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Abstract 

Background Rheumatoid arthritis is a chronic systemic autoimmune disease that involves transformation of the lin-
ing of synovial joints into an invasive and destructive tissue. Synovial fibroblasts become transformed, invading 
and destroying the bone and cartilage of the affected joint(s). Due to the significant role these cells play in the pro-
gression of the disease process, developing a therapeutic strategy to target and inhibit their invasive destructive 
nature could help patients who are afflicted with this debilitating disease. Gingival-derived mesenchymal stem cells 
are known to possess immunomodulatory properties and have been studied extensively as potential cell-based 
therapeutics for several autoimmune disorders.

Methods A chimeric human/mouse model of synovitis was created by surgically implanting SCID mice with a piece 
of human articular cartilage surrounded by RASF. Mice were injected once with either GMSC or GMSCExo at 5–7 days 
post-implantation. Histology and IHC were used to assess RASF invasion of the cartilage. Flow cytometry was used 
to understand the homing ability of GMSC in vivo and the incidence of apoptosis of RASF in vitro.

Results We demonstrate that both GMSC and GMSCExo are potent inhibitors of the deleterious effects of RASF. Both 
treatments were effective in inhibiting the invasive destructive properties of RASF as well as the potential for these 
cells to migrate to secondary locations and attack the cartilage. GMSC home to the site of the implant and induce 
programmed cell death of the RASF.

Conclusions Our results indicate that both GMSC and GMSCExo can block the pathological effects of RASF in this 
chimeric model of RA. A single dose of either GMSC or GMSCExo can inhibit the deleterious effects of RASF. These 
treatments can also block the invasive migration of the RASF, suggesting that they can inhibit the spread of RA 
to other joints. Because the gingival tissue is harvested with little difficulty, relatively small amounts of tissue are 
required to expand the cells, the simple in vitro expansion process, and the increasing technological advances 
in the production of therapeutic exosomes, we believe that GMSCExo are excellent candidates as a potential thera-
peutic for RA.
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Background
Rheumatoid arthritis (RA) is a chronic inflammatory 
autoimmune disease typically involving multiple joints in 
which the synovium becomes inflamed and hyperplastic 
[1]. This destructive invasive synovial pannus irreversibly 
destroys the articular cartilage and marginal bone, lead-
ing to significant disability if under-treated [1–4]. The 
availability of a variety of novel therapies combined with 
early recognition of the disease facilitates remission for 
many patients; however, there are still those patients who 
do not respond with such success or who develop severe 
side effects or a relapse of their chronic condition despite 
optimal initial control of the disease [5]. It is therefore of 
utmost importance to continue the search for therapeu-
tic interventions that can cure RA or, at a minimum, have 
a higher prevalence of long-lasting remission for most 
patients [6, 7].

There is a large body of evidence that suggests a cru-
cial role for activated synovial fibroblasts (RASF) in 
mediating both direct tissue injury and perpetuation of 
the complex disease process in RA [1, 8–12]. While it is 
well established that many cell types are involved in the 
pathogenesis of RA [13–16], RASF isolated from RA 
patients and maintained in vitro attack the articular car-
tilage and deeply invade and degrade the cartilage matrix 
independently of other cell types or inflammatory factors 
that are present in  vivo in the diseased tissue [17–20]. 
RASF have also been shown to migrate to other joint 
locations in vivo and invade and degrade cartilage simi-
larly to the primary site [21]. This evidence implicates 
RASF as a primary driver of joint destruction and the 
polyarticular nature of the disease; therefore, RASF are a 
potentially impactful target for the treatment of RA.

Human gingival-derived mesenchymal stem cells 
(GMSC) are promising therapeutic cell treatments for 
autoimmune diseases due to their immunomodulatory 
capacity [22, 23]. These cells are similar in their immu-
nomodulatory potential to their well-studied bone mar-
row-derived and adipose-derived mesenchymal stem cell 
counterparts but do not possess many of the negative fea-
tures associated with these other stem cell types as well 
as possessing several advantageous characteristics [24–
26]. In addition, the natural inflammatory microenviron-
ment from which GMSC are derived potentially confers 
stronger immunoregulatory capabilities as compared to 
these other mesenchymal stem cell types [27]. Others 
have demonstrated the ability of GMSC and exosomes 
derived from GMSC (GMSCExo) to suppress the del-
eterious in  vivo effects of the collagen-induced arthritis 
model in mice [27, 28]. The aim of this study was to test 
whether the destructive invasive effects of RASF in an 
in vivo chimeric humanized mouse model of RA could be 
modulated by treating with either GMSC or GMSCExo 

derived from healthy human subjects. In addition, we 
analyzed the effects of both GMSC and GMSCExo on the 
ability of RASF to migrate to secondary locations.

Our results indicate that both GMSC and GMSCExo 
are potent inhibitors of the deleterious effects of RASF. 
More specifically, a single dose of either treatment inhib-
ited the RASF from invading the cartilage at the primary 
implant site and inhibited the invasive migration of the 
RASF to the secondary cartilage implant. We also present 
evidence of a mechanism of action of these treatments 
via induction of RASF cell death. As clinical treatments 
for RA, exosomes derived from GMSC would be free of 
potential complications associated with cellular therapies 
and would not only have the potential to inhibit the pro-
gression of existing joint destruction by RASF but also 
stop them from spreading the disease to other secondary 
joint locations.

Methods
GMSC isolation
Human gingival tissue samples were obtained as rem-
nants of clinically healthy discarded gingiva follow-
ing routine periodontal gingivectomy procedures at the 
College of Dentistry, The Ohio State University, under 
an approved Institutional Review Board (IRB) protocol. 
Gingiva-derived mesenchymal stem cells were isolated 
and cultured as previously described [29]. Briefly, GMSC 
were liberated from the tissue by sequential digestion 
with 2  mg/mL dispase II overnight and then 4  mg/mL 
collagenase IV for 2 h and then cultured in alpha-mini-
mum essential medium (α-MEM) (Invitrogen, Carlsbad, 
CA, http:// www. invit rogen. com) supplemented with 10% 
fetal bovine serum (FBS) (Clontech Lab, Inc., Mountain 
View, CA, http:// www. clont ech. com), 100 U/ml penicil-
lin, and 100 μg/ml streptomycin (Invitrogen). Cells from 
the fourth to sixth passages were used in experiments.

RASF
Human synovial tissue or synovial fluid samples were 
collected from RA patients during synovectomy, arthro-
plasty, or arthrocentesis under an approved IRB protocol. 
Tissue samples were digested with 4 mg/mL collagenase 
IV for 1  h and then mechanically dissociated with the 
GentleMACS (Miltenyi Biotec, Gaithersburg, MD). The 
cell suspension was diluted in DMEM and placed in 
culture for 2  days after which non-adherent cells were 
washed out and RASF were expanded. Experiments were 
performed with RASF between passages 2 and 6.

Exosome isolation and characterization
Exosomes were isolated from GMSC culture condi-
tioned medium by ultracentrifugation as previously 
described [30]. Briefly, GMSC were cultured in exosome 

http://www.invitrogen.com
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free medium for 2–3  days, the culture medium was 
then centrifuged at 300  g for 10  min, and the superna-
tant was subsequently centrifuged at 2000 g for 10 min; 
then, the supernatant was centrifuged at 10,000  g 
for 30  min. The supernatant was then centrifuged at 
100,000 g for 70 min, and the pellet was washed with PBS 
and then centrifuged again at 100,000 g for 70 min. The 
exosomes utilized in these experiments were analyzed 
with a Nanosight NS300 and found to have an average 
size of 104.1 ± 5.5  nm and an average concentration of 
6.17 ×  107 ± 5.81 ×  106 particles/mL.

Chimeric synovitis model
Animals were group housed in Allentown NexGen IVC 
rack caging system (Allentown, NJ) on corncob bedding 
with a compressed cotton nestlet. Cages were autoclaved 
before use, irradiated feed (Envigo Teklad 7912) was pro-
vided ad  libitum and reverse osmosis, and chlorinated 
water was provided via automatic water valves. Cages 
were changed every 2  weeks in a biosafety cabinet, and 
light was provided on a 12:12 cycle. Inhaled isoflurane 
1–5% in 100% oxygen was used for anesthesia. Peri-
operative analgesia included an NSAID, either 0.1  ml 
meloxicam (0.5  mg/ml; 5  mg/ml Metacam (Boehringer 
Ingelheim) diluted in 0.9% sterile saline) SQ or ibu-
profen (100  mg/5  ml (Children’s Motrin) diluted 1:100 
in drinking water) for at least 3  days post-operative, 1 
drop of 0.25% bupivacaine (0.5% diluted 1:1 with sterile 
saline) along the skin incision before closure, and 0.05 ml 
Buprenorphine SR-LAB (0.5  mg/ml, ZooPharm) SQ 
once at the time of surgery. Hair was removed from the 
dorsal cervical and scapular region using Nair (Church 
& Dwight Co., NJ) and the surgical site prepared using 
three alternating rounds of chlorhexidine and alcohol. 
A surgical plane of anesthesia was determined via unre-
sponsiveness to a toe pinch, and surgery was performed 
using aseptic technique.

Surgery of female severe combined immunodefi-
ciency disease (SCID) mice was performed as previously 
described [18, 20, 21] with the following modifications. 
Human joint samples were obtained from osteoarthri-
tis patients undergoing joint replacement surgery at 
The Ohio State University, Department of Orthopedics, 
under an approved IRB protocol. The healthy articu-
lar cartilage/bone was cut away from the joint and then 
sliced into sections. Implants were assembled by insert-
ing a 1–2-mm3 piece of cartilage/bone into a gelatin 
sponge (Pfizer, New York, NY) measuring approximately 
3–5  mm3 which was wrapped in Bard surgical mesh (BD, 
Franklin Lakes, NJ) and sutured together. 5 ×  105 RASF 
in 50 μL sterile PBS or 50 μL of sterile PBS was then 
allowed to absorb into the sponge of the implants which 
were then stored in a humidified container at room 

temperature until implantation (< 4 h). Each SCID mouse 
received two implants via a single transverse interscapu-
lar incision of approximately 5  mm followed by blunt 
dissection; the implants containing RASF were subcu-
taneously implanted in the right flank, while implants 
containing only PBS were implanted in the left flank. The 
incision was closed with 7  mm or 9  mm wound clips, 
and the entire procedure lasted less than 30  min. Mice 
were monitored daily for at least 5  days post-operative, 
and any animals that became moribund were removed 
and not included in the analysis. Dehisced surgical sites 
were reclosed once, or animals were removed from study. 
After 5–7  days, mice were treated with either 5 ×  105 
GMSC or 3 ×  106 GMSC derived exosome particles via 
retro-orbital injection. Animals were euthanized via an 
overdose of carbon dioxide in accordance with the 2020 
AVMA Euthanasia Guidelines. Implants were harvested 
at 60  days post-surgery, and the cartilage was isolated 
from the other components of the implant. The cartilage 
was then fixed with 10% neutral buffered formalin and 
stored in 70% ethanol until being further processed for 
histology. 40X H&E-stained digital slide images of car-
tilage sections were visualized and depth of penetration 
was measured by using Aperio ImageScope v12.1.0.5029.

Histology and IHC
All samples were either processed at The Ohio State Uni-
versity, College of Veterinary Medicine, Histology/Immu-
nohistochemistry Core Lab, or at Histowiz (Brooklyn, 
NY) according to established protocols, and the resulting 
slides were scanned at 40X magnification.

Flow cytometry tracking of GMSC
GMSC were labeled with ViaFluor 405 (Biotium, Fre-
mont, CA) and then injected intraperitoneally into 
female SCID mice that had received one implant con-
taining cartilage and RASF 3 days earlier. Labeled GMSC 
were maintained in culture for the duration of the experi-
ment. The implants were harvested at 4  days, and the  
cartilage was isolated and digested in collagenase to 
release adherent cells. The cell suspension was ana-
lyzed on a BD FACSCelesta flow cytometer (BD, Frank-
lin Lakes, NJ), and data were analyzed by using FlowJo 
v10.8.1 (Ashland, OR).

The cultured ViaFluor 405-labeled GMSC were 
acquired on the cytometer on days 1, 2, 3, and 4 to track 
the fluorescence intensity of the dye over the course of 
the experiment to identify a positive cell gating strategy 
for the cells harvested from the implants on day 4.

In vitro co‑incubation of RASF with GMSC
RASF were labeled with ViaFluor 405 according to the 
manufacturers’ protocol, and then 5000 RASF were 
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plated per well in a 24-well plate. GMSC were labeled 
with CFSE, and then either 5000 or 500 GMSC were 
added to the appropriate wells of the 24-well plate. The 
cells were allowed to co-incubate for 3  days and were 
trypsinized, resuspended in AnnexinV binding buffer, 
stained with AnnexinV-APC (Biolegend, San Diego, CA), 
and then analyzed on a BD FACSCelesta flow cytometer. 
For the cell crosstalk experiment, the RASF were sepa-
rately labeled with ViaFluor 405, and the GMSC were 
labeled with ViaFluor 488. The cells were washed exten-
sively and incubated in complete media in suspension for 
1 h to ensure no residual dye reactivity was present. The 
cells were then added to a 24-well plate at the indicated 
ratios and cultured for 2 days. For the transwell incuba-
tion, the RASF were added to the bottom well, and the 
GMSC were added to the top transwell chamber accord-
ing to the manufacturer’s directions. The cells were cul-
tured for 2 days and were then collected and analyzed on 
a BD FACSCelesta flow cytometer.

Statistics
Data were analyzed with GraphPad Prism 9.4.0 (San 
Diego, CA) by using two-way ANOVA followed by Tuk-
ey’s multiple comparison testing. P-values < 0.05 were 
considered significant.

Results
To evaluate the effects of both GMSC and GMSCExo 
on the ability of RASF to invade and degrade cartilage, a 
chimeric mouse model was used (Fig. 1). Implants were 
assembled from a small piece of human articular carti-
lage which was inserted into an absorbent gelatin sponge 

and then wrapped in surgical mesh. Two implants were 
made for each mouse: one was hydrated with 5 ×  105 
RASF suspended in PBS, and one was hydrated with PBS 
alone. The implant containing the RASF was implanted 
subcutaneously in the right flank (primary implant) of a 
SCID mouse, and the cell-free implant with PBS alone 
was implanted in the left flank (secondary implant). The 
mice were allowed to recover from surgery and then 
were injected once with either GMSC or GMSCExo at 
5–7 days post-implantation. The implants were removed 
after 60 days for evaluation.

Previous reports have demonstrated the invasive 
nature of RASF in this model of synovitis [18–21]. Our 
studies recapitulated these invasive and destructive 
properties of RASF as seen in Fig. 2B. The black arrows 
indicate a rheumatoid pannus structure, as defined by 
an aggregate of cells forming on the surface of the car-
tilage with finger-like projections invading deeper into 
the cartilaginous tissue, which formed in 80% of the pri-
mary implants in the positive control mice. There was 
also extensive perichondrocytic invasion of the RASF as 
indicated by the blue arrows (Fig. 2B) that did not occur 
in the negative controls or the GMSC or GMSCExo 
treated mice. Figure  2F shows zoomed-in images of the 
pannus structures revealing the aggressive invasion and 
degradation of the cartilage by the RASF. This result did 
not occur when the implant contained negative control 
primary human dermal fibroblast cells (data not shown). 
In contrast to the positive control mice, none of the 
GMSC-treated mice developed a pannus structure. In 
GMSCExo-treated mice, 23% of the primary implants 
had pannus-like structures. The red arrows point to 

Fig. 1 Schematic overview of the chimeric mouse model of synovitis. Cartilage-sponge-mesh implants with or without RASF were implanted 
subcutaneously in the right (1°) or left (2°) flank respectively. Five to 7 days after the implantation surgery, the mice were retro-orbitally injected 
with GMSC or GMSCExo
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areas of minimal cell infiltration into the cartilage in the 
negative controls and the GMSC and GMSCExo-treated 
mice, but this phenomenon was very shallow and infre-
quent (Fig. 2A, C, D). Treatment of the mice with either 

GMSC or GMSCExo inhibited the invasiveness of the 
RASF (Fig.  2C, D). Measurement of the depth of inva-
sion revealed a highly significant inhibition of cartilage 
invasion by the RASF, similar to the negative control 

Fig. 2 GMSC and GMSCExo block RASF cartilage invasion in the primary implant. A H&E-stained negative control cartilage showing no RASF 
invasion. B H&E-stained positive control cartilage showing deep RASF penetration throughout the tissue including perichondrocytic degradation, 
blue arrows, and large pannus formation, black arrows. C H&E-stained RASF-treated and GMSC exosome-treated cartilage showing no RASF 
invasion. D H&E-stained RASF-treated and GMSC-treated cartilage showing no RASF invasion. E Invasion depth demonstrates very deep penetration 
of the cartilage when treated with RASF alone. Treatment with either GMSC or GMSCExo blocks the invasion of the primary implant (mean ± SE, 
n = 5 for RASF alone and negative control, n = 10 for RASF + GMSC, n = 13 for RASF + GMSCExo, ***p < 0.0002; ****p < 0.0001). F Close-up images 
of the pannus structures. G Serial sections of RASF alone (positive control) treated cartilage showing expression of human MMP-14
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(Fig.  2E) that did not contain any RASF and therefore 
did not demonstrate any pannus structure or cartilage 
degradation.

The RASF in the synovium of rheumatoid arthritis 
patients have been shown to produce matrix metallo-
proteinases (MMPs) which facilitate the breakdown of 
the articular cartilage [19]. MMP-14 is a type I trans-
membrane proteinase that is highly expressed on the cell 
surface of RASF in the joints of patients with RA and is 
considered a key enzyme that mediates cartilage inva-
sion of RASF in RA [31]. Therefore, to demonstrate that 
the cartilage-invading cells are of human origin and not 
mouse, we examined the expression of human MMP-
14 in the rheumatoid pannus structure and found that 
the majority of the invading cells highly express human 
MMP-14 (Fig.  2G). Because MMP-14 activity has been 
described as a dominant effector responsible for the deg-
radation and invasion of collagen-rich structures [31], 
we analyzed the effect of GMSC and GMSCExo on the 
MMP-14 activity of RASF in vitro in cultures treated with 
GMSCExo or GMSC in transwells. Incubation of RASF 
with GMSCExo significantly reduces MMP-14 activity by 
49%. In the presence of GMSC at a 1:1 ratio separated by 
Transwells RASF, MMP-14 activity was reduced by 30% 
(Supplemental Fig. 1).

RASF have been shown to migrate out of the primary 
cartilage implant and into a secondary cartilage implant 
[21]. This migratory capacity of the RASF is a possible 
mechanism by which the disease can start as monoar-
ticular but quickly becomes polyarticular [12]. The posi-
tive control shown in Fig. 3B demonstrates that not only 
is this result reproducible in our laboratory, but it is very 
robust. The RASF deeply invade the secondary cartilage 
implant that in most cases is approximately 2  cm away 
from the primary implant. In the positive control mice, 
the depth of penetration is no different from that of the 
primary implants (Fig.  3E—RASF alone 1° implant vs. 
RASF alone 2° implant). Interestingly, systemic treatment 
of the mice with either GMSC or GMSCExo inhibited the 
migration to and invasion of the RASF into the secondary 
cartilage implant (Fig. 3C, D). Measurement of the depth 
of invasion revealed a significant inhibition of RASF 
invasion into the secondary cartilage implant by both the 
GMSC and GMSCExo treatments (Fig.  3E). The RASF 
not only invade the cartilage from the exterior edges and 
form the pannus structure as demonstrated in Fig. 1, but 
they also invade into the chondrocytic voids of the carti-
lage tissue as shown in Fig. 3F.

We hypothesized that a possible mechanism of action 
by which the GMSC can inhibit the invasiveness and 
migratory action of the RASF was by homing to the pri-
mary site and directly interacting with the RASF. To test 
this hypothesis, SCID mice that received a single implant 

containing RASF were retro-orbitally injected with 
ViaFluor 405-labeled GMSC. After 4 days post-injection 
of the GMSC, the implants were harvested, digested with 
collagenase to liberate the cells, and the resulting cell 
suspension was analyzed by flow cytometry. The origi-
nal excess labeled cells were maintained in culture for the 
course of the experiment and analyzed in parallel to cre-
ate a gating strategy to identify positive cells in the in vivo 
experimental samples. In addition, two negative control 
mice were injected with unlabeled GMSC to establish a 
baseline for negative cells as well as to rule out any pos-
sible autofluorescent false positive cells. Five mice were 
tested in this scenario, and all five had ViaFluor 405-posi-
tive GMSC in the implant at time of harvest (Fig.  4A). 
Several other tissues were tested including blood, kid-
ney, liver, and lung. In addition to the cartilage implants, 
labeled cells were detected primarily in the lungs of the 
mice with very few labeled cells detected in the kidney 
and liver and nondetectable in the blood (Supplemen-
tal Table 1). This data indicates that the GMSC were not 
simply systemically circulating homogenously through-
out the mouse; indeed, they were enriched in the implant 
as compared to all of the other tissues tested. Labeled 
cells were detected in the lung at the next highest level to 
the implant, but considering that the cells were injected 
retro-orbitally, they would be in the circulation and get 
“trapped” in the lungs. The fact that the cells were not 
detected in the blood demonstrates that they did actually 
home to the implant where the cartilage destruction was 
occurring.

Since we were able to show that the GMSC can home 
to the primary site where the RASF were exerting their 
deleterious effects, we next wanted to determine how 
these stem cells could potentially inhibit the effects 
of the RASF. One possible explanation was that the 
GMSC were inducing programmed cell death (PCD) 
of the RASF. This would block both the cartilage inva-
sion and the migration of the RASF to secondary sites. 
To test this hypothesis, we first labeled RASF with 
ViaFluor 405 in vitro and co-incubated them at a 1:1 or 
10:1 ratio of RASF to GMSC in cell culture for 3 days 
and then measured the levels of AnnexinV positivity 
in the fluorescently labeled RASF by flow cytometry. 
The 1:1 ratio of RASF to GMSC led to a 76% increase 
in apoptotic cells as compared to RASF maintained 
in culture alone, whereas less GMSC at a ratio of 10:1 
RASF to GMSC had no effect on the rate of RASF PCD 
(Fig.  4B). Next, we wanted to determine if the GMSC 
were possibly exerting this PCD effect on the RASF 
via cell communication through exosomes since we 
had already shown that the exosomes derived from 
the GMSC were also effective at inhibiting the delete-
rious effects of the RASF in the in  vivo model. To do 
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Fig. 3 GMSC and GMSCExo block migration to and invasion of the secondary implant. A H&E-stained negative control secondary cartilage 
showing no RASF invasion. B H&E-stained positive control secondary cartilage showing deep RASF penetration throughout the tissue 
including perichondrocytic degradation, blue arrows. C H&E-stained secondary cartilage section from a RASF-treated, GMSC exosome-injected 
mouse showing no RASF invasion. D H&E-stained RASF-treated and GMSC-treated secondary cartilage showing no RASF invasion. E Invasion 
depth demonstrates very deep penetration of the secondary cartilage when treated with RASF alone. Treatment with either GMSC or GMSCExo 
blocks RASF invasion of the cartilage in the secondary implant (mean ± SE, n = 5 for RASF alone 1°, 2° and negative control, n = 10 for RASF + GMSC 
and RASF, n = 13 for GMSCExo, *p < 0.05; **p < 0.01). F Close-up image showing extensive perichondrocytic degradation in the RASF-treated 
secondary location
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this, we separately labeled the RASF with ViaFluor 
405 and the GMSC with ViaFluor 488 and then co-
incubated them in culture for 2  days. This was done 
in a direct cell–cell contact culture as well as in tran-
swells where the cells were not in direct contact. Our 
hypothesis was that if the GMSC were communicating 
with the RASF through exosomes, then the fluorescent 
label inside the GMSCExo would be transferred into 
the RASF and would be detectable via flow cytometry. 
Indeed, this was the case as is shown in Fig. 5A where 
the ViaFluor 488 signal was detectable in 11.8% ± 0.3% 
of the RASF in a culture with a ratio of GMSC to RASF 
at 1:1 at 48  h. Increasing the ratio of GMSC to RASF 
to 10:1 resulted in 30.3% ± 1.2% of the RASF becom-
ing positive (Fig.  5B). Separating the cells in culture 
by the use of transwells resulted in 6.7% ± 2.0% of the 
RASF containing the GMSC label when incubated at a 
ratio of 1:1 (Fig. 5C), while in the 10:1 GMSC to RASF 

ratio condition, 37% ± 1.7% of the RASF contained the 
GMSC label (Fig. 5D).

Discussion
RASF are one of the major cell types involved in the pro-
gressive joint destruction associated with RA and have 
been shown to effectively spread the disease from one 
joint to another [21]. This progressive pathology can lead 
to debilitating results for patients who do not respond to 
current therapies, and thus, RASF are a major focus of 
research as potential therapeutic targets because of the 
major role that they play in RA pathobiology [9, 17, 32]. 
Gingival-derived mesenchymal stem cells have emerged 
as potential cellular therapies for various autoimmune 
diseases because of their now well-characterized immu-
nomodulatory properties [22, 24, 27, 28]. In addition, 
exosomes derived from these cells have been shown 
to possess many of the immunomodulatory properties 

Fig. 4 GMSC home to the site of implantation and induce RASF PCD. A Histogram overlay showing the ViaFluor 405-positive cells harvested 
from the implanted cartilage in the 5 mice injected with labeled GMSC. Negative controls show no positive cells, while labeled GMSC maintained 
in culture show positive cells over the 4-day in vivo experiment. B In vitro experiment showing % RASF positive for AnnexinV. Co-incubation 
of RASF to GMSC at 1:1 ratio significantly increased the occurrence of AnnexinV-positive RASF, while a 10:1 ratio was no different from RASF alone 
(mean ± SE, n = 3)
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of their parent cells and are therefore potentially better 
therapeutics as they do not possess the negative charac-
teristics of other cell-based therapies [33]. Here, in a chi-
meric model of rheumatoid arthritis-induced synovitis, 
we have demonstrated that GMSC as well as exosomes 
derived from GMSC are promising therapeutics for the 
treatment of this debilitating disease.

The modulatory effects of the GMSC on RASF could be 
multiple including inhibition of MMP-14 activity, induc-
tion of cell death, reduction in proliferation, modulating 
the activated invasive phenotype via paracrine secretion 
of cytokines and chemokines, transfer of molecular cargo 
via exosomes, etc. The mechanism by which this occurs 
has not been completely elucidated; however, we present 
evidence that demonstrates several of these possibilities. 
The robust inhibition of both the invasion of RASF into 
the primary implant and the inhibition of the migration 
and invasion of the secondary implant by GMSCExo 
suggests that one of these mechanisms is the transfer of 
molecular cargo via exosomes. We have also established 
that GMSC will home to the site of cartilage implanta-
tion where the RASF reside and directly transfer their 
molecular cargo into the RASF. In addition, we show 
that when GMSC are co-incubated with RASF in  vitro, 

there is a significant reduction of MMP-14 activity which 
would reduce the ability of RASF to invade the cartilage 
tissue. There is also an increase in the rate of RASF PCD 
suggesting that this induction of RASF cell death is an 
additional mechanism of action whereby the GMSC are 
exerting their inhibitory effects in vivo.

The GMSCExo treatment was less effective than GMSC 
in inhibiting the formation of the pannus structure in 
the primary implant. The explanation could be multifac-
torial; however, the live GMSC will continually secrete 
exosomes once they home to the implant, while, in these 
experiments, a single dose of exosomes was used. There 
is a possibility that a combination of the GMSC mecha-
nisms of action is needed to be fully effective at blocking 
the formation of the pannus as GMSC are fully functional 
cells able to secrete exosomes, induce RASF PCD, and 
also potentially modulate RASF invasiveness via paracrine 
secretion of immunomodulatory factors. Interestingly, 
the depth of RASF invasion into the cartilage on aver-
age was not statistically significant between GMSC and 
GMSCExo for either the primary implant or the second-
ary implant which demonstrates that the potency of the 
exosome treatment is very close to the GMSC treatment.

Conclusions
Our results indicate that not only the GMSC themselves 
but also GMSCExo are able to block the pathological 
effects of RASF in this in vivo chimeric mouse model of 
the disease. We demonstrate that a single dose of either 
GMSC or GMSCExo can significantly inhibit the direct 
deleterious effects of RASF on cartilage in this model. 
In addition, these treatments were also able to block 
the invasive migration of the RASF, suggesting that they 
could potentially be used to treat patients that present 
with RA in the early phases of the disease process with 
a single or few joints affected and inhibit spreading to 
other joints, essentially blocking progression of the dis-
ease in its tracks. Because the gingival tissue is harvested 
with little difficulty, relatively small amounts of tissue 
are required to expand the cells, the fairly simple in vitro 
expansion process, and the increasing technological 
advances in the production of therapeutic exosomes, we 
believe that both GMSC and GMSCExo are excellent 
candidates for the treatment for RA.
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