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TherapeuTic advances in 
Musculoskeletal disease

Introduction
Rheumatoid arthritis (RA) is one of the most 
common autoimmune diseases characterized by 
chronic synovitis which mainly involved in small 
joints, affecting up to 1% of the general popula-
tion worldwide.1 The repertoire of therapeutic 
drugs of RA has been growing in the past dec-
ades. The current treatment of RA consists of 
nonsteroidal anti-inflammatory drugs (NSAIDs), 
glucocorticoids, conventional disease-modifying 
antirheumatic drugs (cDMARDs), and biologic 
agents, among which cDMARDs has long been 
the major therapy.2 Actually, the past decades 
have witnessed tremendous innovations in RA 
therapy. On one hand, more and more potential 
druggable targets has been identified and devel-
oped, such as cells [e.g. B cells and fibroblast-like 
synoviocytes (FLS)], cytokines [e.g. tumor necro-
sis factor (TNF)-α, interleukin (IL)-1, IL-6, and 
granulocyte-macrophage colony-stimulating fac-
tor (GM-CSF)], signaling pathways [e.g. Janus 
kinase family (JAK), IL-1-receptor-associated 

kinase 4 (IRAK-4)], and epigenetic regulators 
(e.g. DNA methylation, histone modifications, 
and noncoding RNAs).3–6 On the other hand, the 
treat-to-target (T2T) strategy has been inten-
sively advocated in clinical practice, leading to the 
improved outcome of RA patients.7 However, 
despite the advent of novel biologic agents, 
increasing adverse events such as opportunistic 
infections preclude their broad application in 
clinic. Furthermore, a substantial proportion of 
patients remain resistant (or have limited effi-
ciency) to current treatments.8–10 Hence, more 
effective and safer therapies for RA are an unmet 
clinical need.

With the advancement of the research on the 
immunopathogenesis of RA and the progress of 
immunological techniques, cellular immunother-
apy represented by mesenchymal stem cells 
(MSCs) has attracted increasing attention.11,12 
Several preclinical and clinical studies have veri-
fied the efficacy and safety of MSC in RA, which 
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has been reviewed elsewhere.13–16 In addition, 
adoptive regulatory T cells (Treg) and chimeric 
antigen receptor (CAR)-T cells therapy also 
exhibit their application potential in a variety of 
autoimmune diseases including RA.17–19 This 
review summarizes current evidence in cell-based 
therapies for RA. The underlying mechanisms as 
well as the challenges in clinical application are 
also discussed.

Dysregulated immune homeostasis in RA
Dysregulation of various innate and adaptive 
immune cells, cytokines, and other regulatory 
mediators are involved in the progression of RA. 
Knowledge of the imbalance between the pro-
inflammatory mediators and anti-inflammatory 
mediators is vital for understanding the patho-
physiology of RA and designing new therapeutic 
strategies. It is well established that in active RA 
patients, the amount of peripheral T helper 17 
(Th17) cell and mRNA expression of its tran-
scription factor RORγt are significantly 
increased, compared with inactive RA patients 
and healthy people.20,21 The quantity of serum 
Th17 cells of RA patients is proved to be posi-
tively correlated with the disease activity score in 
28 joints (DAS28), C-reactive protein (CRP), 
and anticitrullinated protein antibodies 
(ACPAs), indicating the principal role of Th17 
cells in the inflammatory progression in RA.22 In 
comparison, peripheral Tregs and forkhead-box 
protein P3 (Foxp3), an indispensable transcrip-
tion factor driving the differentiation of Treg 
cells, decrease in RA patients, causing Th17/
Treg imbalance as well as an increase in disease 
severity.20 In a collagen-induced arthritis (CIA) 
mouse model, adoptive transfusion with Tregs 
reduced Th17 cells and alleviated both arthritis 
and bone destruction.23 Results from above 
studies validated that RA is a Th17-driven dis-
ease and Th17/Treg imbalance acts as a key fac-
tor in RA.24,25 Meanwhile, indirect evidence 
from previous studies reported that M1/M2 
macrophage ratio greater than 1 in RA is associ-
ated with higher erythrocyte sedimentation rate 
(ESR), CRP, and more osteoclasts which exert a 
critical role in bone resorption and joint destruc-
tion.26 A more recent study using new nanopar-
ticles has demonstrated highly effective in 
damping inflammation via inducing M1 mac-
rophage apoptosis and M2 macrophage polari-
zation, suggesting the M1/M2 imbalance might 
be another crucial pro-inflammatory mediator in 
the progression of RA.27

Both Th17/Treg imbalance and M1/M2 imbal-
ance give rise to dysregulation of numerous 
cytokines.28,29 Th17 and M1 macrophages in 
inflamed synovial tissue are the primary source of 
pro-inflammatory cytokines such as IL-1β, IL-17, 
IL-23, and TNF-α, which exacerbate the inflam-
mation as well as the joint damage.30 Among 
them, IL-17 and TNF-α display a critical impact 
on the pathogenesis of RA. IL-17 and TNF-α ini-
tiate the secretion of degradative enzymes such as 
prostaglandins E2 (PGE2), matrix metallopro-
teinase (MMP)-1, MMP-9, and cathepsin K, 
leading to cartilage destruction.1 Both cytokines 
induce the production of many other pro-inflam-
matory cytokines such as IL-1β, IL-6, and IL-8, 
which not only aggregate the degradation of 
extracellular matrix protein but also stimulate the 
formation of inflammatory microenvironment in 
the synovium via CXCL8/IL-8.31 In RA, bone 
absorption is closely associated with the imbal-
ance between excessive bone damage caused by 
osteoclasts and suppression of bone formation by 
osteoblasts.32 Accumulating evidence indicates 
that receptor activator for nuclear factor kappa-B 
ligand (RANKL) accelerates the formation of 
osteoclasts, resulting in severe bone erosion and 
cartilage degradation.33 IL-17 and TNF-α in syn-
ovial fibroblasts greatly enhance RANKL expres-
sion. In a RANKL transgenic mice model, a 
distinct reduction in bone mass was exhibited, 
caused by a rise in the osteoclast number.34 
Osteoclasts activated by IL-17 and TNF-α secrete 
SEMA4D to further suppress bone formation.35 
On osteoblasts, the Plexin-B1 binds SEMA4D 
and indirectly attenuates insulin-like growth fac-
tor-I (IGF-I) signaling that enhances osteoblast 
differentiation.35 To sum up, IL-17 and TNF-α 
promote bone erosion and inhibit bone forma-
tion. Notably, IL-17 also has the property of 
enhancing endothelial cell migration36 and the 
production of vascular endothelial growth factor 
(VEGF), prompting angiogenesis and pannus 
growth.37

On the contrary, studies have illustrated that 
serum anti-inflammatory cytokines such as IL-4 
and IL-5 in RA patients are remarkably lower 
than healthy people.38,39 IL-4 possesses both 
immunosuppressive and anti-osteoclastogenic 
role in the modulation of RA.40 In a murine CIA 
model treated with IL-4, a significant decrease in 
serum levels of rheumatoid factor (RF), CRP, 
antinuclear antibodies (ANA), and TNF-α was 
demonstrated.41 In addition, IL-9, IL-10, IL-13, 
IL-27, and IL-33 are all profound anti-arthritic 
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cytokines promoting resolution of inflammation 
via various manners, which were summarized in 
our previous work.39

MSC transplantation

Immunoregulatory effects of MSC
MSCs are stem cells that have the potential to 
regulate inflammatory processes and differentiate 
into mesenchymal lineages including osteoblasts 
and chondrocytes.42 MSCs are reported to gener-
ate a tolerogenic microenvironment by suppress-
ing various innate and adaptive immune cells.43,44 
Exerting strong immunomodulatory effects, 
MSC transplantation is currently viewed as a 
promising therapy for multiple diseases such as 
graft-versus-host disease (GVHD),45 inflamma-
tory bowel disease (IBD),46 and kidney injury.47 
The underlying mechanisms may attribute to sol-
uble factors produced by the MSCs and responses 
carried out by both innate and adaptive immune 
cells (Figure 1).

Activated MSCs promote IL-10 and indoleamine 
2,3-dioxygenase (IDO) expression, attenuating 
M1 macrophage function and supporting M2 
macrophage activation.48,49 This is further con-
firmed that exosomes isolated from MSCs 

significantly decrease the level of M1 macrophage 
marker inducible nitric oxide synthase (iNOS) 
and promote M2 polarization.50,51 CD1c+ den-
dritic cells (DCs) are tolerogenic DCs which pro-
duce high levels of IL-10 and suppress T-cell 
proliferation in an IL-10-dependent manner.52 
Umbilical cord-derived MSCs (UC-MSCs) are 
found to express FMS-related tyrosine kinase 
3-ligand (FLT3L), which promotes the produc-
tion and prevents the apoptosis of tolerogenic 
CD1c+ DCs; whereas knockdown of FLT3L in 
MSCs eliminates such effect, suggesting that 
FLT3L is indispensable for MSCs to exert immu-
nosuppressive function.53

In adaptive immune systems, MSCs inhibit effec-
tor T cells (Teff) and B cells and promote the 
capacity of Tregs. In a fulminant hepatic failure 
model, MSCs were found to increase the ratio of 
Tregs/Th17 and downregulate TNF-α, inter-
feron (IFN)-γ, IL-1β, and IL-6, restoring the 
anti-inflammatory state.54,55 MSCs mediate 
immunoregulatory responses partly by regulating 
DCs. Periapical lesions (PL)-MSC-developed 
DCs possess pro-tolerogenic properties and 
induce Tregs via IDO-1, immunoglobulin-like 
transcript (ILT)-3, and ILT-4.56 Apart from 
DCs, various soluble regulators contribute to the 
immunosuppressive effect of MSCs. TNF-α is a 

Figure 1. Immunoregulatory effects of MSC. MSCs generate an anti-inflammatory microenvironment by secreting soluble factors 
and mediating responses carried out by both innate and adaptive immune cells. In innate immune system, MSCs decrease the ratio 
of M1/M2 macrophages and modulate the phenotypes of DCs. In adaptive immune system, MSCs inhibit T cells and B cells while 
prompt Tregs and Bregs, restoring the balanced inflammatory setting.
MSC, mesenchymal stem cell.
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priming factor to trigger the immunomodulatory 
effect of MSCs. TNF-α in inflammatory setting 
stimulates the expression of intercellular adhe-
sion molecule (ICAM)-1, a pivotal regulator in 
MSCs. In models of IBD and GVHD, adminis-
tration of bone marrow (BM)-MSCs that over-
expressed ICAM-1 showed decreasing Th17 
and IL-17, and an increase in Tregs and tran-
scription of Foxp3.57,58 TNF-α-induced protein 
3 (TNFAIP3), an ubiquitin-modifying enzyme, 
participates in the maintaining of immune home-
ostasis and prevents autoimmune diseases.59 
TNFAIP3 in MSCs inhibits TNF-α generation 
and promotes IL-10 proliferation; whereas knock-
down of TNFAIP3 weakens the immunosuppres-
sive capacity of MSCs both in vitro and in vivo as 
indicated that inhibition of T-cell proliferation is 
reversed.60 In RA, MSC-derived exosomes are 
found to inhibit the activation of FLS, cells that 
exert a key role on the progression of RA, through 
miR-143-3p/TNFAIP3/NF-κB pathway, empha-
sizing the vital role of TNFAIP3.61 Moreover, 
hypoxia-inducible factor 1α (HIF1α) is a meta-
bolic regulator required for MSC. Silencing of 
HIF1α in MSC is found to increase the ratio of 
Th17/Tregs, associated with the metabolic altera-
tion and reduced immunosuppressive mediators 
like ICAM, IL-6, and nitric oxide (NO).62 In adi-
pose tissue-derived MSCs (AD-MSC), the level 
of MMP9 is increased. Interestingly, inhibition of 
MMP9 significantly diminishes the suppressive 
effect on Teff cells of AD-MSC, suggesting that 
MMP9 plays a critical role in the immunomodu-
latory activity of MSCs.63 Astonishingly, IL-17 
promotes immunosuppression rather than inflam-
mation in the presence of MSCs. In a concanava-
lin A-induced hepatitis mouse model, 
physiologically pro-inflammatory cytokine IL-17 
dramatically enhanced the immunosuppression 
of MSCs on Teff cells in an iNOS-dependent 
manner.64 Programmed cell death 1 ligand 1 
(PDL1) is a costimulatory molecule which exerts 
strong negative effects on immune responses.65 In 
a CIA model, the immunomodulatory function of 
MSCs was demonstrated to be highly related to 
PDL1 as blockage of PDL1 was associated with 
noticeable mitigation of MSCs-based immuno-
suppression. On the contrary, the immunosup-
pressive effect was enhanced when PDL1 was 
overexpressed.66 MSCs also restrict inflammatory 
responses via mitochondria. Adoptive transfer of 
MSC-derived mitochondria was proved to 
increase the expression of Foxp3, cytotoxic T 
lymphocyte associated antigen-4 (CTLA-4), and 
transforming growth factor-β (TGF-β), which are 

involved in Teff cells suppression. In a GVHD 
mouse model, MSC-derived mitochondria indi-
rectly led to significant reduction in tissue dam-
age by alleviating CD4+ and CD8+ T-cell 
infiltration.67 In addition, MSCs exert suppres-
sive function on B cells. In a study during which 
BM-MSCs and B cells were cocultured, prolifera-
tion of B cells was found to be inhibited by MSCs 
through a cessation in the G0/G1 phase of the cell 
cycle.68 MSCs also downregulate the function of 
B cells and induce the generation of regulatory B 
cells (Breg) which secrete IL-10.69 Besides, MSC-
derived extracellular vesicles (MSC-EVs) are 
indispensable for MSC-based immunosuppres-
sion, which convert immune cells to immunosup-
pressive phenotypes via the delivery of 
immunoregulatory miRNAs and proteins.70

Capacity of MSC in bone and cartilage 
regeneration
MSCs possess regenerative property to repair 
parenchymal tissue and organs through differen-
tiating into lineages of mesenchymal tissues, 
including MSC-osteoblast-osteocyte and MSC-
chondroblast-chondrocyte lineages.71 Increasing 
evidence have demonstrated that MSCs prompt 
bone regeneration, mineralization, and enhance 
bone healing.72 It has been proved that MSCs 
promote osteoblast differentiation and are able to 
repair both preclinical calvarial bone defects and 
clinical diseases like severe mandibular ridge 
resorption.73–75 MSCs foster a regenerative 
microenvironment by secreting a broad spectrum 
of paracrine factors including MSC-EVs.76 
MSC-EVs have been verified to enhance bone 
formation as shown in significantly increased 
osteogenic gene expression like type I collagen 
(COL I), alkaline phosphatase (ALP), osteocal-
cin (OCN), and osteopontin (OPN).77 In MSC-
EVs, the pro-osteogenic microRNAs such as 
miR-10b and miR-21 are increased, while the 
anti-osteogenic microRNAs like miR-31, miR-
144, and miR-221 are decreased.71 miR-135 is 
seen as another osteogenesis-related microRNA 
which is increased during the osteogenesis of 
AD-MSCs. miR-135 enhances the expression of 
bone markers and extracellular matrix calcium 
deposition through miR-135/Homeobox A2 
(Hoxa2)/Runx2 pathway, whereas the knock-
down of miR-135 blocks such processes. 
Exosomes isolated from BM-MSCs (BMSC-
Exos) also significantly enhance bone growth by 
promoting angiogenesis.78 Exosome mimetics 
(EMs) possess an intrinsic homing effect with 
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high stability. It has been demonstrated that EMs 
in MSCs could enhance osteogenesis via inhibi-
tion of miR-29a.79 Indian hedgehog (Ihh) signal-
ing pathway is a major member of endochondral 
bone development, which participates in the 
regenerative capacity of MSCs.80 MSCs that 
overexpressing Ihh possess a strong effect in pro-
moting bone repair and the chondrogenesis.81 
Pro-inflammatory cytokines in the inflammatory 
setting also promote osteogenesis. Activator pro-
tein 2a (AP2a) is found to promote differentia-
tion in MSCs by enhancing Runx2 activity. AP2a 
also targets and directly represses transcription of 
BARX1, a downstream gene of AP2a inhibiting 
osteogenic differentiation potential in MSCs, 
indirectly prompting bone regeneration.82 Special 
AT-rich sequence-binding protein 2 (SATB2) is 
a downstream effector of bone morphogenetic 
protein (BMP) signaling involved in osteoblast 
differentiation and bone regeneration.83 SATB2 
is found to enhance the expression of bone matrix 
proteins and osteogenic transcription factors in 
MSCs.84 Besides, MSCs effectively differentiate 
into osteoblasts and mineralize through IL-1/
Wnt-5a/Ror2 pathway, confirmed by enhanced 
ALP activity and expression of Runx2.85 In addi-
tion, MSCs indirectly promote bone regenera-
tion by inhibiting the function of osteoclasts. 
MSC-EVs suppress the formation of osteoclasts 
via osteoprotegerin (OPG)-RANKL-RANK 
signaling pathway, thus indirectly promote the 
formation of bone tissues.86

MSC transplantation in RA
Many preclinical studies indicated that in mouse 
models of CIA, treatment with MSCs obtained 
from various sources significantly alleviated syno-
vitis and bone erosion.87,88 It has been demon-
strated that human MSCs significantly attenuated 
inflammatory arthritis in CIA mice, with signifi-
cantly lower inflammation and erosion score.89 In 
CIA rats treated with MSCs, joint injury and 
inflammation were significantly improved and 
pathological changes were ameliorated, including 
lymphocyte infiltration, synovial hyperplasia, car-
tilage damage, joint destruction, and excessive 
formation of pannus in the ankles.90 MSC trans-
plantation also significantly downregulated the 
number of osteoclasts, IL-17 and TNF-α while 
enhanced the mRNA expression of IL-10 and 
TGF-β1 in the ankle joints.91 In another RA rat 
model, improvement of paw edema, RA score, 
cytokine assay, and antioxidant state was exhib-
ited in rats that received MSCs.92 Results from 

other experiments showed that MSC treatment 
alleviated signs of synovitis in CIA mice, reverting 
to the values of healthy rats. This was evident by 
the decrease in the levels of RF, CRP and 
ANA.41,92 Moreover, TNF-α and monocyte che-
moattractant protein-1 (MCP-1) levels decreased 
with MSC treatment. Similarly, gene expression 
data showed amelioration in mice receiving MSC 
therapy where cartilage oligomeric matrix protein 
(Comp), tissue inhibitor metalloproteinase-1 
(Timp1), MMP-1, and IL-1 receptor (Il-1r) gene 
expression levels decreased.41,93 MSCs were also 
shown to promote Treg differentiation and reduce 
Th17 differentiation.89 In CIA mice after MSC 
transplantation, studies also found that both the 
number and function of follicular helper T (Tfh) 
cells were downregulated, which are capable of 
assisting B cells for the production of high-affinity 
autoantibodies.94 MSCs can mediate T cell apop-
tosis via FasL/Fas pathway, resulting in immune 
tolerance and ameliorating the severity of CIA in 
mice.95 Micro-CT imaging confirmed that osteo-
porosis and bone destruction in rats were signifi-
cantly improved, and pathological analysis of the 
joint revealed that MSCs potentially inhibit syno-
vial hyperplasia and cartilage destruction in CIA 
rats.96

Also, several clinical studies have confirmed the 
safety and potential of MSCs on RA patients.97,98 
In clinical trials, MSCs transplantation has been 
proved to be safe and effective (Table 1). The 
administration of many sources of MSCs was 
shown to be well tolerated, without evidence of 
dose-related toxicity.99,100 After MSCs transplan-
tation, health assessment questionnaire (HAQ) 
and DAS28 of 1 and 3 years after treatment sig-
nificantly decreased.97,101 Levels of ESR, CRP, 
RF, and anti-cyclic citrullinated peptide (anti-
CCP) of 1 and 3 years after MSCs treatment were 
also lower in RA patients in various clinical tri-
als.97,102 Further study showed that the Treg/
Th17 ratio was increased in the MSCs therapy 
group, supporting that MSCs play important 
roles in regulating immune homeostasis in 
RA.103,104 MSCs can significantly inhibit T cells 
in RA patients and regulate the expression of 
cytokines in the pathophysiologic process of 
RA.105 After MSCs transplantation, patients 
showed improved immune balance as manifested 
by decreased IL-1β, IL-6, IL-8, and TNF-α and 
increased TGF-β1 and IL-10 levels.98,104,106 In a 
phase I clinical trial, plasma concentration of 
B-cell activating factor (BAFF) and a prolifera-
tion-inducing ligand (APRIL) in refractory RA 

https://journals.sagepub.com/home/tab


TherapeuTic advances in 
Musculoskeletal disease Volume 14

6 journals.sagepub.com/home/tab

Ta
bl

e 
1.

 C
ur

re
nt

 c
lin

ic
al

 tr
ia

ls
 w

ith
 M

SC
 tr

an
sp

la
nt

at
io

n 
in

 R
A

.

C
lin

ic
al

 tr
ia

l 
id

en
ti

fi
er

St
at

us
C

lin
ic

al
 

ph
as

e
D

at
e 

(s
ta

rt
-

co
m

pl
et

io
n)

C
ou

nt
ry

M
et

ho
ds

N
um

be
r 

of
 p

at
ie

nt
s 

en
ro

ll
ed

O
ut

co
m

e 
m

ea
su

re
s

R
ef

er
en

ce
s

N
C

T0
18

73
62

5
C

om
pl

et
ed

II/
III

20
09

–2
01

1
Ir

an
M

SC
60

P
ai

n,
 p

hy
si

ca
l a

ct
iv

ity
, w

al
ki

ng
 d

is
ta

nc
e 

an
d 

im
ag

in
g

Sh
ad

m
an

fa
r 

et
 a

l. 
10

0

N
C

T0
16

63
11

6
C

om
pl

et
ed

I/
II

20
11

–2
01

3
Sp

ai
n

A
D

-M
SC

53
A

E,
 s

er
io

us
 A

E 
an

d 
pr

op
or

tio
n 

of
 A

C
R

20
/

A
C

R
50

/A
C

R
70

A
lv

ar
o-

G
ra

ci
a 

et
 a

l.99

N
C

T0
15

47
09

1
C

om
pl

et
ed

I/
II

20
13

–2
01

4
C

hi
na

hU
C

-M
SC

 +
  

D
M

A
R

D
s

20
0

Sa
fe

ty
, R

A
 s

er
ol

og
y,

 D
A

S2
8 

an
d 

as
se

ss
m

en
t o

f p
ai

n
Q

i e
t a

l.97
, W

an
g 

et
 a

l.10
1 , 

 
W

an
g 

et
 a

l.10
3

N
C

T0
18

51
07

0
C

om
pl

et
ed

II
20

13
–2

01
7

U
ni

te
d 

St
at

es
M

P
C

s
48

Sa
fe

ty
 a

nd
 e

ff
ic

ac
y

ht
tp

s:
//

cl
in

ic
al

tr
ia

ls
.g

ov
/c

t2
/s

ho
w

/
N

C
T0

18
51

07
0?

te
rm

=N
C

T0
18

51
07

0
&

dr
aw

=2
&

ra
nk

=1

N
C

T0
19

85
46

4
U

nk
no

w
n

I/
II

20
13

–2
02

0
P

an
am

a
U

C
-M

SC
20

A
E,

 C
R

P
, E

SR
, a

nt
ic

itr
ul

lin
e 

an
tib

od
y,

 R
F,

 
H

A
Q

, D
A

S2
8,

 E
U

LA
R

ht
tp

s:
//

cl
in

ic
al

tr
ia

ls
.g

ov
/c

t2
/s

ho
w

/
N

C
T0

19
85

46
4?

te
rm

=N
C

T0
19

85
46

4
&

dr
aw

=2
&

ra
nk

=1

N
C

T0
22

21
25

8
C

om
pl

et
ed

I
20

14
–2

01
5

K
or

ea
U

C
-M

SC
9

Sa
fe

ty
P

ar
k 

et
 a

l.10
6

N
C

T0
26

43
82

3
U

nk
no

w
n

I
20

16
–2

01
7

C
hi

na
hU

C
-M

SC
 +

  
D

M
A

R
D

s
40

Se
ve

ri
ty

 o
f A

E,
 R

A
 s

er
ol

og
y 

an
d 

D
A

S2
8

ht
tp

s:
//

cl
in

ic
al

tr
ia

ls
.g

ov
/c

t2
/s

ho
w

/
N

C
T0

26
43

82
3?

te
rm

=N
C

T0
26

43
82

3
&

dr
aw

=2
&

ra
nk

=1

N
C

T0
33

33
68

1
C

om
pl

et
ed

I
20

16
–2

01
8

Ir
an

B
M

 -
M

SC
15

P
er

ce
nt

ag
e 

of
 T

re
gs

G
ho

ry
an

i e
t a

l.98
, G

ho
ry

an
i e

t a
l.10

2  
G

ow
ha

ri
 e

t a
l.10

7

C
hi

C
TR

-
O

N
C

-1
60

08
77

0
C

om
pl

et
ed

I
20

16
–2

01
8

C
hi

na
hU

C
-M

SC
50

D
A

S2
8,

 H
A

Q
, C

R
P

 a
nd

 E
SR

Ya
ng

 e
t a

l.10
4

N
C

T0
30

67
87

0
N

ot
 r

ec
ru

iti
ng

I
20

16
–2

02
2

Jo
rd

an
B

M
-M

SC
10

0
VA

S,
 p

hy
si

ca
l a

ct
iv

ity
 a

nd
 r

es
ur

fa
ci

ng
 o

f 
ar

tic
ul

ar
 c

ar
til

ag
e

ht
tp

s:
//

cl
in

ic
al

tr
ia

ls
.g

ov
/c

t2
/s

ho
w

/
N

C
T0

30
67

87
0?

te
rm

=N
C

T0
30

67
87

0
&

dr
aw

=2
&

ra
nk

=1

C
hi

C
TR

-
IN

R
-1

70
12

46
2

C
om

pl
et

ed
I/

II
20

17
–2

01
8

C
hi

na
hU

C
-M

SC
 +

  
IF

N
-γ

30
D

A
S2

8,
 H

A
Q

, C
R

P
, E

SR
, T

re
g,

 T
h1

7,
 a

nd
 

IF
N

-γ
H

e 
et

 a
l.10

8

N
C

T0
37

98
02

8
U

nk
no

w
n

/
20

17
–2

02
0

C
hi

na
U

C
-M

SC
25

0
H

B
G

, F
VC

, o
r 

D
LC

O
, o

r 
al

l t
hr

ee
, A

C
R

 
20

/5
0/

70
, w

hi
te

 b
lo

od
 c

el
l a

nd
 p

la
te

le
t 

co
un

t, 
ra

te
 o

f b
lo

od
 r

ou
tin

e 
he

m
og

lo
bi

n,
 

hi
gh

 r
es

ol
ut

io
n 

C
T 

of
 lu

ng
 a

nd
 6

-m
in

 
w

al
ki

ng
 d

is
ta

nc
e

ht
tp

s:
//

cl
in

ic
al

tr
ia

ls
.g

ov
/c

t2
/s

ho
w

/
N

C
T0

37
98

02
8?

te
rm

=N
C

T0
37

98
02

8
&

dr
aw

=2
&

ra
nk

=1

N
C

T0
31

86
41

7
R

ec
ru

iti
ng

I
20

17
–2

02
2

U
ni

te
d 

St
at

es
hM

SC
20

D
LT

, s
pi

ro
m

et
ry

, A
E,

 a
nd

 D
A

S2
8-

C
R

P
ht

tp
s:

//
cl

in
ic

al
tr

ia
ls

.g
ov

/c
t2

/s
ho

w
/

N
C

T0
31

86
41

7?
te

rm
=N

C
T0

31
86

41
7

&
dr

aw
=1

&
ra

nk
=1

(C
on

tin
ud

)

https://journals.sagepub.com/home/tab
https://clinicaltrials.gov/ct2/show/NCT01851070?term=NCT01851070&draw=2&rank=1
https://clinicaltrials.gov/ct2/show/NCT01851070?term=NCT01851070&draw=2&rank=1
https://clinicaltrials.gov/ct2/show/NCT01851070?term=NCT01851070&draw=2&rank=1
https://clinicaltrials.gov/ct2/show/NCT01985464?term=NCT01985464&draw=2&rank=1
https://clinicaltrials.gov/ct2/show/NCT01985464?term=NCT01985464&draw=2&rank=1
https://clinicaltrials.gov/ct2/show/NCT01985464?term=NCT01985464&draw=2&rank=1
https://clinicaltrials.gov/ct2/show/NCT02643823?term=NCT02643823&draw=2&rank=1
https://clinicaltrials.gov/ct2/show/NCT02643823?term=NCT02643823&draw=2&rank=1
https://clinicaltrials.gov/ct2/show/NCT02643823?term=NCT02643823&draw=2&rank=1
https://clinicaltrials.gov/ct2/show/NCT03067870?term=NCT03067870&draw=2&rank=1
https://clinicaltrials.gov/ct2/show/NCT03067870?term=NCT03067870&draw=2&rank=1
https://clinicaltrials.gov/ct2/show/NCT03067870?term=NCT03067870&draw=2&rank=1
https://clinicaltrials.gov/ct2/show/NCT03798028?term=NCT03798028&draw=2&rank=1
https://clinicaltrials.gov/ct2/show/NCT03798028?term=NCT03798028&draw=2&rank=1
https://clinicaltrials.gov/ct2/show/NCT03798028?term=NCT03798028&draw=2&rank=1
https://clinicaltrials.gov/ct2/show/NCT03186417?term=NCT03186417&draw=1&rank=1
https://clinicaltrials.gov/ct2/show/NCT03186417?term=NCT03186417&draw=1&rank=1
https://clinicaltrials.gov/ct2/show/NCT03186417?term=NCT03186417&draw=1&rank=1


Y-J Li and Z Chen

journals.sagepub.com/home/tab 7

C
lin

ic
al

 tr
ia

l 
id

en
ti

fi
er

St
at

us
C

lin
ic

al
 

ph
as

e
D

at
e 

(s
ta

rt
-

co
m

pl
et

io
n)

C
ou

nt
ry

M
et

ho
ds

N
um

be
r 

of
 p

at
ie

nt
s 

en
ro

ll
ed

O
ut

co
m

e 
m

ea
su

re
s

R
ef

er
en

ce
s

N
C

T0
36

91
90

9
C

om
pl

et
ed

I/
II

20
18

–2
02

0
U

ni
te

d 
St

at
es

A
D

-M
SC

15
A

E,
 T

N
F-
α

, I
L-

6,
 C

R
P

, E
SR

, a
nd

 J
oi

nt
 

C
ou

nt
 6

6/
68

ht
tp

s:
//

cl
in

ic
al

tr
ia

ls
.g

ov
/c

t2
/s

ho
w

/
N

C
T0

36
91

90
9?

te
rm

=N
C

T0
36

91
90

9
&

dr
aw

=2
&

ra
nk

=1

N
C

T0
36

18
78

4
R

ec
ru

iti
ng

I/
II

20
18

–2
02

1
K

or
ea

U
C

-M
SC

33
A

E,
 A

C
R

20
/5

0/
70

, E
U

LA
R

, D
A

S 
28

-E
SR

, 
K

H
A

Q
, C

D
A

I, 
P

ai
n 

VA
S,

 a
nd

 c
ha

ng
e 

in
 

cy
to

ki
ne

ht
tp

s:
//

cl
in

ic
al

tr
ia

ls
.g

ov
/c

t2
/s

ho
w

/
N

C
T0

36
18

78
4?

te
rm

=N
C

T0
36

18
78

4
&

dr
aw

=2
&

ra
nk

=1

N
C

T0
38

28
34

4
A

ct
iv

e,
 n

ot
 

re
cr

ui
tin

g
I

20
20

–2
02

2
U

ni
te

d 
St

at
es

U
C

-M
SC

16
A

E 
an

d 
se

ri
ou

s 
A

E,
 A

C
R

20
/5

0/
70

, D
A

S2
8-

C
R

P
, H

A
Q

-D
I, 

SD
A

I, 
R

F,
 a

nd
 a

nt
i-

C
C

P
ht

tp
s:

//
cl

in
ic

al
tr

ia
ls

.g
ov

/c
t2

/s
ho

w
/

N
C

T0
38

28
34

4?
te

rm
=N

C
T0

38
28

34
4

&
dr

aw
=2

&
ra

nk
=1

N
C

T0
49

71
98

0
R

ec
ru

iti
ng

I/
II

20
21

–2
02

2
C

hi
na

U
C

-M
SC

9
A

E,
 c

ha
ng

es
 o

f v
ita

l s
ig

ns
, c

om
pl

et
e 

bl
oo

d 
co

un
t, 

bl
oo

d 
bi

oc
he

m
ic

al
, 

co
ag

ul
at

io
n 

fu
nc

tio
n,

 r
ou

tin
e 

ur
in

e 
an

al
ys

is
, u

ri
ne

 p
re

gn
an

cy
 te

st
, c

ar
di

ac
 

ra
te

, A
C

R
20

/5
0/

70
, T

N
F-
α

, I
L-

6,
 D

A
S2

8,
 

H
A

Q
, S

D
A

I, 
an

d 
C

D
A

I

ht
tp

s:
//

cl
in

ic
al

tr
ia

ls
.g

ov
/c

t2
/s

ho
w

/
N

C
T0

49
71

98
0?

te
rm

=N
C

T0
49

71
98

0
&

dr
aw

=2
&

ra
nk

=1

N
C

T0
41

70
42

6
A

ct
iv

e,
 n

ot
 

re
cr

ui
tin

g
I/

II
20

21
–2

02
4

U
ni

te
d 

St
at

es
A

D
-M

SC
54

A
E,

 s
er

io
us

 A
E,

 a
nd

 p
ro

po
rt

io
n 

of
 A

C
R

20
 

pa
tie

nt
s

ht
tp

s:
//

cl
in

ic
al

tr
ia

ls
.g

ov
/c

t2
/s

ho
w

/
N

C
T0

41
70

42
6?

te
rm

=N
C

T0
41

70
42

6
&

dr
aw

=1
&

ra
nk

=1

N
C

T0
50

03
93

4
R

ec
ru

iti
ng

I
20

21
–2

02
5

A
nt

ig
ua

 
an

d 
B

ar
bu

da

A
llo

R
x

20
A

E,
 D

A
S2

8,
 a

nd
 V

A
S

ht
tp

s:
//

cl
in

ic
al

tr
ia

ls
.g

ov
/c

t2
/s

ho
w

/
N

C
T0

50
03

93
4?

te
rm

=N
C

T0
50

03
93

4
&

dr
aw

=2
&

ra
nk

 =
 1

AC
R

, A
m

er
ic

an
 C

ol
le

ge
 o

f R
he

um
at

ol
og

y;
 A

D
, a

di
po

se
 ti

ss
ue

; A
E,

 a
dv

er
se

 e
ve

nt
s;

 a
nt

i-
C

C
P

, a
nt

i-
cy

cl
ic

 c
itr

ul
lin

at
ed

 p
ep

tid
e;

 B
M

, b
on

e 
m

ar
ro

w
; C

D
A

I, 
cl

in
ic

al
 d

is
ea

se
 a

ct
iv

ity
 in

de
x;

 C
R

P
, C

-r
ea

ct
iv

e 
pr

ot
ei

n;
 D

A
S2

8,
 

D
is

ea
se

 A
ct

iv
ity

 S
co

re
 u

si
ng

 2
8 

jo
in

t c
ou

nt
s;

 D
LC

O
, c

ar
bo

n 
m

on
ox

id
e 

di
ff

us
in

g 
ca

pa
ci

ty
; D

LT
, D

os
e 

lim
iti

ng
 to

xi
ci

ty
; D

M
A

R
D

, d
is

ea
se

-m
od

ify
in

g 
an

ti-
rh

eu
m

at
ic

 d
ru

gs
; E

SR
, e

ry
th

ro
cy

te
 s

ed
im

en
ta

tio
n 

ra
te

; E
U

LA
R

, 
Eu

ro
pe

an
 L

ea
gu

e 
ag

ai
ns

t R
he

um
at

is
m

; F
VC

, f
or

ce
d 

vi
ta

l c
ap

ac
ity

; H
AQ

, Q
ua

lit
y 

of
 L

ife
 Q

ue
st

io
nn

ai
re

; H
B

G
, b

lo
od

 r
ou

tin
e 

he
m

og
lo

bi
n;

 h
U

C
, h

um
an

 u
m

bi
lic

al
 c

or
d;

 IF
N

, i
nt

er
fe

ro
n;

 IL
, i

nt
er

le
uk

in
; K

H
AQ

, K
or

ea
n 

H
ea

lt
h 

as
se

ss
m

en
t q

ue
st

io
nn

ai
re

; M
P

C
, M

es
en

ch
ym

al
 P

re
cu

rs
or

 C
el

ls
; M

SC
, m

es
en

ch
ym

al
 s

te
m

 c
el

ls
; R

A
, r

he
um

at
oi

d 
ar

th
ri

tis
; R

F,
 r

he
um

at
oi

d 
fa

ct
or

; S
D

A
I, 

Si
m

pl
ifi

ed
 D

is
ea

se
 A

ct
iv

ity
 In

de
x;

 T
N

F,
 tu

m
or

 
ne

cr
os

is
 fa

ct
or

; T
re

g,
 r

eg
ul

at
or

y 
T 

ce
ll;

 V
A

S,
 v

is
ua

l a
na

lo
gu

e 
sc

al
e.

Ta
bl

e 
1.

 (
co

nt
in

ue
d)

https://journals.sagepub.com/home/tab
https://clinicaltrials.gov/ct2/show/NCT03691909?term=NCT03691909&draw=2&rank=1
https://clinicaltrials.gov/ct2/show/NCT03691909?term=NCT03691909&draw=2&rank=1
https://clinicaltrials.gov/ct2/show/NCT03691909?term=NCT03691909&draw=2&rank=1
https://clinicaltrials.gov/ct2/show/NCT03618784?term=NCT03618784&draw=2&rank=1
https://clinicaltrials.gov/ct2/show/NCT03618784?term=NCT03618784&draw=2&rank=1
https://clinicaltrials.gov/ct2/show/NCT03618784?term=NCT03618784&draw=2&rank=1
https://clinicaltrials.gov/ct2/show/NCT03828344?term=NCT03828344&draw=2&rank=1
https://clinicaltrials.gov/ct2/show/NCT03828344?term=NCT03828344&draw=2&rank=1
https://clinicaltrials.gov/ct2/show/NCT03828344?term=NCT03828344&draw=2&rank=1
https://clinicaltrials.gov/ct2/show/NCT04971980?term=NCT04971980&draw=2&rank=1
https://clinicaltrials.gov/ct2/show/NCT04971980?term=NCT04971980&draw=2&rank=1
https://clinicaltrials.gov/ct2/show/NCT04971980?term=NCT04971980&draw=2&rank=1
https://clinicaltrials.gov/ct2/show/NCT04170426?term=NCT04170426&draw=1&rank=1
https://clinicaltrials.gov/ct2/show/NCT04170426?term=NCT04170426&draw=1&rank=1
https://clinicaltrials.gov/ct2/show/NCT04170426?term=NCT04170426&draw=1&rank=1
https://clinicaltrials.gov/ct2/show/NCT05003934?term=NCT05003934&draw=2&rank
https://clinicaltrials.gov/ct2/show/NCT05003934?term=NCT05003934&draw=2&rank
https://clinicaltrials.gov/ct2/show/NCT05003934?term=NCT05003934&draw=2&rank


TherapeuTic advances in 
Musculoskeletal disease Volume 14

8 journals.sagepub.com/home/tab

patients, cytokines from a large family of TNF 
promoting differentiation and survival of B cells, 
significantly decreased after the MSCs transplan-
tation. Consistently, the gene expression of 
BAFF-receptor significantly decreased on month 
6 after the MSC transplantation.107 Surprisingly, 
IFN-γ strongly enhance the clinical effects of 
MSCs. In a phase I/II randomized controlled 
trial, the clinical symptoms, disease activity 
indexes, and antibodies levels were more promptly 
ameliorated in patients receiving MSCs together 
with IFN-γ compared with single MSCs treat-
ment. Moreover, the ratio of Tregs/Th17 was also 
enhanced more rapidly.108 In addition, research-
ers found that IFN-γ may play a vital role in pre-
dicting clinical responses of RA patients to MSCs 
as high level of IFN-γ was related to decreasing 
DAS28 and high Tregs/Th17 ratio.104 Evidence 
from above clinical trials supports the notion that 
MSCs transplantation may be a promising, safe 
and effective therapy strategy to treat RA.

Adoptive regulatory T cells immunotherapy
Tregs are a subset of specialized CD4+ helper T 
cells defined by the expression of the IL-2 recep-
tor α-chain (CD25) and the transcription factor 
Foxp3.109 Having a pivotal function in maintain-
ing immune tolerance by down-regulating aber-
rant immune stimulations, Tregs are reported to 
be important in the prevention of autoimmune 
diseases such as autoimmune gastritis, thyroiditis, 
graft rejection and multiple sclerosis.110 Depletion 
of Tregs results in an exacerbation of arthritis and 
development of gastritis and thyroiditis.111,112 
Adoptive Tregs immunotherapy has been proved 
critically vital in the prevention of autoimmune 
disease, tissue repair, and regeneration, suggest-
ing that manipulation of these cells is a promising 
alternative treatment to treat or even cure auto-
immune diseases.113 Currently, researchers have 
successfully used Tregs in the treatment of estab-
lished colitis.114 Prophylactic treatment with 
CD4+ CD25+ Tregs has also been reported to 
diminish the severity of other autoimmune dis-
eases such as GVHD,115 experimental autoim-
mune encephalomyelitis (EAE),116 and 
diabetes.117 In RA, dysregulation of self-tolerance 
leads to generation of autoreactive lymphocytes 
which target tissue-specific auto-antigens in 
joints.118 The ultimate treatment strategy should 
be to re-induce self-tolerance before severe tissue 
damage. Therefore, Tregs are ideal options. 
However, compared with the healthy people, 
apparent deficiencies are found in numbers and 

functions of Tregs in RA patients.119 The link 
between defects of Tregs in RA patients and 
mechanisms of autoimmunity establishes the 
foundation for using adoptive Tregs therapy to 
treat RA.

Effects of Tregs on immune modulation
Tregs downregulate immune response by modu-
lating proliferation, activation, and cytokine pro-
duction of APC, CD4+, CD8+ T cells and B 
cells.120,121 Tregs exert immunosuppressive effects 
mainly by two mechanisms: contact-dependent 
or contact-independent suppression. Lymphocyte 
activation gene 3 (LAG-3) and CTLA-4 are sur-
face markers expressed on Tregs acting in con-
tact-dependent modulation.122 By binding to 
MHC-II, LAG-3 mitigates the costimulatory 
capacity of DCs and the immune response of T 
cells.123 CTLA-4 downregulates costimulatory 
markers CD80/CD86 on APCs, inhibiting anti-
gen presentation of APCs and inhibition of T-cell 
activation.124 In contact-independent manners, 
Tregs secrete anti-inflammatory cytokines like 
TGF-β, IL-10, and IL-3 and cytolysis factors 
such as granzyme A, granzyme B, and perforin.125 
Apart from the above well-known mechanisms, 
Tregs also efficiently induce mitochondrion-
dependent cell death of DC through Bax and Bak 
(members of pro-apoptotic Bcl-2 family)-depend-
ent cell death mechanisms, thus regulating anti-
gen-specific immune responses and restoring 
immune tolerance.126 Induced CD4+ Foxp3+ 
Tregs (iTregs) stimulate splenic CD11c+ DCs 
and generate DCiTreg, which is a tolerogenic phe-
notype and secretes high levels of anti-inflamma-
tory cytokines in CIA model like IL-10, TGF-β, 
and IDO, exhibiting immunosuppressive activ-
ity.127 In Tregs, V-domain Ig suppressor of T cell 
activation (VISTA), a novel immunoglobulin 
superfamily ligand, is highly expressed.128 VISTA 
is able to suppress T-cell function, whereas anti-
VISTA mono-antibody significantly converts 
resting CD8+ T cell into active cells.129 SUMO-
specific proteases (SENPs) are enzymes mediat-
ing deSUMOylation.130 SENPs are found to be 
important regulators for the stability and func-
tion of Tregs by enhancing deSUMOylation and 
inhibiting the transcription of Teff while increased 
SUMOylation prompts Teff activation.131 Tregs-
derived TGF-β1 also participates in the main-
taining of autoimmunity suppression and 
peripheral tolerance, and block of expression of 
TGF-β1 is demonstrated to result in allergy and 
autoimmunity.132 Progranulin (PGRN) is an 
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anti-inflammatory growth factor that is broadly 
expressed in numerous cells including immune 
cells. In PGRN-deficient mice, severe inflamma-
tory arthritis is developed and addition of PGRN 
could reverse such arthritis. In one CIA model, it 
was demonstrated that PGRN exerted immuno-
suppressive capacity by enhancing the secretion 
of IL-10 by Tregs, which is related to Foxo4 and 
Stat3.133

Adoptive Treg cells immunotherapy in arthritis
In adoptive Tregs immunotherapy, autologous or 
allogeneic Tregs are isolated, ex vivo activated, 
expanded, and then infused to the patient.134 
Adoptive Tregs immunotherapy have been 
proved effective in animal models of autoimmune 
diseases such as CIA, colitis,135 autoimmune 
cholangitis,136 and glomerulonephritis.137 Of 
note, adoptive Tregs immunotherapy has been 
used in clinical trials to prevent systemic lupus 
erythematosus (SLE),18 type 1 diabetes mellitus 
(T1DM),138 and GVHD19 for its successful 
outcomes.

In CIA models, studies have verified that adop-
tively transferred Tregs quickly appeared in syno-
vial tissue after injection and blocked T-cell 
proliferation as well as type II collagen (CII)–
specific proliferation, distinctly decreasing the 
severity and decelerating disease progression.110 
Nonetheless, one biologic characteristic of Tregs 
is functional instability and conversion phenotyp-
ically into detrimental Teff.139 The foremost bot-
tleneck of adoptive Tregs therapy is maintaining 
the stability and plasticity of Tregs. Moreover, 
Tregs in peripheral blood constitute only 1% to 
3% of the mature CD4+ T cell subpopulation in 
mice and humans, which is another challenge for 
clinical application.140 The prerequisites for suc-
cessful adoptive Tregs immunotherapy are identi-
fication of specific auto-antigen, effective methods 
to expand Tregs, and proper epigenetic regula-
tion of Tregs stability.

Obtaining antigen-specific Tregs. It has been 
reported that polyclonal Tregs prevented and 
almost ceased arthritis progression.23 However, 
polyclonal Tregs transfer may cause temporary 
suppression of the whole immune system.141 
Antigen-specific Tregs, developing antigen-spe-
cific tolerance by inhibiting Ag-specific Teff cells 
while also permitting an intact immune response 
toward other antigens, can be a suitable treatment 

strategy with low systemic side effects.142 T-cell 
receptor (TCR), responsible for recognizing frag-
ments of antigens, is essentially required for mat-
uration and function of Tregs.143 To generate 
self-Ag specific Tregs, it is a good choice to use 
TCR transduction. In one study, OTII-TCR gene 
was transferred into purified CD4+ CD25+ T 
cells to redirect the specificity of naturally occur-
ring Tregs. Adoptive transfer of gene modified 
Tregs into recipient mice has been proved to 
achieve targeted immune suppression, improving 
inflammatory knee swelling and reducing the 
numbers of Th17 cells.144 Although TCR trans-
duction in T cells has been proved to be safe, fea-
sible, and applicable, there are still safety concerns 
caused by cross-reactivity with healthy tissues.145 
Another approach to generate antigen-specific 
Tregs is to culture CD4+ T cells from CIA ani-
mals with TGF-β1, IL-2, retinoic acid, APCs, and 
CII then expand such CII-specific Tregs with 
anti-CD3 antibody, anti-CD28 antibody, TGF-
β1, IL-2, and retinoic acid. Adoptive transfer of 
these antigen-specific Tregs has been shown to be 
stable in vivo and reverse the CIA progression by 
suppressing the proliferation of CD4+ T cells and 
the key inflammatory cytokine TNF-α.146

Type 1 Tregs (Tr1) are unique Tregs producing 
high levels of IL-10. In CII-specific TCR trans-
genic mice, CII-specific Tr1 (Col-Treg) cells 
were isolated and expanded. Infusion of Col-Treg 
cells significantly dampened the proliferation of 
antigen-specific Teff and reduced the incidence 
and severity of arthritis symptoms as measured by 
reductions in paw swelling, arthritic scores, and 
CII-specific antibody titers, providing a great per-
spective for the development of novel therapeutic 
approaches to RA.147 Although specific disease-
inducing antigens are important, it is unknown 
which antigens are critical for RA. Bystander anti-
gens such as Peptide19 has been demonstrated to 
be similarly effective in inducing T-cell regulation 
and suppressing arthritis.148,149 Peptide19 is a 
predominant epitope and a target molecule driv-
ing epitope spreading and bystander suppression 
in autoimmune diseases.150 Adoptively trans-
ferred peptide 19-specific naïve CD4+ CD25+ 
CD45RA+ Tregs (45RA-Tregs) into mice had a 
strong power to suppress T-cell function and alle-
viate CIA, as indicated by the complete elimina-
tion of footpad swelling, prolonged survival, little 
histopathologic changes, and preferential locali-
zation of CD4+ CD25+ Tregs at the articular 
joints.148
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Expansion of antigen-specific Tregs. To reach a 
successful adoptive Tregs therapy for RA patients, 
sufficient number of infused cells and effective 
expansion of Ag-specific Tregs without losing 
their specificity or capacities are required. There 
are two major strategies to augment the number 
of Tregs: expanding antigen-specific Tregs or con-
verting antigen-specific conventional T cells into 
Tregs ex vivo.

Tregs-specific targeted gene proliferation stimula-
tors and immune complexes are broadly used to 
promote the expansion of Tregs.151 One basic adop-
tive cell therapy is to expand Tregs with anti-CD3, 
anti-CD28, IL-2, and rapamycin, increasing the 
number of Tregs up to thousands of times without 
losing the inhibitory activity.151,152 In a prospective, 
open-label, phase I to IIa study treating patients 
with RA, low-dose IL-2 was demonstrated to be 
well tolerated and effective, which activated and 
expanded specific Treg without Teff cells activation, 
thus increasing the Treg/Teff.114 There are other 
strategies for expanding Tregs. For instance, CD28 
superagonist stimulation in vitro is more efficient in 
promoting Tregs proliferation compared with anti-
CD3/antiCD28 method.153 Studies have also veri-
fied that employing superagonistic anti-CD28 
antibodies and IL-2 was a promising protocol for 
large-scale in vitro generation of Tregs.154 Tregs can 
be expanded by APCs. Vitamin D3, glucocorti-
coids, IL-10, TGF-β, and vasoactive intestinal pep-
tide induce tolerogenic DCs, expanding Treg cells 
indirectly. Induced Tregs expanded by mature 
tolerogenic DCs (iTregmtDC) suppressed CD4+ 
T-cell proliferation and Th17-cell differentiation 
to a greater extent and reduced the severity and 
progression of CIA more significantly than iTregs. 
iTregmtDC also has the capacity to increase the 
production of IFN-γ, TGF-β, and IL-10, and 
reduce the level of TNF, IL-17, IL-6 and anti-CII 
IgG.155 In addition, immature BM-derived DCs 
(iDCs) could induce the expansion of CD4+ 
CD49b+ Tregs, which reverse clinical symptoms of 
arthritis and provide continuing protection. In mice 
adoptively transferred with CD4+ CD49b+ Tregs, 
histologic examination of arthritic joints revealed 
a decreased inflammatory synovitis, pannus for-
mation, and inflammatory cell infiltration.156 In 
one adjuvant arthritis model, BM cells were cul-
tured in the presence of GM-CSF, giving rise to 
a population of CD11c+MHCII+CD45R+CD8-

DCs (BMDCs). CD4+ T cells cocultured with the 
BMDCs were expanded to 90% of Foxp3+ Tregs. 
Such ex vivo–generated Tregs were proved to 

suppress the arthritis upon their reintroduction to 
the host.157

Retroviral Foxp3 gene transfer converts naive 
CD4+ T cells into Tregs, whose phenotype is simi-
lar to the naturally occurring CD4+ CD25+ 
Foxp3+ Tregs.144 Study has proved that CII 
primed Foxp3-transduced T cells in CIA rats sig-
nificantly reduced arthritis severity, T-cell infiltra-
tion, level of CII-specific IgG, and pro-inflammatory 
cytokine including IL-6, TNF-α, and IL-17.152 In 
another murine model of RA, FoxP3 with anti-
apoptotic Bcl-2 family molecule Bcl-xL were 
linked and transduced into CD4+ T cells, which 
differentiated into functional Tregs. Adoptive 
transfer of Tregs expressing both Foxp3 and 
Bcl-xL was demonstrated effective in suppressing 
RA than CD4+ T cells expressing Foxp3 alone 
and sustained survival in vitro.158

Apart from CD4+ Tregs, CD8+ Tregs also exert 
immunosuppressive effect. In a CIA model, 
human CD8+ T cells from peripheral blood mon-
onuclear cells were induced and expanded with 
TGF-β1, rapamycin along with anti-CD3/28 and 
IL-2 in vitro, which turned into hCD8+ Tregs. 
After adoptive transfusion, hCD8+ Tregs exhib-
ited vigorous suppression ability in CIA mice as 
indicated by the reduced clinical scores, levels of 
anti-collagen IgG antibody, cartilage erosion, 
CD4+ Teff proliferation, number of Th17, mRNA 
expression of IL-17, RANKL, and MMP1 and 
CD80/86 expression on DCs.23 B cells can also 
induce Tregs, known as Treg-of-B cells, which 
express LAG3 but not Foxp3. Treg-of-B cells 
suppress the proliferation of CD4+ T cells 
through the production of LAG3 and IL-10. In a 
CIA model, Treg-of-B cells alleviated the disease 
severity as well as local and systemic inflamma-
tion by inhibiting IL-6, TNF-α,159 and TRAP, a 
common biomarker of functional osteoclasts.160 
Ag-specific Tregs can be developed from induced 
pluripotent stem cells (iPSCs) as well. Adoptive 
transfer of Ag-specific iPSC-Tregs into 
Ag-induced arthritis (AIA) mice was shown to 
reduce joint inflammation and swelling and to 
prevent bone loss.161

Maintaining the stability of expanded Tregs is 
another bottleneck in applications of adoptive 
Tregs immunotherapy. As an essential factor in 
the differentiation and function of Tregs, Foxp3 
as well as its stable expression is required. In a 
recent experiment, adoptive transfer of TNF 
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receptor type II (TNFRII)+ Tregs increased 
Foxp3 gene methylation in Tregs, ameliorating 
the inflammation and preventing aggravation of 
arthritis.162 In contrast, the deletion of TNFRII 
resulted in increased severity of experimental 
arthritis and reduced both numbers and capacity 
of Tregs.163 It is reported that phosphorylation of 
Foxp3 is regulated by a TGF-β activated kinase 1 
(TAK1)-Nemo-like kinase (NLK) signaling path-
way. TAK1-NLK pathway promotes the phos-
phorylation and thus enhances the stability of 
Foxp3 by inhibiting the combination with STUB1 
E3-ubiquitin protein ligase. The lack of NLK in 
Tregs is found to increase the incidence of auto-
immunity.164 Moreover, as mentioned before, 
numerous genes and signal pathways are involved 
in the function of Tregs. Therefore, it is reasona-
ble to infer that upregulating the expression of 
involved genes such as CTLA-4, PD-1 may 
increase the stability of Tregs.165

Notably, one recent study has verified the con-
cept of using Treg activation to treat RA. 
Tregalizumab is a monoclonal anti-CD4 IgG 
antibody selectively activating Tregs but not Teff 
cells.166 In a phase IIb, randomized, placebo-
controlled trial, the efficacy and safety of tregali-
zumab were measured in patients with active 
RA.167 Although tregalizumab was shown to 
exert biological effects on CD4 modulation, it 
was not clinically effective compared with pla-
cebo. This was probably because that the 
expected effect would have been achieved after a 
longer treatment period due to some special 
mechanisms of Tregs activation. Therefore, it is 
reasonable to speculate that tregalizumab might 
be used in early phase or preclinical phase of RA 
in the future.

Emerging CAR-T cells in the treatment of RA
Malfunction of T-cell tolerance plays a principal 
role in the pathogenesis of many autoimmune dis-
eases including RA. Therefore, restoring immune 
tolerance is of great significance. Nevertheless, 
current treatments have little effect on immune 
tolerance inverse. CAR-T cells are bioengineered 
redirected T lymphocytes expressing specific 
receptor in the membrane that can recognize a 
specific antigen of a target cell without MHC 
restriction, thus interacting with target cells.168 
To create CAR-T cells, T cells from peripheral 
blood of a patient are separated and then CAR 
genes are inserted into T cell genome, followed 
by expansion of manufactured CAR-T cells and 

infusion back into the patient.169 Nowadays, the 
major use of CAR-T cells is in the treatment of 
various cancers. Recently, the CAR-T cells are 
also utilized in preclinical experiments of RA, 
colitis, SLE, pemphigus vulgaris (PV), EAE and 
type 1 diabetes, bringing new hope of treatment 
choice for autoimmune diseases.170,171 In the pre-
clinical models above, three different approaches 
have been used, including identifying a specific 
antigen in a target cell and initiating cytotoxic 
activity by CAR-T cells, generating a cytotoxic 
effect on autoantibody-releasing B cell by chi-
meric autoantibody receptor T cells (CAAR-T), 
and binding to a specific antigen in a target cell to 
exert regulatory function of Tregs by chimeric 
antigen receptor in regulatory T lymphocytes 
(CAR-Treg).172 CAAR-T has a variation of mod-
ified CAR and consists of a specific antigen, a 
transmembrane domain, and an intracellular 
signaling domain.173 CAAR-T targets autoreac-
tive B cells and exerts selective cytotoxicity func-
tion only against immune cells that carry receptors 
to specific auto-antigen without universal immu-
nosuppression. When the specific antigen of the 
CAAR-T cells encounters and binds to the spe-
cific auto-antibodies expressed on B cells, the B 
cells will be destroyed, thus reducing the genera-
tion of autoantibodies.171 CAR-Tregs regulate 
autoimmune T cells by inducing anergy and 
immunological ignorance.174 CAR-Tregs gener-
ate immunosuppressive cytokines such as IL-10, 
IL-35, and TGF-β and induce apoptosis of Teff 
cells via Fas-ligand, granzyme B/A, and perforin, 
thus suppressing Teff cells.175

CAR-T and autoimmune diseases
Five-module receptor complexes consist of a 
TCR module, three CD3 signaling modules, and 
a coreceptor module, playing an indispensable 
role in T cells.176 Biomimetic five-module chi-
meric antigen receptor (5MCAR), which consists 
of a surrogate coreceptor module and a chimeric 
receptor module composed of specific antigen 
and elements of the TCR, has been found to 
eliminate pathogenic T cells and mediate autoim-
mune disease in mice.176 In a nonobese diabetic 
(NOD) mice model, adoptively transferred 
5MCAR–T cells could rapidly home to inflamed 
pancreases and attenuate T1DM by targeting 
autoimmune CD4+ T cells.176 CD4+ insulin-
reactive T cells target the insulin β-chain 9–23 
peptide (B:9–23) in NOD. IAg7 (a single MHC 
class II molecule)–insulin B:9–23 complex is cru-
cial for the initiation of autoimmune responses in 
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the NOD mouse.177 mAb287 can selectively bind 
to IAg7-B:9–23 complexes and prevent T1DM.178 
One study has verified that 287-CAR T cells 
selectively migrated to pancreatic lymph nodes 
after adoptive transfer and delayed disease onset, 
inhibiting islet autoimmunity.179 CD19 is a B-cell 
surface marker that is intimately involved in B-cell 
signaling, proliferation, and differentiation.180 In 
the (NZB × NZW) F1 and MRLfas/fas mouse 
models of lupus, CD8+ T cells expressing CD19-
targeted CARs persistently depleted CD19+ B 
cells and effectively eliminated autoantibody pro-
duction, reversing disease manifestations and 
extending life spans of mice.181 A more recent 
study proved that in MRL-lpr mice, a spontane-
ous murine SLE disease model, adoptive transfer 
of anti-CD19 CAR T cells not only exerted dura-
ble therapeutic efficacy as sustained B-cell deple-
tion but also prevented disease progression before 
the onset of symptoms.170

In the antibody-mediated autoimmune disease 
PV, CAAR comprising the major PV auto-anti-
gen desmoglein (Dsg) 3 was engineered to T 
cells. Dsg3 CAAR-T cells were shown to exhibit 
specific cytotoxicity against cells expressing anti-
Dsg3 BCRs both in vitro and in vivo, dramatically 
decreasing Dsg3 serum autoantibody titers and 
ameliorating the symptoms.171

Compared with CAR-T and CAAR-T, CAR-
Tregs are more commonly investigated in auto-
immune diseases. CAR redirects Tregs to the 
site where autoimmune activity happens, 
increasing their suppressive efficiency without 
systemic immunosuppression. In an acute exper-
imental colitis model, tripartite chimeric recep-
tor (TPCR) was developed, which composed of 
an antibody variable region specific for 
2,4,6-Trinitrophenol (TNP) that was attached 
to the extracellular and transmembrane domain 
of the CD28 costimulatory molecule and intra-
cellular domain of the stimulatory Fc-γ receptor 
chain. Adoptive transfer of Tregs that transgen-
ically expressing TPCR resulted in antigen-spe-
cific Tregs accumulation and activation at 
inflamed colonic sites, leading to antigen-spe-
cific suppression and significant alleviation of 
acute experimental colitis induced by 2,4,6-trin-
itrobenzenesulphonic acid (TNBS).182 In T-cell 
transfer colitis model, carcinoembryonic anti-
gen (CEA) transgenic CAR was redirected  
and introduced into Tregs to generate CEA-
specific CAR-Treg. CEA CAR-Tregs were able 

to accumulate in the colons and suppress the 
severity of colitis of diseased mice.183 In the 
murine EAE model, murine Foxp3 gene along 
with CAR targeting myelin oligodendrocyte gly-
coprotein (MOG) were transduced to CD4+ T 
cells, generating MOG CAR-Tregs. Localizing 
to the central nervous system (CNS) and bind-
ing to MOG+ oligodendrocytes, CNS-targeting 
CAR-Tregs exhibited powerful protective effect 
and efficiently suppressed ongoing inflammation 
and diminished symptoms.184 In another T1D 
model, CAR was used to redirect T-cell specific-
ity toward insulin and Teff cells were transformed 
to Tregs by Foxp3 transduction. Such insulin-
targeted CAR-Tregs exerted stable suppressive 
function in the pancreas of diabetic mice.185 
Vitiligo is an autoimmune disease in which gan-
glioside D3 (GD3) antigen is found in stressed 
melanocytes and contributes to melanogene-
sis.186 In a mouse model of progressive vitiligo, 
GD3-responsive CAR was introduced to Tregs. 
GD3 CAR-Treg protected melanocytes from 
T-cell-mediated destruction and significantly 
delayed the progress of depigmentation without 
obvious side effects.187

CAR-T in RA
Since a CAR or CAAR targets only a single cell 
type, application of such novel treatment strategy 
to RA is limited, in which various types of autore-
active responses present. One study first designed 
antigenic peptides for specific recognition by 
pathogenic B cells and provided a direction for 
the customized treatment of RA according to 
patient’s specific auto-antigen profiles.17 In RA, 
ACPAs are one of the most specific serological 
markers which is associated with disease develop-
ment.188 In this experiment, four citrullinated 
peptide epitopes including citrullinated vimentin, 
citrullinated type II collagen, citrullinated fibrino-
gen and tenascin C, and a cyclocitrulline pep-
tide-1 were selected as ligands for targeting 
autoreactive B cells. Then, engineered T cells 
expressing a fixed anti-fluorescein isothiocyanate 
(FITC) CAR were constructed and tested to 
eliminate specific autoreactive B cells via recogni-
tion of the above FITC-labeled auto-antigenic 
peptide epitopes. It has been proved that specifi-
cally redirected anti-FITC CAR-T cells had the 
potential of recognizing corresponding FITC-
labeled citrullinated peptide epitope and lysis 
autoreactive B-cell subsets from RA patients in 
vitro successfully.17
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Perspective and challenges
With accumulating evidence and progressing 
technologies, cell-based therapy has shown pre-
liminary therapeutic potential for RA. However, 
thorough preclinical and clinical investigations 
are required to apply cell-based therapy in clini-
cal practice, since such novel practical therapeu-
tic strategy still faces multiple challenges. Most 
investigations of MSC-based therapeutic 
approaches are focused on evaluating the safety 
and efficacy, while the formulation, route of 
administration, dose, and frequency of MSC 
remain to be defined. In addition, whether MSC 
transplantation is effective only for a certain 
number of disease phenotypes is not known 
since MSC transplantation has not shown sig-
nificant benefits in refractory RA. Moreover, 
although MSCs are reported to exert the signifi-
cant immunosuppression on T cells in presence 
of strong inflammation, less inflammation milieu 
may weaken the suppression of MSCs on T cells, 
even promote T-cell responses. Likewise, adop-
tive Tregs therapy has similar shortcomings such 
as the probability of conversion into pathogenic 
cells.189 Lack of specific antigen on the surface of 
Tregs also makes it difficult to purify Tregs and 
thus increases the risk of contamination with 
Teff. As for CAR-based therapy, a major barrier 
in the CAR design for autoimmune therapy is 
the relative scarcity of cell-surface tissue-specific 
antigens since it is difficult to find proper spe-
cific antigens that target interested cells in auto-
immune diseases. Stability, durability, safety, 
effectiveness, manufacturing, and persistence 
must be confirmed for CAR-T therapy to apply 
in clinic.
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