB/peroxidase was performed using the following 
antibodies against the proteins indicated: MHCII 
(ab180779, Abcam, Cambridge, MA), CD86 (GL1), 
FOXP3 (FJK-16s), IL17 (PA5-79,470), RANKL (PA5- 
87,147), all from Thermofisher Scientific and TNF 
(SAB4502982, Sigma Aldrich). Multiple random micro-
photographs were taken for each gingival tissue in lamina 
propria region, at 40× objective lens using Zeiss micro-
scope (Zeiss AxioIma, Carl Zeiss Microscopy GmbH, 
Jena, Germany). Image-J software was used and 
a threshold was adjusted based on the negative control.

Micro-CT imaging and bone parameter analysis

Micro-CT imaging of maxillae was performed using 
a SkyScan 1272 microfocus X-ray system (SkyScan®, 
Kontich, Belgium) with software including NRecon 
reconstruction®, CTAn 1.8®, and CTvol. In this study, 
the X-ray source set at 70 kV and 100μA with the pixel 
size of 6μm, a 0.5-mm filter, and a tomographic rota-
tion of 180° (rotation step of 0.2°). Residual bone 
volume (BV, μm3) around second upper molars was 
quantified and 3-D models were generated with teeth 
auto traced in yellow while bone in white [39,41].

Periodontal tissue histology

Formalin-fixed maxillae specimens were decalcified 
with EDTA and embedded in paraffin. Sections were 
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stained with haematoxylin and eosin, to evaluate alveo-
lar bone loss at microscopic level.

Tartrate-resistant acid phosphatase staining 
(TRAP)

As described previously [42], TRAP staining for peri-
odontal tissue sections used Acid Phosphatase, 
Leukocyte (TRAP) Kit (387A-1KT, Sigma Aldrich) to 
quantify osteoclastic cells, revealed by light microscopy. 
Multinucleated osteoclasts in interproximal bone and 
furcation were counted blindly and osteoclast density 
was expressed as number of osteoclasts per square 
micrometre of bone using computer software 
(ImageJ) [42].

In vitro osteoclastogenesis assay

1x 105 EXO were co-cultured with murine CD4T cells 
in osteoassay 96 well plates (CLS3988, Sigma Aldrich) 
with 1×105 bone marrow cells and supplemented with 
50ng/ml of RANKL (ab129136, Cambridge, MA) and 
50ng/ml M-CSF (315–03, Rocky Hill, NJ, USA). The 
culture media was changed every 2days. On day 5 
TRAP staining was performed to detect multinucleated 
osteoclasts using Acid Phosphatase Leukocyte (TRAP) 
Kit (387A-1KT, Sigma Aldrich).

Flow cytometry and antibodies

Staining was performed on ice, with Flow Cytometry 
Staining Buffer (Thermofisher scientific). Blocking of 
FC receptors (FCR) was achieved with mouse FcR 
blocking reagent (Miltenyi Biotec) for 15minutes on 
ice and protected from light, followed by addition of 
fluorophore conjugated antibody at recommended 
concentration on ice for 30minutes, after which cells 
were washed, re-suspended in flow cytometry buffer 
and data was acquired using Milteny biotech machine 
and software.

Real time PCR

Total RNA was isolated from DCs in vitro and from gingi-
val tissue of the experimental groups used for in vivo studies 
using QIAGEN RNeasy mini kit (Qiagen, Inc., Valencia, 
CA, and USA). RNA concentration and purity were 
assessed with Nanodrop (NanoDrop 1000 UV-VIS 
Spectrophotometer Software Ver.3.8.1, Thermofisher 
Scientific). Ratio of 260/280 of 2.0 was deemed acceptable 
for further analysis, and was reverse transcribed to cDNA. 
Amplification by PCR was performed using the High- 
Capacity cDNA Reverse Transcription Kit and PCR in 

total reaction of 20μL. Quantitative real-time PCR was 
performed using TaqMan gene expression primers specific 
for IL6 (Mm00446190_m1), IL12 (Mm01288989_m1), 
IL23 (Mm00518984_m1), TGFB1 (Mm01178820_m1) 
and TNF (Mm00443258_m1) IL10(Mm01288386_m1), 
FOXP3 (Mm00475162_m1), CTLA4 (Mm00486849_m1), 
Rankl (Mm00441906_m1) and Beta Actin 
(Mm02619580_g1), all from Thermofisher Scientific. RT- 
PCR was run in StepOnePlus Real-Time PCR System. 
Relative gene expression was calculated using delta-delta 
CT and plotted as relative fold change.

Western blotting

Cells or EXO lysates were extracted by addition of 
RIPA buffer supplemented by protease/phosphatase 
inhibitor cocktail and incubation for 20minutes on 
ice. Proteins (10μg) were separated using 14% Mini- 
PROTEAN TGX Precast Protein Gel (Bio-Rad 
Laboratories, Hercules, CA), and transferred onto 
PVDF membranes (Sigma-Aldrich). After blocking 
with 5% non-fat dry milk in PBS, the membrane was 
incubated with primary antibodies, washed with TBST 
and incubated with HRP-conjugated secondary antibo-
dies for 1 h at room temperature. The membranes were 
developed using ECL kit and imaged using ChemiDoc 
MP Imaging Gel (Bio-Rad Laboratories, Hercules, CA).

Statistical analysis

Data analysis was performed by one-way ANOVA fol-
lowed by Tukey’s multiple-comparisons test or student 
T-test using GraphPad Prism 6 (GraphPad Software, La 
Jolla, CA). Values are expressed as mean ± standard 
deviation (SD) and experiments were done in 
triplicates.

Results

Generation and characterization of DC EXO 
subtypes prior to in vitro and in vivo functional 
testing.

EXO donor DC subtypes including immunoregulatory 
DCs (regDCs), immature DCs (iDCs), and immunostimu-
latory (stimDCs) were generated from bone marrow 
derived non-adherent cells of C57BL/6 mice, and pheno-
type and cytokine profiles characterized as follows: 
regDCs:CD11c +, low MHCII+, low CD86+, low CD80 
+and low CD40+, iDCs: CD11c+, intermediate MHCII+, 
intermediate CD86+, intermediate CD80+, intermediate 
IL6+, intermediate IL12+and intermediate IL23+and 
stimDCs: CD11c+, high MHCII+, high CD86+, high 
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CD80+, high IL6+, high IL12+and high IL23+. From these 
DC subtypes, EXO were purified, quantitated and correct 
size distribution (30–150nm) confirmed by nanoparticle 
tracking analysis (Figure 1A). Further characterization 
indicates predominant population of EXO, as determined 
by immunogold-CD63 TEM (Figure 1B), immunoblot for 
Tsg101 (component of Escort1 complex), CD81, B-actin, 
Alix (Escort Associated Protein) and EXO negative marker 
GRP94 (Figure 1C), as previously reported [43].

Additional active loading by sonication of regDC 
EXO with TGFB1 and IL10 was achieved, residual pro-
teins removed by further processing, and all DCs EXO 
subtypes analysed by immunoblot (Figure 1C) and 
ELISA (Figure 1D) revealing distinct molecular content 
of EXO subtypes as follows:regDCs (high TGFB1/IL-10, 
undetectable IL-6/TNF/IL-1B and CD86), iDCs (unde-
tectable TGFB1/IL-10, IL-6/TNF/IL-1B, low CD86) and 

stimDCs (undetectable TGFB1/IL-10, high IL-6/TNF/IL- 
1B and CD86) (Table. S1). The relative levels of TGFB1 
and IL-10 in both lumen and transmembrane domain of 
regDC EXO was determined as in materials and meth-
ods, and as shown in (Figure 1D and Figure 1E). Neither 
TGFB1 nor IL10 were detectable in iDC EXO and 
stimDC EXO, nor in the PBS supernatant of regDC 
EXO after isolation, ruling out soluble carry over. 
Higher magnification TEM of regDC EXO confirms 
ELISA data, with TGFB1 inside and attached to outer 
EXO membrane (Figure 1F). Sonication of the exosomes 
did not affect the stability of exosomal protein markers 
such as Alix, TSG101 and tetraspanin CD81 as shown by 
Western blot analysis (Fig. S1A). Furthermore, the soni-
cation did not influence the size or zeta potential of 
regDCs EXO as shown in Fig. S1B

Trypsin treatment of regDC EXO or free TGFB1/IL10 
with concentrations equivalent to those loaded to regDC 
EXO confirmed protection of cytokines from proteolytic 
degradation by encapsulation in EXO as shown by 
Western blotting (Figure 1G). To further examine the 
resistance of regDCs EXO to proteolytic degradation, 
proteinase-k was used, which is a more potent protease 
. Proteinase-K treatment showed complete degradation 
of the free TGFB1 and IL10 and surface EXO proteins 
like tetrasapanin CD81 and IL10 in regDCs EXO while 
TGFB1 was partially degraded suggesting protection by 
EXO (Figure 1G). Biogenesis of EXO involves invagina-
tion of late endosomes towards the lumen, forming 
multi-vesicular bodies (MVBs) wherein EXO are loaded 
with cargo [44,45]. The presence of TGFB1 and EXO in 
intraluminal vesicles of MVB for presumptive release was 
determined by immunogold-TEM in regDC (Figure 2A).

In addition to cytokines, EXO subtypes also contain 
miRNA and mRNA cargo that can influence functions 
of neighbouring cells [46]. Therefore, expression pro-
filing of miRNAs in DC EXO subtypes was performed 
(Figure 2B) revealing prevalence in regDC EXO of 
downregulated inflammatory miRNAs (blue), while 
stimDC EXO have upregulated inflammatory 
miRNAs. Of particular note in regDC EXO, is 18-fold 
downregulation of proinflammatory miR155-5p [47] 
and 2-fold upregulation in stimDC EXO. Among 
mRNAs analysed, IL6 is worthy of mention as it was 
upregulated only in stimDC EXO (Figure 2C).

RegDC EXO induce an immune regulatory effect on 
acceptor DCs mediated by TGFB1 and IL10 in vitro

Co-culture of Dil-labelled regDC EXO with iDCs con-
firmed EXO internalization by acceptor DCs in vitro as 
shown by confocal microscopy analysis. Images show 
Dil-EXO (red) internalized by recipient DCs 

Figure 1. RegDCs EXO protect encapsulated immunoregu-
latory cargo (TGFB1 and IL10) from proteolytic degrada-
tion. (A) Nano-tracking analysis to determine EXO number and 
size distribution in nm. (B) Transmission electron microscopy 
(TEM) to visualize EXO shape and immuno-gold TEM to detect 
EXO marker tetraspanin CD63, showing unstained (left) and 
positive staining (right)(arrows). (C) Western blotting to detect 
other EXO-related markers including CD81, TSG101, GRP94 and 
B-actin in donor DCs and EXO (left) and anti/pro-inflammatory 
cytokines including TGFB1, IL10, IL6, IL1B and TNF and the 
costimulatory molecule CD86 as well as EXO associated pro-
teins ALIX and TSG101 in DCs EXO subsets (right). (D) TGFB1 
and IL10 content of lysed EXO and in regDCs EXO supernatant 
by ELISA. (E) TGFB1 and IL10 content of non-lysed EXO (trans-
membrane domain) by ELISA. (F) Immunogold TEM to detect 
luminal and transmembrane TGFB1 in regDCs EXO. (G) regDCs 
EXO (left) or equivalent concentration of free TGFB1 and IL10 
(right) were treated with trypsin (upper panel) or proteinase-K 
(lower panel) and incubated in control buffer (1hour at 37°C) 
and analysed by western blotting to detect the levels of TGFB1, 
IL10 and exosomal markers TSG101 (upper panel) and CD81 
(lower panel).
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counterstained with phalloidin (green) (Figure 3A). 
Expression of co-stimulatory molecules required for 
T cell stimulation or maturation markers of acceptor 
iDCs were modulated by different EXO subtypes. This 
was evidenced by differential MHCII and CD86 
expression on DCs shown by flow cytometry analysis. 
While reg DCs EXO significantly inhibited maturation 
markers of acceptor DCs, as evidenced by decrease in 
% CD11c+ MHCII+ and CD11c+ CD86+ expression, 
compared to control, stimDC EXO had the opposite 
effect, increasing %CD11c+ MHCII+ and CD11c+ 

CD86+expression, with iDC EXO-treated DCs inter-
mediate of the two. (Figure 3B and Figure 3C). 
Cytokine profiling for IL-6, IL-12 and IL-23 mRNA 
further confirmed immuno-regulatory, – stimulatory 
or null phenotype of respective EXO (Figure 3D). 
iDCs co-cultured with DC EXO subtypes were analysed 
by immunoblot for activated transcription factors of 
IL-10 (pSTAT3) and TGFB1 (pSMAD2/3) signalling 
and total STAT3 and SMAD 2/3. RegDC EXO induced 
highest level of pSTAT3 and pSMAD2/3, consistent 
with TGFB-1 and IL-10-mediated signalling, respec-
tively. RegDC EXO induced lowest level of MHCII 
(Figure 3E).

To assess the integrity and stability of EXO during 
incubation for multiple days in culture media, we per-
formed immunoblot analysis of exosomal protein mar-
kers and loaded cytokines (TGFB and IL-10) in EXO 
after incubation in serum free culture media for 0, 1, 3, 
5 and 7days. Results indicate that the EXO marker, 
Alix and the anti-inflammatory cytokine IL10, were 
stable until day 1 followed by a subtle decrease over 
time. However, stability of CD81 did not seem to be 
influenced by incubation for longer times. TGFB-1 

showed stability at all time points (Fig. S2A). The size 
and zeta potential showed minimal changes (Fig S2B).

To determine the role of TGFB and IL-10 in inhibi-
tion of DC maturation by regDC EXO neutralizing anti-
bodies to TGFB1 and IL10 were added. Complete 
restoration of MHCII expression was achieved by neu-
tralization of both TGFB-1 and IL-10 while either one 
alone was not sufficient for restoration (Figure 3F). These 
results suggest the crucial role of both cytokines in the 
inhibition of acceptor DC maturation by regDC EXO.

RegDC EXO increase acceptor DC resistance to LPS 
mediated maturation and lower antigen presenting 
ability

RegDC EXO had the added capability to prevent 
Escherichia coli LPS-mediated maturation of iDCs, as 
evident by a significant decrease in MHCII (Figure 4A), 

Figure 2. LPS/inflammation induced miRNAs and mRNA are 
down regulated in regDCs EXO in vitro. (A) Colocalization of 
TGFB1 (back arrow) and EXO (red arrow) in multivesicular bodies 
in regDCs. (B) miRNA analysis of LPS/inflammation induced miRNAs 
in EXO. (C) IL6mRNA expression in EXO by PCR.

Figure 3. DC EXO uptake by acceptor DCs, with EXO sub-
type determining maturation and cytokine profile of 
acceptor DCs in vitro. (A) Uptake of Dil labelled EXO (red) 
by bone marrow derived DCs, counterstained with nuclear stain 
DAPI (blue), phalloidin (green) for cell membrane and visua-
lized under confocal microscopy. (B) Flow cytometry scatter-
grams showing % of (top panel) CD11c MHCII and (bottom 
panel) CD11c CD86 double positive cells in DCs treated or not 
treated with EXO (C) Bar graphs showing % of (left panel) 
CD11c MHCII and (right panel) CD11c CD86 double positive 
cells in DCs treated or not treated with each EXO subtype. (D) 
mRNA expression in DCs treated or not treated with EXO of IL6 
(left panel), IL12 (middle panel) and IL23 (right panel). (E) 
Western blotting analysis of levels of phosphorylation of 
TGFB1and IL10 transcription factors, SMAD2/3 and STAT3 
respectively and MHCII in DCs treated with or without EXO. 
(B) Flow cytometry scattergrams (top panels) showing % of 
double positive CD11c MHCII cells in DCs treated with or with-
out regDCs EXO in presence or absence of neutralizing anti-
bodies against TGFB1 and or IL10 and (bottom panel) 
representative bar graph. Results shown are representative of 
three independent experiments (* P<0.05 by one-way ANOVA 
followed by Tukeys multiple comparisons).
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CD86 (Figure 4B) expression shown by flow cytometry 
analysis and downregulation of mRNA level of IL-6 
(Figure 4C). The ability of DC EXO to regulate Ag- 
presentation in acceptor DCs was examined by prolif-
eration of splenic OVA-specific T cells in response to 
OVA-iDCs. OVA-specific Ag-presentation by DCs was 
significantly reduced by regDC EXO and increased by 
stimDCs EXO-treated OVA-DCs (Figure 4D).

RegDC EXO is also taken up by CD4T-cells 
inhibiting proliferation and promoting TGFb1 
mediated Tregs induction in vitro

Dil-labelled DC exo were co-cultured with splenic 
T cells to determine their ability to internalize DC 
exo. Scanning confocal microscopy revealed interna-
lized regDC EXO inside Tcells (Figure 5A). Only 
regDC EXO significantly increased TCR-driven Tregs 
(CD25/FOXP3+) induction, an effect that was abro-
gated by blocking TGFB-1 and not IL-10 using neu-
tralizing antibody as shown by flow cytometry (Figure 
5B and Figure 5C) and Western blotting (Figure 5D). 
These results suggest that TGFB-1 has a more domi-
nant role in regulating Treg induction. RegDCs EXO 
also suppressed anti-CD3/CD28 antibodies mediated 
T cell proliferation while stimDC EXO increased pro-
liferation in vitro (Figure 5E). StimDCs EXO were 
uniquely able to induce T-helper 17 cells, as measured 
by flow cytometry (Figure 5F) and ELISA (Figure 5G). 

To determine effects of T cells incubated with regDCs 
EXO on osteoclastogenesis, regDCs EXO-treated 
T cells were co-cultured with pre-osteoclasts, inhibiting 
osteoclastogenesis relative to non-EXO-treated control 
T cells, as demonstrated by TRAP staining (Fig. S3).

In vivo retention of DC EXO in gingival site of disease 
induction.
Initial in vivo studies focused on the bio distribution of 
EXO, 24hrs after IV or local palatal injection at the site 
of ligature-induced periodontitis (PD). Whole-body 
imaging in live mice of radiolabeled (In-111) DC 
EXO was performed using SPECT-CT. Control mice 
were administered equivalent activity of free In-111 by 
both routes. Free In-111 was rapidly cleared after IV 
administration, while In-111-labelled EXO were 
cleared slowly and bio distributed to spleen and other 
organs, but not maxilla (Figure 6A). In-111-labelled 
EXO administered in palatal maxillary tissue persisted 
at the site of experimental PD in maxilla, ostensibly 
from EXO adhesion to inflammatory integrins as 
reported [48], but also were observed in local lymph 
nodes. In contrast, free In-111 injected in the gingiva 
redistributed rapidly to other non-target extraoral body 
sites (Figure 6B). It should be noted that gingival 
injection of In-111-labelled EXO in inflamed diseased 
site yielded 10x higher radioactivity than injection of 
free In-111 (Figure 6C). Analysis of excised maxilla 
post-mortem also showed significant increase in radio-
activity in In-111-labelled EXO injected group com-
pared to free In-111, confirming in vivo SPECT-CT 
data (Figure 6D). Taken together, these data suggest 
higher retention of reg DC EXO in inflamed gingival 
tissue, where it persists exerting its action on resident 
immune cells leading to their reprogramming and 
modulation of immune response. 3D-video of In-111- 
labelled EXO biodistribution data are shown in Fig.S5.

Uptake of injected EXO by gingival DCs/T cells, with 
subtypes differentially regulating DC maturation and 
Treg-Th17 infiltration in vivo
Mice were injected in the palatal gingiva with buffer 
(no EXO), Dil-labelled regDC EXO, iDC EXO, stimDC 
EXO, or TGFB/IL-10 (at equivalent concentrations to 
those carried in regDC EXO) in buffer on days −2, 0 
and 2. Ligatures were placed on day 0 to promote 
bacterial accumulation and induce inflammatory alveo-
lar bone loss, as detailed in materials and methods. 
Negative control group received neither ligatures nor 
EXO, while positive control group received ligatures 
but no EXO. On day 9, animals were sacrificed and 
disaggregated gingival cells were analysed by confocal 
microscopy for association of labelled EXO with 

Figure 4. RegDCs EXO increase acceptor DC resistance to 
LPS mediated maturation and lower antigen presenting 
ability. Flow cytometry histograms showing in vitro influence 
of EXO subtypes on MHCII (A) and CD86 (B) expression on 
acceptor DCs challenged by LPS (left). Results presented as 
median fluorescent intensity measurements in representative 
bar graph (right). (C) IL-6 mRNA expression in acceptor DCs by 
PCR analysis. (D) Flow cytometry histograms showing prolifera-
tion of splenic ovalbumin specific CD4+T – cells, labelled with 
CFSE, after coculture with ovalbumin – pulsed DCs treated with 
or without EXO subtypes. Results shown are representative of 
three independent experiments (* P<0.05 by one-way ANOVA 
followed by Tukeys multiple comparisons).
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CD11c+DCs and CD4+T cells. Both DCs (Figure 7A) 
and T-cells (Figure 8A) are observed colocalized with 
EXO in situ. The influence of EXO on gingival DC 
maturation status was determined by flow cytometry 
analysis of MHCII and CD86 expression on isolated 
CD11c+DCs from 6 experimental groups. As observed 
in vitro, regDC EXO injected in vivo induced signifi-
cant decrease in MHCII and CD86 expression (Figure 
7(B, C)) on gingival DCs, further confirmed by immu-
nohistochemical staining for CD86 (Figure 7D and 
Figure 7E). Furthermore, only in the regDC EXO- 
treated group was a significant increase in Tregs and 
decrease in %CD4+IL-17+T cells observed (Figure 8(B, 
C)). Analysis of FOXP3, CTLA4 and IL10 mRNA 

further confirms the immunoregulatory influence of 
regDs EXO in situ (Figure 8C). Immunohistochemical 
analysis of gingival tissue in situ revealed higher posi-
tive staining for Foxp3 (Figure 8D) and lower positive 
staining for IL17 (Figure 8E) in regDC EXO + ligature- 
treated group in comparison to no EXO +ligature 
group. Due to observed bio distribution of labelled 
EXO to local lymph nodes, CD4+T cells were quanti-
fied in draining lymph nodes, revealing a significant 
decrease in frequency of CD4T-cells in regDC EXO- 
treated group (Fig. S4A and Fig. S4B). These data show 
that both in vitro and in vivo, regDCS EXO-mediated 
reprogramming of DCs and T cells towards an immune 
modulatory phenotype.

Differential regulation of local bone resorbing 
mediators and osteoclastic density by DC EXO 
subtypes
Analysis of mRNA in gingival tissues from experimental 
groups reveals a significant decrease in RANKL (Figure 
9A) and TNF (Figure 9B) in regDC EXO-injected group 

Figure 5. RegDCs EXO uptake by CD4T-cells, promoting 
TGFB1 dependent Tregs induction while stim DCs EXO 
induce T-helper17 response in vitro. (A) Uptake of Dil 
labelled EXO (red) by splenic CD4T-cells, showing DAPI- 
labelled nuclei, and phalloidin (green) labelled cell membrane, 
as visualized under confocal microscopy. (B) Flowcytometry 
scattergrams showing in vitro influence of EXO on induction 
of T-regulatory cells, as measured by % of double positive CD25 
and Foxp3 cells in gated CD4T-cell population, stimulated with 
antiCD3/CD28 antibodies. (C) Summary bar graph of flow cyto-
metry data. (D) Western blotting analysis of Foxp3 expression 
in acceptor CD4T-cells. (E) Flow cytometry analysis showing 
proliferation % of CFSE-labelled splenic CD4+T-cells, as 
expressed by histograms (left panel) and bar graphs (right 
panel), after stimulation with anti-CD3/CD28 in presence or 
absence of EXO subtypes. (F) Flow cytometry analysis of CD4 
+IL-17+T cells %, as expressed by histograms (left) and bar 
graph (right). (G) ELISA of IL17 expression in supernatant of 
T cells treated with EXO subtypes. Results shown are represen-
tative of three independent experiments (* P<0.05 by one-way 
ANOVA followed by Tukeys multiple comparisons).

Figure 6. Locally administrated exosomes showed higher 
affinity and slower clearance from periodontal tissues in 
inflammatory alveolar bone loss model. (A) SPECT CT live 
animal in vivo imaging of free In-111 (left) or In-111-labelled 
exosomes (right) in mice after 24h of IV administration. (B) 
Local delivery of free In-111 (left) or In-111-labelled exosomes 
(right) by injection in the palatal gingiva at the right side of 
maxilla was utilized. (C) Radioactivity in maxilla, relative to 
total, when free or bound to DC EXO, expressed as % deter-
mined using SPECT CT images. (D) Radioactivity in maxilla, 
relative to total, when free or bound to DC EXO, expressed as 
%, in post-mortem isolated maxilla, determined by gamma 
counter. Mice were subjected to ligature placement to induce 
inflammatory bone loss prior to imaging. Yellow arrows deline-
ate maxilla, white arrows liver, spleen and other non-oral sites.
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relative to other ligature-treated groups, including free 
TGFB/IL-10 group. Immunohistochemical analysis of gin-
gival tissue revealed lower positive staining for RANKL 
(Figure 9C) and TNF (Figure 9D) in regDC EXO + liga-
ture-treated group in comparison to no EXO + ligature 
group. TRAP staining of bone sections revealed significant 
decrease in osteoclastic density in regDC EXO-treated + 
ligature group, in comparison to other ligature-treated 
groups, while stimDCs EXO group showed particularly 
high TRAP staining (Figure 9E and F). These results pro-
vided evidence from cellular immune and histologic stand-
points, with putative mechanisms involved, that regDCs 
EXO would effectively inhibit inflammatory alveolar bone 
loss.

Regulation of ligature-induced alveolar bone loss by 
DC EXO subtypes
De-fleshed maxillae from EXO-treated and untreated 
mice were analysed for bone loss, volumetrically, using 
microCT. 3-D images of bone volume are shown 
(Figure 10A). Quantitative analysis confirms 35% 

bone loss induced by ligature-induced inflammation 
in the absence of EXO. Injection of regDC EXO 
reduced alveolar bone loss significantly (p<0.05), 
while stimDC EXO increased bone loss, with control 
immune null iDCs EXO and free TGFb/IL-10 inter-
mediate of the two (Figure 10B). The lack of efficacy of 
free TGFb/IL-10 emphasizes the importance of EXO 
encapsulation of cargo to protect it from proteolytic 
degradation (Figure 1G) and promote its persistence at 
diseased site (Figure 6). Histological sections confirm 
bone changes observed in volumetric microCT data 
(Figure 10C). These results further substantiate the 
hypothesis that regDCs EXO, loaded with TGFb and 
IL-10 reprogram the immune response and inhibit 
inflammatory bone loss.

Discussion

The role of Tregs in dampening inflammatory Th17 
responses, inhibiting autoimmune disorders, graft 

Figure 7. RegDCs EXO co-localize with gingival acceptor 
DCs, inhibiting maturation in alveolar bone loss model. 
DIL (Red) labelled EXO were injected into the palatal gingiva 
of the upper right second molar of inflammatory alveolar bone 
loss model at days −2, 0 and 2 relatives to ligature placement. 
At day 9 gingival tissues were harvested and dissected for cell 
isolation. Immunofluorescence labelling of cells was performed 
using Alexa Flour 488-labelled anti CD11c to identify dendritic 
cells, counterstained with nuclear stain DAPI and visualized 
under confocal microscopy. (A) Co-localization of EXO (red) 
with nucleus (DAPI) and dendritic cells (green). (B) Flow cyto-
metry analysis of MHCII+ cells % in CD11c+DCs gate (top 
histograms) and CD86+cells % in MHCII+ CD11c+DCs gate 
(bottom histograms) in gingival cells isolated from six tested 
groups. (C) Bar graphs of flow cytometry data from (B) showing 
statistically significant differences in the groups. (D) 
Representative immunohistochemical staining of CD86+pre-
sumptive DCs (arrows) in lamina propria of gingival tissue 
sections of (left) no EXO-treated +ligature and (right) regDCs 
EXO-treated +ligature groups. (E) Bar graph of immunohisto-
chemical staining data from (D) showing statistically significant 
differences in the groups. N=5 in each group; * P<0.05 by one- 
way ANOVA, followed by Tukeys multiple comparisons.

Figure 8. RegDCs EXO interact with gingival CD4T-cells, 
inducing Tregs and inhibiting Th17 recruitment in vivo. 
DIL (red) labelled EXO were injected into palatal gingiva of the 
upper right second molar at days −2, 0 and 2 relatives to 
ligature placement. At day 9 gingival tissue were harvested 
and dissected for cell isolation. Immunofluorescence labelling 
of cells were performed with Dylight 488 labelled-anti-CD4 
(green) to identify CD4-T cells and DAPI for nucleus and visua-
lized under confocal microscopy. (A) Co-localization of EXO 
with nucleus (DAPI) and CD4T-cell (green). (B) Scattergrams 
from flow cytometry analysis of CD25+Foxp3+Tregs % (top 
panels) and CD4+IL-17A+ Th17 cells % (bottom panels), 
gated on CD4+and CD3+lymphocytes, respectively, in the gin-
gival cells isolated from the six tested groups. (C) (Left) Bar 
graphs of CD25+Foxp3+Tregs % (upper panel) and CD4+IL-17A 
+ Th17 cells % (lower panel) in all groups from (B), and (Right) 
mRNA levels of (top) Foxp3, (middle) CTLA4 and (bottom) IL-10 
in: no EXO vs regDCs EXO-treated groups + ligature. 
Representative immunohistochemical staining and bar graphs 
of (D) Foxp3 and (E) IL-17A in lamina propria of gingival tissue 
sections of (left) no EXO-treated +ligature group and (right) 
regDCs EXO-treated +ligature group. White arrows delineate 
positive staining. N=5 in each group; * P<0.05 by one-way 
ANOVA, followed by Tukeys multiple comparisons.
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rejection and alveolar bone loss is previously reported 
[21,23,49–55]. However, there are no published reports 
of DC-derived EXO being used to reprogram the Th17 
mediated immune response to attenuate alveolar bone 
loss. EXO are naturally released from cells, and 
endowed with surface adhesion proteins that promote 
higher interaction and cellular uptake capacity, in com-
parison to other synthetic agents like liposomes and 
other nanoparticles which may be toxic [27,29,56,57]. 
Clinical trials have shown the feasibility and safety of 
DC-derived EVs administration in melanoma [58], 
non-small lung cancer [59] and advanced non-small 
lung cancer [60]. Other therapeutic applications 
include colon cancer [61] cutaneous ulcers, and 
mesenchymal stem cell derived EXO for type 
I diabetes mellitus [26]. Despite excitement of EXO 
therapy for a variety of human diseases, no published 
study to our knowledge has examined DC EXO as an 
immunotherapeutic agent for inflammatory alveolar 
bone loss. Our data suggest that TGFB1- and IL10- 
loaded DC EXO shield cytokines from proteolytic 
attack, are retained in periodontal tissues and taken 

up by DCs and T-cells in gingiva, modulating their 
phenotype and functions in vivo, resulting in inhibition 
of alveolar bone loss.

TGFB1 is an immunoregulatory cytokine with dif-
ferential effects on immune cells, including direct inhi-
bition of effector T-cell activation and proliferation, 
inhibition of maturation of DCs and macrophages 
and induction of T-regulatory cells [62,63]. IL-10 is 
also an immunoregulatory cytokine that inhibits 
immune cell activation and pro-inflammatory cytokine 
release that contribute to inflammatory bone loss such 
as TNF, IL6 and IL17 and RANKL [21]. Moreover, 
TGFB1 and IL-10 have synergistic regulatory effects 
[64,65]. Using antibody inhibition studies, we have 
shown the crucial role of TGFB-1 and IL-10 in the 
induction of regulatory immune response by regDCs 
EXO in vitro, with TGFB1 the dominant driving force 
for Treg differentiation (Figure 5(B, C)) while both 
cytokines are required for inhibition of DC maturation 
(Figure 3F). However, the exact mechanism of TGFB-1 
interaction with target cells remains to be fully 
understood.

Our data has shown that TGFB-1 is localized on the 
outer surface of the EXO as well as inside the EXO as 
shown by TEM and ELISA (Figure 1(D, E, F). The 
EXO-associated TGFB-1 was protected from degrada-
tion by trypsin and partially protected from proteinase- 

Figure 9. RegDCs EXO inhibit RANK-L, TNFa and TRAP+ 
osteoclast induction. mRNA expression of RANKL (A) and 
TNFa (B) in gingival tissue of ligature groups that received 
indicated EXO subtypes or no EXO. Representative immunohis-
tochemical stained sections and bar graphs showing expression 
of (C) RANKL and (D) TNFa in lamina propria of gingival tissue 
sections treated with no EXO + ligature or regDCs EXO + 
ligature. (E) Representative Trap+staining of periodontal tissue 
sections in EXO subtypes + ligature or no EXO and no ligature 
or ligature alone treated groups. (F) Bar graph showing quan-
tification of Trap positive multinucleated cell per bone surface 
area in interdental area, three slides per animal. N=5 in each 
group; * P<0.05 by one-way ANOVA followed by Tukeys multi-
ple comparisons.

Figure 10. RegDCs EXO inhibit, stimDC EXO promote 
inflammatory bone loss. (A) Representative microCT gener-
ated 3-D images of upper right maxilla with teeth. (B) Bar 
graphs of alveolar bone volume change % based on quantifica-
tion of the whole 3-D alveolar bone volume around 
upper second molar (ligature placement site) by micro CT 
and normalization to the measurement obtained from the 
contralateral side (no ligature) which served as baseline, fol-
lowed by normalization to the alveolar bone volume around 
the upper right second molar of group that did not receive 
ligature or exosomes (N=5 in each group; * P<0.05 by one-way 
ANOVA followed by Tukeys multiple-comparisons). (C) 
Histological sections showing distinct levels of alveolar bone 
in furcation area and interdental bone (arrows) of upper 
right second molar of tested groups.
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K. (Figure 1G). This may be due to the protective effect 
of double membrane on EXO for cytokines in its 
lumen, as well as three-dimensional structure of cyto-
kines [66] embedded in the transmembrane domain.

The interactions between reg DC EXO and acceptor 
cells are under intensive investigation in our labora-
tory. Two principal mechanisms, not mutually exclu-
sive, are proposed, involving EXO binding to cell 
surface receptors, stimulating downstream signalling 
of SMAD2 phosphorylation, as well as EXO internali-
zation by target cell where it unloads its cargo. A third 
mechanism could be through the slow release of 
TGFB-1 from the EXO to the extracellular matrix pro-
moting a paracrine effect on the recipient cell [66–69]. 
A recent study has shown that neutralizing TGFB-1 on 
the surface of EXO as well as blocking of TGFBR-1 
inhibited SMAD2 signalling [66], alluding to the 
importance of surface TGFB-1 in the function of 
EXO . This suggests that an initial interaction of EXO- 
associated TGFB with TGF-B1 receptor complex is 
paramount. The same study showed that the EXO 
facilitates the internalization of EXO-TGFB-1 receptor 
complex. Within the recipient cell, trafficking of the 
exosome occurs through endosomal translocation, 
rather than lysosomal degradation [66,69,70]. 
A recent study has localized EXO-associated TGFB1 
bound to its receptor within endosomal compartments 
[66] and not in lysosomal compartments, suggesting 
that EXO protect TGFB-1 from lysosomal degradation. 
The acidic endosomal compartments would then lead 
to the release of TGFB-1 bound to its receptor resulting 
in prolonged sustained SMAD2 signalling [66].

Another suggested mechanism is that after EXO 
internalization into the recipient cell, TGFB-1 released 
inside the cell is recycled and shuttled back to the cell 
membrane where it is secreted to act on the cell surface 
receptor in an autocrine manner [68]. These results 
collectively suggest that the mechanism of action of 
TGFB-1 bearing EXO on the recipient cells requires 
an initial interaction with the cell surface receptor. 
However, the internalization of EXO and its endosomal 
translocation are essential for a sustainable prolonged 
signalling. Further studies are required to unravel the 
exact mechanism of communication between EXO and 
recipient cell.

Unencapsulated TGFB1 and IL-10, injected into gingiva 
in buffer, did not induce Treg recruitment (Figure 8(B, C)) 
or inhibit inflammatory bone loss (Figure 10(A, B, C)). Free 
TGFB1 and IL-10 are likely cleared and degraded rapidly 
in vivo at the disease site. DC EXO prevent proteolytic 
degradation of EXO encapsulated cytokines (Figure 1G). 
Moreover, DC EXO persist at the disease site (Figure 6). 
DC EXO express a variety of adhesion molecules, 

tetraspanins, integrins and lectins that could promote 
inflammatory cell binding persistence at the inflamed site 
[70]. In the present study, three injections of regDC EXO 
were sufficient to inhibit in situ DC maturation (Figure 7), 
increasing Tregs and decreasing Th17 effectors locally 
(Figure 8) and attenuate inflammatory bone loss (Figure 
10). Evidence further documents the physical uptake of DC 
EXO by DCs and T-cells in vitro (Figure 3A and Figure 5A) 
and in vivo in gingival tissues (Figure 7A and Figure 8A). 
The mechanisms of EXO uptake by recipient DCs and 
T cells are critical determinants of the ensuing cellular 
response [45], and are thus being studied by our group 
outside the purviews of this work.

In a previous elegant approach to attenuate bone loss, 
CCL22-loaded synthetic micro-particles were injected to 
recruit gingival Tregs [21]. Distinct differences in our study 
included the use of DC-derived nanoparticles [45] to deli-
ver either anti-, or pro-inflammatory cytokine cargo to the 
site of disease, and assess its potential for predictable disease 
resolution or exacerbation. Moreover, alveolar bone loss 
volume in 3-D, was measured by microCT. Our study 
further traced the anatomical fate of DC EXO in whole 
live animals, revealing EXO distribution to spleen and 
other organs when injected by IV route, versus its persis-
tence in the gingiva upon local administration (Figure 6). 
Our findings are consistent with promising reports of DC 
EXO therapy for other inflammatory disease models, such 
as colitis and encephalitis, although adenovirus transfected 
DC EXO, that secrete TGFB1 were used. While mitigation 
of Th17 responses were commensurate with clinical 
improvement [71,72], use of adenovirus raises immuno-
genicity, toxicity and transformation concerns. The present 
study used recombinant TGFB1 and IL10, isolated from 
non-genetically modified DCs to passively and actively 
load EXO. StimDC EXO were not actively loaded with pro- 
inflammatory cytokines, but nonetheless enhanced Th17 
induction and inflammatory bone loss. The role of Th17 
effectors in bone degeneration is well established 
[13,22,73,74]. Here we show the mechanism involves 
downregulation of bone resorbing cytokines RANKL and 
TNF and reduction of TRAP+ osteoclasts in vivo (Figure 
9).We also showed that regDC EXO-treated T-cells could 
inhibit osteoclastogenesis in vitro (Fig. S3), suggesting their 
bone protective effect [75,76].

DC EXO contain other cargo including mRNA, miRNA 
and additional proteins that could influence recipient cell 
functions in vitro and in vivo. We therefore examined 
distinct miRNA profiles in DC EXO subtypes (Figure 
2B). Worthy of emphasis is miR155-5p, downregulated in 
regDC EXO, upregulated in stimDC EXO. Reported func-
tions of miR155-5p in recipient immune cells include 
increased induction of pro-inflammatory mediators and 
decrease in programmed death ligand-1 (PD-L1) [47]. 
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EXO-bound miRNAs are recognized as novel endogenous 
targets for therapeutic treatments [77]. Determining func-
tions of specific miRNA cargo in these DC EXO, including 
generation of mimics/anti-mimics is in planning stages.

The DC EXO subtypes used here contain 
a constellation of other surface bound and encapsu-
lated proteins coding and non-coding RNA that need 
to be definitively characterized so that we can better 
understand the immunobiology of DC EXO. Efforts in 
our laboratory are focused on LC/MS/MS characteriza-
tion of DC EXO proteins, identifying shared and 
unique pathways, biological processes and metabolic 
functions.

In summary, the feasibility and efficacy of DCs EXO 
loaded with anti-inflammatory cargo as a therapeutic 
approach to experimental degenerative bone disease was 
established. The immunologic mechanisms responsible for 
inhibition (or acceleration) of bone loss in this model was 
further delineated by using immuno-stimulatory and 
immune null DC EXO. A more targeted engineering 
approach, with defined surface proteins and molecular 
cargo into null DC EXO is in progress.
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