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Summary

The vast majority of literature pertaining to mesen-
chymal stem cells (MSC) immunomodulation has
focussed on bone marrow-derived MSC that are sys-
temically infused to alleviate inflammatory condi-
tions. Rheumatoid arthritis (RA) is the commonest
autoimmune joint disease that has witnessed signifi-
cant therapeutic advances in the past decade, but
remains stubbornly difficult to treat in a subset of
cases. Pre-clinical research has demonstrated that
bone marrow, adipose, synovial and umbilical
cord-derived MSC all suppress the functions of dif-
ferent immune cells thus raising the possibility of
new therapies for autoimmune diseases including
RA. Indeed, preliminary evidence for MSC efficacy
has been reported in some cases of RA and systemic

lupus erythromatosis. The potential use of bone
marrow-MSC (BM-MSC) for RA therapy is emerging
but the use of synovial MSC (S-MSC) to suppress the
exaggerated immune response within the inflamed
joints remains rudimentary. Synovial fibroblasts that
are likely derived from S-MSCs, also give rise to a
cell-cultured progeny termed fibroblast-like syno-
viocytes (FLS), which are key players in the perpetu-
ation of joint inflammation and destruction. A better
understanding of the link between these cells and
their biology could be a key to developing novel
MSC-based strategies for therapy. The review briefly
focuses on BM-MSC and gives particular attention to
joint niche synovial MSC and FLS with respect to
immunoregulatory potential therapy roles.

Background

The autoimmune diseases are a heterogeneous group
of self-directed inflammatory disorders which is
characterized by progressive tissue destruction with
a loss of function and potentially death if not ad-
equately treated.1 Although the pathogenesis of auto-
immune diseases are largely played out by cells of
the adaptive immune response including B and T
cells, one autoimmune disease, rheumatoid arthritis
(RA), is also associated with an aberrant joint fibro-
blast activation that contributes to joint destruction.2

The field of mesenchymal stem cells (MSC) research

was initially based on harnessing their remarkable

multi-lineage differentiation capabilities for skeletal

regeneration, including bone and cartilage.

Although this remains a major translational focus

of regenerative medicine, more recently, another

remarkable ability of MSC, namely immunomodula-

tion—has also emerged.3 Generally, the immunomo-

dulatory effect of MSC and in particular synovial

MSC (S-MSC) has led to introduce these cells as po-

tential therapeutic tools to correct the breakdown of
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immune tolerance in RA, particularly for a group of
cases that are inadequately treated.

The mechanisms of MSC
immunoregulation

The effects of MSC on immune cells have been most
extensively studied using ‘gold standard’ bone
marrow-MSC (BM-MSC) as the BM being the site
of the original discovery of MSC. Basically, BM-
MSC could exert widespread modulatory effects on
cells of both the innate and adaptive immune re-
sponses. Some of MSC effects on T cells include
an inhibition of CD4+ T cell proliferation in re-
sponse to mitogens (e.g. phytohaemagglutinin or
concanavalin A) or antibodies (anti-CD2/CD3/
CD28).4–6 Furthermore, MSC can inhibit the produc-
tion of IL-2, TNF-a by T cells.7 BM-MSC can also
induce the differentiation of classic
CD4+CD25hiFOXP3+ T regulatory cells (T-regs)
and maintain their inhibitory function.8,9 These ef-
fects of MSC on T cells have been shown to be de-
pendent on IFN-g.4–6

In addition to the regulation of T cell-mediated
immune response, BM-MSC was found to be cap-
able of inhibition of B cell function and differenti-
ation.10 Moreover, the chemotaxis of B cells into
inflammatory sites could be suppressed via a
reduced surface expression of the chemokine recep-
tors; CXCR4, CXCR5 and CCR7 on B cells. These
effects on chemokine receptors have been shown
when B cells are in co-culture with MSC and are
IFN-g dependent.10

In relation to innate immune cells, BM-MSC in-
hibit the generation of dendritic cells (DCs) from
monocytes11 and reduce the expression of human
leukocyte antigen DR (HLA-DR) and CD80 and
CD86 co-stimulatory molecules on antigen present-
ing cells (APC).12 Additionally, the production of the
pro-inflammatory cytokines such as IL-2, IFN-g and
TNF-a by APC is reduced and the production of IL-
10 is promoted due to the effect of MSC.12–14 With
respect to NK cells, MSC can reduce the prolifer-
ation of both resting and IL-2 activated NK cells,
their cytotoxic capabilities and IFN-g production.14

Numerous immunoregulatory mechanisms of
MSC have been described including the secretion
of Indoleamine 2, 3-dioxygenase (IDO). IDO can
catalyse an essential amino acid tryptophan into
kynurenine, which impairs the synthesis of various
cellular proteins and leads to inhibition of cell pro-
liferation.15–17 Other soluble factors produced by
MSC include Nitric oxide synthase (iNOS), which
induces the production of nitric oxide from macro-
phages thus inhibiting the proliferation, the secretory

and the cytolytic functions of T cells.18,19 Additional
immunosuppression mechanisms mediated by
MSC involve hepatocyte growth factor, TGF-b,
Hemeoxygenase-1 enzyme and HLA-G5.4,20,21

Besides soluble factors, cell-to-cell contact between
MSC and T cells can also suppress the function of
T cells that acquire regulatory phenotype marked by
a sustained expression of CD69 and increased tran-
script levels of T-reg related genes.22

Niches and origin of S-MSC

It has been shown that MSC can be present in vari-
ous areas of the joint (Figure 1). The presence of
MSC isolated from the joint was first demonstrated
in the synovium.23 As chondrogenic precursors,
MSC are present within the superficial layer of the
articular cartilage.24 Furthermore, it has been shown
that MSC can be derived from certain joint liga-
ments, menisci and adipose tissue.25 Besides tissues,
MSC can be detected in the synovial fluid and have
been shown to be increased in numbers in some
pathological conditions such as osteoarthritis (OA)
or following joint injury. However, the quantity of
these MSC is negatively related to the degree of
synovitis in RA.26–28 Initially, MSC were thought to
be brought into synovium via migrating blood ves-
sels. This was proposed as MSC are mostly located
around blood vessels and because the frequency of
MSC is positively correlated with increase tissue vas-
cularity.29,30 However, other studies have demon-
strated that S-MSC could be originated within the
synovium and exist in projections of the synovial
lining compared with sublining layer. Additionally,
the morphology and gene expression profile of syn-
ovial fluid MSC have been shown to be similar to
S-MSC rather than BM-MSC supporting further the
synovial origin of these MSC.27,28,31,32

Heterogeneity of synovial
stroma: fibroblast-like synoviocytes
and S-MSC

The synovial membrane lines the non-articular sur-
face of the joint forming a cavity containing synovial
fluid which aids smooth joint locomotion. In health,
the synovial membrane is one or two cell thick and
formed of two cell types, macrophage-like cells (type
A synoviocytes) and stromal cells known as type B
synoviocytes. Fibroblast-like synoviocytes (FLS) is the
culture-expanded population derived from digested
synovial stromal cells, the same population from
which culture-expanded S-MSCs are derived.23 It is
possible that this nomenclature actually represents
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the same culture-manipulated cell populations.

Although culture-expanded BM-MSCs are derived

exclusively from the CD271+ population, there is

much more complexity with respect to native S-
MSCs where a unique phenotype has not thus far

been defined.33 The main characterization of FLS in-

volves limited proliferation and the surface expres-

sion of CD44 and vascular cell adhesion molecule-
1 (VCAM-1).34 S-MSC-like BM-MSC express classic

stromal markers CD105, CD73 and CD90 and lack

the expression of haematopoietic markers CD45,

CD34, CD14, CD19, CD11b and CD79a.35 The
colony forming capacity and high levels of prolifer-

ation have been used to select S-MSC from the stro-

mal plastic adherent fraction following in vitro
expansion of synovial digestion.27 Although the mor-

phological examination of S-MSC suggests their close

relationship to FLS,36 these two types of cells seem to

be distinctive. A higher level of CD105 and CD166 is
detected on S-MSC relative to FLS.27,37 In summary,

although they are closely related, no consensus has

yet been reached on which markers would permit an

isolation of non-overlapping, pure population of S-
MSC and FLS.

Immunomodulatory capacity of
healthy S-MSC and FLS

In contrast to BM-MSC, the immunoregulatory role

of healthy S-MSC is less documented. S-MSC

extracted from healthy subjects are able to inhibit

T cell proliferation.38,39 Similar to BM-MSC, S-

MSC extracted from OA patients can maintain the

percentage of T regs when in co-culture with T-reg

enriched lymphocytes from healthy donors.40

However, the effect of S-MSC on B cells, NK cells

or APCs remains to be explored. One documented

mechanism by which S-MSC can display their sup-

pression effect on T cells is via the production of

IDO39 (Figure 2, A). It has been shown that S-MSC

and BM-MSC can display similar IDO activity at a

basal level or when induced by IFN-g and TNF-a.39

Therefore, a similar inhibitory effect by S-MSC could

be expected on other immune cells.
In physiological conditions, It is plausible that

healthy FLS can also be involved in immune haemo-

stasis within the joint (Figure 2, A). It has been

shown that FLS could inhibit T cell proliferation in

a similar manner to fibroblasts derived from other

tissues such as skin, gingiva and cornea.16,41–43

Healthy FLS could also inhibit the differentiation of

monocytes into DC via IL-6 dependent mechan-

ism.44 Human fibroblasts are generally known to

mediate their immunoregulatory role via IDO-de-

pendent mechanism and TGF-b which FLS can

produce.44,45

The immunoregulatory function of MSC can be

modulated by the pro-inflammatory cytokines such

as IFN-g (the key factor), TNF-a, IL-1a or b.46 This

phenomenon has been recently termed the MSC

‘licensing’ and the production of soluble IDO,

Figure 1. MSC in the joint. Besides BM-MSC, other MSC can be present in multiple areas within the joint; the synovial

lining, synovial fluid, joint fat pad, cartilage, subchondral bone and ligaments. Other synovial stromal cells, including FLS

and fat cells exist within synovial lining and sublining layers.

MSC for immunomodulation in RA 507

Whilst 
 [33].
characterisation 
[34].
hematopoietic 
 [35].
.
 [27].
 [36],
 [27, 37].
:
ynovial 
 [38], [39].
 [40].
 [39]
 [39].
be 
to 
 [16, 41-43].
 [44].
 [44, 45] .
 [46].


iNOS and PGE2 by MSC has been found to be
enhanced by licensed MSC.47,48 The process of
licensing of MSC is also critically linked to the acti-
vation of Toll-like receptors (TLRs) expressed on the
MSC surface. A differential polarization of MSC to-
wards either inflammatory or anti-inflammatory side
has recently shown to be related to type of TLR
primed. Stimulation of TLR4 causes the production
of pro-inflammatory cytokines IL-6, IL-8 or TGF-b
generating MSC1 phenotype. On the contrary, bind-
ing of specific ligands to TLR3 induces

immunosuppressive MSC2 cells which produce
IDO.49–51

Like MSC, various types of fibroblasts have been
shown to be ‘licensed’ by IFN-g.41,43 Therefore, it
can be assumed that FLS can be also activated by
IFN-g to display immunoregulatory effects. As IFN-g
has a central role in the licensing process, joint in-
flammatory milieu could be critical for the stromal
control of the local immune response.52 It is possible
that the synovial stromal cells, in all stages of mat-
uration: as progenitors (S-MSC) or as mature cells

Figure 2. Synovial stromal cells in health and RA. (A) In healthy condition, both FLS and MSC can perform immunosup-

pressive effect via secretion of IDO and/or TGF-b. (B) In RA, S-MSC could be activated by RA FLS and/or by IFN-g, IL-18 and

IL-12 to produce pro-inflammatory cytokines IL-6, IL-8 and TNF-a. Furthermore, RA FLS are activated by T cells or macro-

phages by cell-to-cell contact or by the effect of TNF-a, IL-17 or IFN-g. RA FLS in turn produce pro-inflammatory cytokines,

IL-6, IL-8, IL-15, IL-18, IL-23, GM-CSF, TNF-a, BAFF and APRIL, which all cause immune stimulation.
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(FLS), control the ‘healthy’ balance of immune re-

sponse within the healthy joint and the failure of this

haemostasis probably takes place with an excess

inflammation.

S-MSC and FLS in RA

It has been shown that S-MSC harvested from RA is

capable of immunosuppression in vitro.39 However,

it seems that RA micro-environment including in-

flammatory cells and cytokines causes an inefficacy

of S-MSC to control the exaggerated immune re-

sponse in this disease (Figure 2, B). One mechanism

that could explain ineffective control of the immune

response by S-MSC in RA is TLR activation which is

directly linked to RA pathogenesis.53 TLR2 and 4 are

hardly detected in healthy synovium compared with

RA synovium where these TLRs are highly expressed

particularly in the synovial lining layer.54 The most

abundant types of ligands for TLR receptors that de-

tected in RA synovium are those binding to TLR2

and TLR4 which when activated could induce the

release of pro-inflammatory cytokines by macro-

phages.53 Examples of these ligands include

HSP2255 and the extracellular matrix component

Biglycan.56 Interestingly, the expression of

Biglycan has been detected in the lysate of RA

FLS57 indicating that RA FLS can be involved in

inappropriate priming of S-MSC. RA-induced cyto-

kines, IL-12 and IL-18 together with IFN-g, can

cause an upregulation of TLR4 on MSC and thus

trigger the expression of IL-6 and TNF-a.54,58,59

Altogether, this suggests that in RA, S-MSC could

be induced via inflammatory cytokines to express

higher level of TLR4 and consequently respond

to different TLR4 stimulants. Additionally, this indi-

cates that the process of licensing and mechanism of

immunosuppression displayed by S-MSC could be

reversed in favour of RA progression.
RA FLS have been described as activated and ‘ag-

gressive’ cells that directly aggravate the inflamma-

tory processes (Figure 2, B).60 RA FLS have been

shown to acquire MHC class II compared to healthy

FLS and work as antigen presenting cells leading to

T cell activation and proliferation in a comparable

way to APCs.61,62 Despite that RA FLS lack the sur-

face expression of classic co-stimulatory molecules

such as CD80, FLS-dependent T cell proliferation is

related to an interaction between CD47 on T cell

surface and its ligand, thrombospondin-1 expressed

by FLS.63 Also, RA FLS induce the activation and

accumulation of T cells following an interaction

between CXCR4 on T cells and its ligand stromal

cell-derived factor-1 (SDF-1) on RA FLS.64

Similarly, RA FLS enhance B cell recruitment,
survival and functions, particularly via SDF-1 and
VCAM-1-dependent mechanisms.65,66 RA FLS also
promote the survival of B cells via an increase of the
expression of BCL-XL by B cells67 and by upregula-
tion of IL-15 receptor on the surface of B cells.68 RA
FLS induce immunoglobulin class switching in B
cells via production of high levels of TNF ligand
family member, B-cell activating factor (BAFF) and
a proliferation-inducing ligand (APRIL).69 With re-
spect to innate cell functions, RA FLS can act as
APCs and could express high level of surface Toll
receptors TLR 2 and 4.61,70 Priming by cytokines
such as IL-1 or TNF-a also induces the production
of GM-CSF from FLS which is a major macrophage
activating factor.71 In conclusion, this all demon-
strates that RA FLS can promote both types of
immune responses.

There is an indication as shown in vitro, that syn-
ovial stromal cells can be immunosuppressive.38

The aggressive pro-inflammatory nature of RA FLS
shown in vivo could be explained by the effect of
RA micro-environment and interaction between RA
FLS and immune cells. FLS express intracellular mol-
ecules such as Cryopyrin which are inducible by
TNF-a and can in turn increase the production of
IL-6 and IL-8.72 Also, type-II collagen-specific
effector T cells could stimulate secretion of IL-15,
IL-18 and TNF by FLS which in turn activate the
production of IFN-g by T cells.73 In summary, polar-
ization of RA FLS into pro-inflammatory cells ap-
pears to be related to RA environmental factors
and this seems to create a vicious circle leading to
chronicity of this disease.

The development of RA is associated with hyper-
proliferation of FLS, a process which could be
related to the inhibition of FLS apoptosis.74,75

Additionally, increased production of cysteine-rich
protein 61 (Cyr61), a molecule involved in cell ad-
hesion and migration, stimulates FLS proliferation.76

The factors driving FLS proliferation in RA do not
appear to be acting on S-MSC; one study has
shown that the frequency of S-MSC in the RA syno-
vium is reduced compared with OA controls and
this is correlated with the progression of synovitis.27

This imbalance in the numbers of aggressive RA FLS
and MSC could be another contributing factor lead-
ing to the loss of immune haemostasis in RA.

In summary, RAFLS and S-MSC could directly par-
ticipate in the progression of inflammation in RA by
different means (Figure 2, B). Despite their potential
immunosuppressive role, these synovial-derived stro-
mal cells are not effective in controlling inflammation
in RA and potentially in other auto-inflammatory dis-
eases. More knowledge on the immunoregulatory
function of S-MSC in health and early stages of RA
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could therefore lead to new methods of targeting in-
flammatory processes in the RA synovium.

S-MSC as cell therapy for
RA—principles

The use of autologous MSC for immunosuppression
therapy is widely accepted because these MSC can
efficiently inhibit the proliferation of activated
lymphocytes in a similar manner to allogeneic
healthy cells as in vitro studies have shown.77

Although the morphology and phenotype of culti-
vated S-MSC is similar to that of BM-MSC, it has
been shown that S-MSC has superiority in several as-
pects. Interestingly, S-MSC have much greater prolif-
erative rate compared to bone marrow as well as
muscle- and fat-derived MSC as shown in animal
models.78 Furthermore, S-MSC retains their prolifera-
tive power regardless of donor age and after several
passages in culture unlike other MSC.23,79 Comparing
S-MSC with skin-derived MSC has shown that the
later exert less immune suppressive properties than
S-MSC, particularly upon stimulation with IFN-g.39

In summary, S-MSC could be a convenient MSC
source to consider for RA cell therapy.

The extraction of S-MSC from pathological joints
such as OA and RA is usually performed as part of
surgical treatment such as the removal of degener-
ated cartilage.80 An extraction of small quantity of
synovial tissue is usually sufficient to extract MSC
effectively.23 MSC can be extracted from different
sites within a joint; suprapatellar pouch, infrapatellar
fat pad and medial outer or medial inner articular
regions. However, the functional capabilities of S-
MSC could be varied from other joint-driven MSC. It
has been noticed that MSC harvested from medial
outer tissues have higher proliferation rate com-
pared with those extracted from other joint
regions.30 This point reflects a need for more re-
search on the differences between immunosuppres-
sive capacities of MSC derived from various
anatomical areas within the joint.

In animal models of RA, allogeneic MSC have
been shown to exhibit poor immunogenicity
in vitro.81,82 Furthermore, animal model of colla-
gen-induced arthritis (CIA) responded successfully
to allogeneic BM-MSC delivered intraperitoneally.83

Despite the apparent advantages of allogeneic MSC,
some conflicting data have emerged in terms of RA
treatment. Allogeneic MSC extracted from BM, um-
bilical cord and placental cultures were rejected in a
mouse model of graft versus host disease, did not
form ectopic bone and lost their immunosuppressive
power that was displayed in vitro.84,85 However,
studies performed on patients of autoimmune

diseases have demonstrated the advantage of using

allogeneic MSC. The Using of autologous MSC did
not seem to improve SLE disease course despite an

increase of proportion of peripheral blood T-regs.86

MSC extracted from SLE patients grew slower in cul-

ture, display less viability and produce less TGF-b in
contrast to allogeneic healthy MSC indicating that

the former cells are probably defective in function.87

In case of RA, it has been shown that intravenous

infusion of allogeneic BM-MSC or Umbilical Cord
(UC)-MSC into small group of anti-TNF resistant

cases induces a temporary clinical improvement

but not on long term follow-up.88 A recent work

has proved the safety and the potential efficiency
of allogeneic MSC for RA therapy in a larger

number of patients.89 Furthermore, the combination

of allogeneic UC-MSC and conventional therapy
improves RA cases clinically and serologically.

The same research group has conducted a pilot

study for 15 patients with refractory SLE and has

shown a clinical improvement and stability in
renal function after treatment with allogeneic BM-

MSC.90 In summary, using allogeneic MSC could be

effective in refractory autoimmune disorders such as

RA and SLE; however, more clinical trials are
needed to approve these findings.

The best tool to deliver MSC is still undetermined.

Although MSC can migrate into the specific site of

inflammation, MSC infused systemically could dis-

play anti-inflammatory responses in different sites
which underpin an effective use of MSC in multi-

organ diseases.91,92 However, the systemic admin-

istration of autologous MSC could cause an exacer-

bation of the disease as shown in CIA model
although the mechanism is not clear.93

Furthermore, there is a potential activation of

hidden or low grade tumours because MSC could

suppress the anti-tumour immune response.94

Consequently, there is now an increasing trend to

implement a local MSC delivery, such as intra-ar-

ticular MSC injections. A recent study using SCID
mouse model of arthritis has verified the practicabil-

ity and safety of using intra-articular adipose-derived

MSC injection as a therapy of rheumatic disorders.95

Similar assessment is needed to test if a direct inocu-
lation into joint could be the convenient way of the

S-MSC delivery in RA cases.

How S-MSC can be an effective tool
for therapy of RA; Conclusions and
future aspects

Within the normal synovial tissue, two types of

non-haematopoietic stromal cells: FLS and S-MSC
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appear to play an important role in controlling the
inflammation and immune haemostasis. In normal
conditions, closely related FLS and S-MSC can act
as immunomodulatory cells controlling the magni-
tude of immune responses. Both stromal lineage
cells retain some level of immunosuppressive cap-
ability during pathological conditions such as RA,
which can be detected in vitro. However, due to
various factors within RA milieu and as a result of
a direct contact with inflammatory cells and cyto-
kines, the immunomodulatory function of S-MSC
and FLS seem to be disturbed. The proliferation of
RA FLS which acquire aggressive pro-inflammatory
phenotype within the synovium takes the upper
hand. Moreover, the function of S-MSC seems to
be shifted towards immune stimulation. Based on
these considerations, the use of S-MSC as cell ther-
apy for autoimmune disorder such as RA needs to be
complemented with targeting the inflammatory fac-
tors within the synovium. Essentially, further inves-
tigation into the interaction between S-MSC and RA
FLS and with immune cells is still required to im-
prove the therapy of RA. Some pre-clinical studies
have been shown that targeting of signalling mol-
ecules in active pro-inflammatory cells including
RA FLS could be of value in treatment of RA.96

Therefore, combination of MSC therapy together
with targeting RA FLS must be considered.
Furthermore, joint MSC harvesting sites, doses as
well as routes and schedules of delivery remain
underexplored and merit further investigation
before this type of therapy could become a clinical
reality.

Funding

This work was partially funded through WELMEC, a
Centre of Excellence in Medical Engineering funded
by the Wellcome Trust and EPSRC (grant no. WT
088908/Z/09/Z).

Conflict of interest: None declared.

References
1. McGonagle D, McDermott MF. A proposed classification of

the immunological diseases. PLoS Med 2006; 3:e297.

2. Bottini N, Firestein GS. Duality of fibroblast-like synoviocytes

in RA: passive responders and imprinted aggressors. Nat Rev

Rheumatol 2013; 9:24–33.

3. Le Blanc K, Tammik C, Rosendahl K, Zetterberg E,

Ringden O. HLA expression and immunologic properties of

differentiated and undifferentiated mesenchymal stem cells.

Exp Hematol 2003; 31:890–6.

4. Di Nicola M, Carlo-Stella C, Magni M, Milanesi M,

Longoni PD, Matteucci P, et al. Human bone marrow stromal

cells suppress T-lymphocyte proliferation induced by cellular

or nonspecific mitogenic stimuli. Blood 2002; 99:3838–43.

5. Krampera M, Glennie S, Dyson J, Scott D, Laylor R,

Simpson E, et al. Bone marrow mesenchymal stem cells in-

hibit the response of naive and memory antigen-specific T

cells to their cognate peptide. Blood 2003; 101:3722–9.

6. Polchert D, Sobinsky J, Douglas G, Kidd M, Moadsiri A,

Reina E, et al. IFN-gamma activation of mesenchymal stem

cells for treatment and prevention of graft versus host disease.

Eur J Immunol 2008; 38:1745–55.

7. Eljaafari A, Tartelin ML, Aissaoui H, Chevrel G, Osta B,

Lavocat F, et al. Bone marrow-derived and synovium-derived

mesenchymal cells promote Th17 cell expansion and

activation through caspase 1 activation: contribution to the

chronicity of rheumatoid arthritis. Arthritis Rheum 2012;

64:2147–57.

8. Prevosto C, Zancolli M, Canevali P, Zocchi MR, Poggi A.

Generation of CD4+ or CD8+ regulatory T cells upon mes-

enchymal stem cell-lymphocyte interaction. Haematologica

2007; 92:881–8.

9. Di Ianni M, Del Papa B, De Ioanni M, Moretti L, Bonifacio E,

Cecchini D, et al. Mesenchymal cells recruit and regulate T

regulatory cells. Exp Hematol 2008; 36:309–18.

10. Corcione A, Benvenuto F, Ferretti E, Giunti D, Cappiello V,

Cazzanti F, et al. Human mesenchymal stem cells modulate

B-cell functions. Blood 2006; 107:367–72.

11. Djouad F, Charbonnier LM, Bouffi C, Louis-Plence P,

Bony C, Apparailly F, et al. Mesenchymal stem cells inhibit

the differentiation of dendritic cells through an interleukin-6-

dependent mechanism. Stem Cells 2007; 25:2025–32.

12. Jiang XX, Zhang Y, Liu B, Zhang SX, Wu Y, Yu XD, et al.

Human mesenchymal stem cells inhibit differentiation and

function of monocyte-derived dendritic cells. Blood 2005;

105:4120–6.

13. Beyth S, Borovsky Z, Mevorach D, Liebergall M, Gazit Z,

Aslan H, et al. Human mesenchymal stem cells alter anti-

gen-presenting cell maturation and induce T-cell unrespon-

siveness. Blood 2005; 105:2214–9.

14. Aggarwal S, Pittenger MF. Human mesenchymal stem cells

modulate allogeneic immune cell responses. Blood 2005;

105:1815–22.

15. Meisel R, Zibert A, Laryea M, Gobel U, Daubener W,

Dilloo D. Human bone marrow stromal cells inhibit allogeneic

T-cell responses by indoleamine 2,3-dioxygenase-mediated

tryptophan degradation. Blood 2004; 103:4619–21.

16. Sarkhosh K, Tredget EE, Li Y, Kilani RT, Uludag H,

Ghahary A. Proliferation of peripheral blood mononuclear

cells is suppressed by the indoleamine 2,3-dioxygenase ex-

pression of interferon-gamma-treated skin cells in a co-cul-

ture system. Wound Repair Regen 2003; 11:337–45.

17. Spaggiari GM, Capobianco A, Abdelrazik H, Becchetti F,

Mingari MC, Moretta L. Mesenchymal stem cells inhibit

natural killer-cell proliferation, cytotoxicity, and cytokine

production: role of indoleamine 2,3-dioxygenase and pros-

taglandin E2. Blood 2008; 111:1327–33.

18. Bauer H, Jung T, Tsikas D, Stichtenoth DO, Frolich JC,

Neumann C. Nitric oxide inhibits the secretion of T-helper

1- and T-helper 2-associated cytokines in activated human

T cells. Immunology 1997; 90:205–11.

19. Medot-Pirenne M, Heilman MJ, Saxena M, McDermott PE,

Mills CD. Augmentation of an antitumor CTL response

MSC for immunomodulation in RA 511

-
 [96].
Acknowledgment
, under
umber


In vivo by inhibition of suppressor macrophage nitric oxide.

J Immunol 1999; 163:5877–82.

20. Selmani Z, Naji A, Zidi I, Favier B, Gaiffe E, Obert L, et al.

Human leukocyte antigen-G5 secretion by human mesen-

chymal stem cells is required to suppress T lymphocyte

and natural killer function and to induce

CD4+CD25highFOXP3+ regulatory T cells. Stem Cells

2008; 26:212–22.

21. Chabannes D, Hill M, Merieau E, Rossignol J, Brion R,

Soulillou JP, et al. A role for heme oxygenase-1 in the im-

munosuppressive effect of adult rat and human mesenchy-

mal stem cells. Blood 2007; 110:3691–4.

22. Saldanha-Araujo F, Haddad R, Farias KC, Souza Ade P,

Palma PV, Araujo AG, et al. Mesenchymal stem cells pro-

mote the sustained expression of CD69 on activated T

lymphocytes: roles of canonical and non-canonical NF-

kappaB signalling. J Cell Mol Med 2012; 16:1232–44.

23. De Bari C, Dell’Accio F, Tylzanowski P, Luyten FP.

Multipotent mesenchymal stem cells from adult human syn-

ovial membrane. Arthritis Rheum 2001; 44:1928–42.

24. Khan IM, Bishop JC, Gilbert S, Archer CW. Clonal chondro-

progenitors maintain telomerase activity and Sox9 expression

during extended monolayer culture and retain chondrogenic

potential. Osteoarthritis Cartilage 2009; 17:518–28.

25. Barry F, Murphy M. Mesenchymal stem cells in joint disease

and repair. Nat Rev Rheumatol 2013; 9:584–94.

26. Sekiya I, Ojima M, Suzuki S, Yamaga M, Horie M, Koga H,

et al. Human mesenchymal stem cells in synovial fluid

increase in the knee with degenerated cartilage and osteo-

arthritis. J Orthop Res 2012; 30:943–9.

27. Jones E, Churchman SM, English A, Buch MH, Horner EA,

Burgoyne CH, et al. Mesenchymal stem cells in rheumatoid

synovium: enumeration and functional assessment in relation

to synovial inflammation level. Ann Rheum Dis 2010;

69:450–7.

28. Jones EA, English A, Henshaw K, Kinsey SE, Markham AF,

Emery P, et al. Enumeration and phenotypic characterization

of synovial fluid multipotential mesenchymal progenitor cells

in inflammatory and degenerative arthritis. Arthritis Rheum

2004; 50:817–27.

29. da Silva Meirelles L, Sand TT, Harman RJ, Lennon DP,

Caplan AI. MSC frequency correlates with blood vessel

density in equine adipose tissue. Tissue Eng Part A 2009;

15:221–9.

30. Nagase T, Muneta T, Ju YJ, Hara K, Morito T, Koga H, et al.

Analysis of the chondrogenic potential of human synovial

stem cells according to harvest site and culture parameters

in knees with medial compartment osteoarthritis. Arthritis

Rheum 2008; 58:1389–98.

31. Jones EA, Crawford A, English A, Henshaw K, Mundy J,

Corscadden D, et al. Synovial fluid mesenchymal stem

cells in health and early osteoarthritis: detection and func-

tional evaluation at the single-cell level. Arthritis Rheum

2008; 58:1731–40.

32. Giurea A, Ruger BM, Hollemann D, Yanagida G, Kotz R,

Fischer MB. STRO-1+ mesenchymal precursor cells located

in synovial surface projections of patients with osteoarthritis.

Osteoarthritis Cartilage 2006; 14:938–43.

33. Van Landuyt KB, Jones EA, McGonagle D, Luyten FP,

Lories RJ. Flow cytometric characterization of freshly isolated

and culture expanded human synovial cell populations in

patients with chronic arthritis. Arthritis Res Ther 2010;

12:R15.

34. Edwards JC. Fibroblast biology. Development and differenti-

ation of synovial fibroblasts in arthritis. Arthritis Res 2000;

2:344–7.

35. Dominici M, Le Blanc K, Mueller I, Slaper-Cortenbach I,

Marini F, Krause D, et al. Minimal criteria for defining multi-

potent mesenchymal stromal cells. The International Society

for Cellular Therapy position statement. Cytotherapy 2006;

8:315–7.

36. Vandenabeele F, De Bari C, Moreels M, Lambrichts I,

Dell’Accio F, Lippens PL, et al. Morphological and immuno-

cytochemical characterization of cultured fibroblast-like

cells derived from adult human synovial membrane. Arch

Histol Cytol 2003; 66:145–53.

37. Grogan SP, Barbero A, Diaz-Romero J, Cleton-Jansen AM,

Soeder S, Whiteside R, et al. Identification of markers to

characterize and sort human articular chondrocytes with

enhanced in vitro chondrogenic capacity. Arthritis Rheum

2007; 56:586–95.

38. Jones S, Horwood N, Cope A, Dazzi F. The antiproliferative

effect of mesenchymal stem cells is a fundamental property

shared by all stromal cells. J Immunol 2007; 179:2824–31.

39. Djouad F, Bony C, Haupl T, Uze G, Lahlou N, Louis-

Plence P, et al. Transcriptional profiles discriminate bone

marrow-derived and synovium-derived mesenchymal stem

cells. Arthritis Res Ther 2005; 7:R1304–15.

40. Hagmann S, Gotterbarm T, Muller T, Baesig AM, Gantz S,

Dreher T, et al. The influence of bone marrow and synovium

derived mesenchymal stromal cells from osteoarthritis pa-

tients on regulatory T-cells in coculture. Clin Exp Immunol

2013; 173:454–62.

41. Donnelly JJ, Xi MS, Rockey JH. A soluble product of human

corneal fibroblasts inhibits lymphocyte activation.

Enhancement by interferon-gamma. Exp Eye Res 1993;

56:157–65.

42. Haniffa MA, Collin MP, Buckley CD, Dazzi F. Mesenchymal

stem cells: the fibroblasts’ new clothes? Haematologica

2009; 94:258–63.

43. Shimabukuro Y, Murakami S, Okada H. Interferon-gamma-

dependent immunosuppressive effects of human gingival

fibroblasts. Immunology 1992; 76:344–7.

44. Haniffa MA, Wang XN, Holtick U, Rae M, Isaacs JD,

Dickinson AM, et al. Adult human fibroblasts are potent

immunoregulatory cells and functionally equivalent to mes-

enchymal stem cells. J Immunol 2007; 179:1595–604.

45. Pohlers D, Beyer A, Koczan D, Wilhelm T, Thiesen HJ,

Kinne RW. Constitutive upregulation of the transforming

growth factor-beta pathway in rheumatoid arthritis synovial

fibroblasts. Arthritis Res Ther 2007; 9:R59.

46. Krampera M. Mesenchymal stromal cell ‘licensing’: a multi-

step process. Leukemia 2011; 25:1408–14.

47. Ren G, Zhang L, Zhao X, Xu G, Zhang Y, Roberts AI, et al.

Mesenchymal stem cell-mediated immunosuppression

occurs via concerted action of chemokines and nitric

oxide. Cell Stem Cell 2008; 2:141–50.

48. Krampera M, Cosmi L, Angeli R, Pasini A, Liotta F,

Andreini A, et al. Role for interferon-gamma in the immuno-

modulatory activity of human bone marrow mesenchymal

stem cells. Stem Cells 2006; 24:386–98.

512 J.J. El-Jawhari et al.



49. Waterman RS, Tomchuck SL, Henkle SL, Betancourt AM. A

new mesenchymal stem cell (MSC) paradigm: polarization

into a pro-inflammatory MSC1 or an Immunosuppressive

MSC2 phenotype. PLoS One 2010; 5:e10088.

50. Romieu-Mourez R, Francois M, Boivin MN, Bouchentouf M,

Spaner DE, Galipeau J. Cytokine modulation of TLR expres-

sion and activation in mesenchymal stromal cells leads to a

proinflammatory phenotype. J Immunol 2009; 182:7963–73.

51. Opitz CA, Litzenburger UM, Lutz C, Lanz TV, Tritschler I,

Koppel A, et al. Toll-like receptor engagement enhances the

immunosuppressive properties of human bone marrow-

derived mesenchymal stem cells by inducing indoleamine-

2,3-dioxygenase-1 via interferon-beta and protein kinase R.

Stem Cells 2009; 27:909–19.

52. Uccelli A, Moretta L, Pistoia V. Mesenchymal stem cells in

health and disease. Nat Rev Immunol 2008; 8:726–36.

53. Huang QQ, Pope RM. The role of toll-like receptors in

rheumatoid arthritis. Curr Rheumatol Rep 2009; 11:357–64.

54. Radstake TR, Roelofs MF, Jenniskens YM, Oppers-

Walgreen B, van Riel PL, Barrera P, et al. Expression of

toll-like receptors 2 and 4 in rheumatoid synovial tissue

and regulation by proinflammatory cytokines interleukin-12

and interleukin-18 via interferon-gamma. Arthritis Rheum

2004; 50:3856–65.

55. Roelofs MF, Boelens WC, Joosten LA, Abdollahi-Roodsaz S,

Geurts J, Wunderink LU, et al. Identification of small heat

shock protein B8 (HSP22) as a novel TLR4 ligand and poten-

tial involvement in the pathogenesis of rheumatoid arthritis.

J Immunol 2006; 176:7021–7.

56. Schaefer L, Babelova A, Kiss E, Hausser HJ, Baliova M,

Krzyzankova M, et al. The matrix component biglycan is

proinflammatory and signals through Toll-like receptors 4

and 2 in macrophages. J Clin Invest 2005; 115:2223–33.

57. Huang QQ, Sobkoviak R, Jockheck-Clark AR, Shi B,

Mandelin AM, 2nd, Tak PP, et al. Heat shock protein 96 is

elevated in rheumatoid arthritis and activates macrophages

primarily via TLR2 signaling. J Immunol 2009; 182:4965–73.

58. Bresnihan B, Roux-Lombard P, Murphy E, Kane D,

FitzGerald O, Dayer JM. Serum interleukin 18 and interleu-

kin 18 binding protein in rheumatoid arthritis. Ann Rheum

Dis 2002; 61:726–9.

59. Pope RM, Shahrara S. Possible roles of IL-12-family cytokines

in rheumatoid arthritis. Nat Rev Rheumatol 2013; 9:252–6.

60. Neumann E, Lefevre S, Zimmermann B, Gay S, Muller-

Ladner U. Rheumatoid arthritis progression mediated by

activated synovial fibroblasts. Trends Mol Med 2010;

16:458–68.

61. Boots AM, Wimmers-Bertens AJ, Rijnders AW. Antigen-

presenting capacity of rheumatoid synovial fibroblasts.

Immunology 1994; 82:268–74.

62. Tran CN, Davis MJ, Tesmer LA, Endres JL, Motyl CD,

Smuda C, et al. Presentation of arthritogenic peptide to anti-

gen-specific T cells by fibroblast-like synoviocytes. Arthritis

Rheum 2007; 56:1497–506.

63. Vallejo AN, Yang H, Klimiuk PA, Weyand CM, Goronzy JJ.

Synoviocyte-mediated expansion of inflammatory T cells in

rheumatoid synovitis is dependent on CD47-thrombospon-

din 1 interaction. J Immunol 2003; 171:1732–40.

64. Bradfield PF, Amft N, Vernon-Wilson E, Exley AE,

Parsonage G, Rainger GE, et al. Rheumatoid fibroblast-like

synoviocytes overexpress the chemokine stromal

cell-derived factor 1 (CXCL12), which supports distinct pat-

terns and rates of CD4+ and CD8+ T cell migration within

synovial tissue. Arthritis Rheum 2003; 48:2472–82.

65. Burger JA, Zvaifler NJ, Tsukada N, Firestein GS, Kipps TJ.

Fibroblast-like synoviocytes support B-cell pseudoemperipol-

esis via a stromal cell-derived factor-1- and CD106 (VCAM-

1)-dependent mechanism. J Clin Invest 2001; 107:305–15.

66. Reparon-Schuijt CC, van Esch WJ, van Kooten C, Rozier BC,

Levarht EW, Breedveld FC, et al. Regulation of synovial B

cell survival in rheumatoid arthritis by vascular cell adhesion

molecule 1 (CD106) expressed on fibroblast-like synovio-

cytes. Arthritis Rheum 2000; 43:1115–21.

67. Hayashida K, Shimaoka Y, Ochi T, Lipsky PE. Rheumatoid

arthritis synovial stromal cells inhibit apoptosis and up-regu-

late Bcl-xL expression by B cells in a CD49/CD29-CD106-

dependent mechanism. J Immunol 2000; 164:1110–6.

68. Benito-Miguel M, Garcia-Carmona Y, Balsa A, Bautista-

Caro MB, Arroyo-Villa I, Cobo-Ibanez T, et al. IL-15 expres-

sion on RA synovial fibroblasts promotes B cell survival.

PLoS One 2012; 7:e40620.

69. Bombardieri M, Kam NW, Brentano F, Choi K, Filer A,

Kyburz D, et al. A BAFF/APRIL-dependent TLR3-stimulated

pathway enhances the capacity of rheumatoid synovial fibro-

blasts to induce AID expression and Ig class-switching in B

cells. Ann Rheum Dis 2011; 70:1857–65.

70. Ospelt C, Brentano F, Rengel Y, Stanczyk J, Kolling C,

Tak PP, et al. Overexpression of toll-like receptors 3 and 4

in synovial tissue from patients with early rheumatoid arth-

ritis: toll-like receptor expression in early and longstanding

arthritis. Arthritis Rheum 2008; 58:3684–92.

71. Alvaro-Gracia JM, Zvaifler NJ, Firestein GS. Cytokines in

chronic inflammatory arthritis. IV. Granulocyte/macrophage

colony-stimulating factor-mediated induction of class II MHC

antigen on human monocytes: a possible role in rheumatoid

arthritis. J Exp Med 1989; 170:865–75.

72. Rosengren S, Hoffman HM, Bugbee W, Boyle DL. Expression

and regulation of cryopyrin and related proteins in rheuma-

toid arthritis synovium. Ann Rheum Dis 2005; 64:708–14.

73. Cho ML, Yoon CH, Hwang SY, Park MK, Min SY, Lee SH,

et al. Effector function of type II collagen-stimulated T cells

from rheumatoid arthritis patients: cross-talk between

T cells and synovial fibroblasts. Arthritis Rheum 2004;

50:776–84.

74. Krenn V, Morawietz L, Burmester GR, Kinne RW, Mueller-

Ladner U, Muller B, et al. Synovitis score: discrimination

between chronic low-grade and high-grade synovitis.

Histopathology 2006; 49:358–64.

75. Korb A, Pavenstadt H, Pap T. Cell death in rheumatoid arth-

ritis. Apoptosis 2009; 14:447–54.

76. Zhang Q, Wu J, Cao Q, Xiao L, Wang L, He D, et al.

A critical role of Cyr61 in interleukin-17-dependent prolifer-

ation of fibroblast-like synoviocytes in rheumatoid arthritis.

Arthritis Rheum 2009; 60:3602–12.

77. Bocelli-Tyndall C, Bracci L, Spagnoli G, Braccini A,

Bouchenaki M, Ceredig R, et al. Bone marrow mesenchymal

stromal cells (BM-MSCs) from healthy donors and auto-

immune disease patients reduce the proliferation of autolo-

gous- and allogeneic-stimulated lymphocytes in vitro.

Rheumatology 2007; 46:403–8.

78. Yoshimura H, Muneta T, Nimura A, Yokoyama A, Koga H,

Sekiya I. Comparison of rat mesenchymal stem cells derived

MSC for immunomodulation in RA 513



from bone marrow, synovium, periosteum, adipose tissue,

and muscle. Cell Tissue Res 2007; 327:449–62.

79. Mueller SM, Glowacki J. Age-related decline in the osteo-

genic potential of human bone marrow cells cultured in

three-dimensional collagen sponges. J Cell Biochem 2001;

82:583–90.

80. Fan J, Varshney RR, Ren L, Cai D, Wang DA. Synovium-

derived mesenchymal stem cells: a new cell source for muscu-

loskeletal regeneration. Tissue Eng Part B Rev 2009; 15:75–86.

81. Tse WT, Pendleton JD, Beyer WM, Egalka MC, Guinan EC.

Suppression of allogeneic T-cell proliferation by human

marrow stromal cells: implications in transplantation.

Transplantation 2003; 75:389–97.

82. Le Blanc K, Rasmusson I, Sundberg B, Gotherstrom C,

Hassan M, Uzunel M, et al. Treatment of severe acute

graft-versus-host disease with third party haploidentical mes-

enchymal stem cells. Lancet 2004; 363:1439–41.

83. Augello A, Tasso R, Negrini SM, Cancedda R, Pennesi G.

Cell therapy using allogeneic bone marrow mesenchymal

stem cells prevents tissue damage in collagen-induced arth-

ritis. Arthritis Rheum 2007; 56:1175–86.

84. Eliopoulos N, Stagg J, Lejeune L, Pommey S, Galipeau J.

Allogeneic marrow stromal cells are immune rejected by

MHC class I- and class II-mismatched recipient mice.

Blood 2005; 106: 4057–65.

85. Prigozhina TB, Khitrin S, Elkin G, Eizik O, Morecki S,

Slavin S. Mesenchymal stromal cells lose their immunosup-

pressive potential after allotransplantation. Exp Hematol

2008; 36:1370–6.

86. Carrion F, Nova E, Ruiz C, Diaz F, Inostroza C, Rojo D, et al.

Autologous mesenchymal stem cell treatment increased T

regulatory cells with no effect on disease activity in two

systemic lupus erythematosus patients. Lupus 2010;

19:317–22.

87. Nie Y, Lau C, Lie A, Chan G, Mok M. Defective phenotype of

mesenchymal stem cells in patients with systemic lupus ery-

thematosus. Lupus 2010; 19:850–9.

88. Liang J, Li X, Zhang H, Wang D, Feng X, Wang H, et al.

Allogeneic mesenchymal stem cells transplantation in

patients with refractory RA. Clin Rheumatol 2012;

31:157–61.

89. Wang L, Wang L, Cong X, Liu G, Zhou J, Bai B, et al. Human

umbilical cord mesenchymal stem cell therapy for patients

with active rheumatoid arthritis: safety and efficacy. Stem

Cells Dev 2013; 22:3192–202.

90. Liang J, Zhang H, Hua B, Wang H, Lu L, Shi S, et al.

Allogenic mesenchymal stem cells transplantation in refrac-

tory systemic lupus erythematosus: a pilot clinical study. Ann

Rheum Dis 2010; 69:1423–9.

91. Devine SM, Cobbs C, Jennings M, Bartholomew A,

Hoffman R. Mesenchymal stem cells distribute to a wide

range of tissues following systemic infusion into nonhuman

primates. Blood 2003; 101:2999–3001.

92. Li Y, Chen J, Chen XG, Wang L, Gautam SC, Xu YX, et al.

Human marrow stromal cell therapy for stroke in rat: neuro-

trophins and functional recovery. Neurology 2002; 59:514–

23.

93. Sullivan C, Murphy JM, Griffin MD, Porter RM, Evans CH,

O’Flatharta C, et al. Genetic mismatch affects the immuno-

suppressive properties of mesenchymal stem cells in vitro

and their ability to influence the course of collagen-induced

arthritis. Arthritis Res Ther 2012; 14:R167.

94. Djouad F, Plence P, Bony C, Tropel P, Apparailly F, Sany J,

et al. Immunosuppressive effect of mesenchymal stem cells

favors tumor growth in allogeneic animals. Blood, 2003;

102:3837–44.

95. Toupet K, Maumus M, Peyrafitte JA, Bourin P, van Lent PL,

Ferreira R, et al. Long-term detection of human

adipose-derived mesenchymal stem cells after

intraarticular injection in SCID mice. Arthritis Rheum 2013;

65:1786–94.

96. Bartok B, Firestein GS. Fibroblast-like synoviocytes: key ef-

fector cells in rheumatoid arthritis. Immunol Rev 2010;

233:233–55.

514 J.J. El-Jawhari et al.


