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Rheumatoid arthritis (RA) is an autoimmune disease that causes damage to joints. The possibility of influencing the
disease through immunomodulation by mesenchymal stem cells (MSCs). There is an occurrence of rheumatoid
factor and RA-specific autoantibodies to citrullinated proteins in most patients. Citrulline proteins have been
identified in the joints of RA patients, and are considered to be the most suitable candidates for the stimulation of

anti-citrulline protein antibodies production.

mesenchymal stem cells rheumatoid arthritis immunomodulation

| 1. Introduction

Rheumatoid arthritis (RA) is a chronic systemic disease that causes damage to joints, connective tissue, muscles
and tendons . Chronic inflammation is a hallmark of RA joint pathology synovitis, which causes cartilage and
bone tissue erosion by resident synoviocyte-like fibroblasts (FLS). Joint inflammation is initiated and maintained by
autoimmune mechanisms 2. The preclinical phase of RA, which takes a long period of time before the first clinical
symptoms appear, is characterized by the presence of circulating autoantibodies, and increased levels of
inflammatory cytokines and chemokines. In RA, inner lining hyperplasia occurs and the numbers of macrophages
and fibroblast-like synoviocytes (FLSs) are elevated (Table 1). Inflammatory cells penetrate to the rheumatoid joint,
where they are activated and contribute to local destruction. More specifically, they are mainly neutrophils that

accumulate in the synovial fluid, absorb immune complexes, and release proteolytic enzymes 1.

Table 1. Abbreviations often used in the text.

Abbreviations Acronym
Anti-citrullinated protein antibodies ACPAs
C-X-C chemokine receptor CXCR
Dendritic cells DC
Extracellular matrix ECM
Extracellular vesicles EVs
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Abbreviations Acronym
Fibroblast-like synoviocytes FLSs
Immunoglobulins Ig
Indolamine 2,3-dioxygenase IDO
Interferon gamma IFN-y
Interleukin IL
Intracellular adhesion molecule 1 ICAM1
Macrophage inflammatory proteins MIP
Matrix metalloproteinases MMP
Mesenchymal stem cells MSCs
Natural killer cells NK cells
Peptidyl arginine deiminase PAD
Prostaglandin E2 PGE2
Rheumatoid arthritis RA
Synovial fluid SF
T regulatory cells Treg
Toll-like receptors TLR
Transforming growth factor beta TGF-
Tumor necrosis factor alpha TNF-a
Vascular adhesion molecule 1 VCAM1

Inflammation In the synovium Is accompanied by the formation of a pannus In the joint lining. A pannus is an
aggressive front tissue that destroys the local joint structures. Panus synoviocytes produce microscopic structures
called lysosomes that release enzymes (proteins) called matrix metalloproteinases (MMPs), which have a
degrading effect on cartilage. Altered cell metabolism ultimately leads to joint erosion and damage. The exact
cause of RA is currently not fully understood. It is most likely to be a disease that occurs in genetically predisposed
individuals and under certain circumstances, for example, as an acute disease in the presence of pathogenic
microorganisms. RA disease is characterized by chronic inflammation, which is maintained by autoimmune
processes. The course of RA is highly variable. Overall, however, the course is progressive and often leads to
disability. The goal of treatment is to achieve remission, but the treatment must be timely and aggressive W& RA
treatment is aimed slowing the progression of the disease by inhibiting the inflammation of the affected parts.
Currently applied treatment methods include synthetic and disease-modifying anti-rheumatic drugs (DMARDS),
non-steroidal anti-inflammatory drugs (NSAIDs) and glucocorticoids. Several side effects are present in patients

following the glucocorticoids’ administration. A higher dose of glucocorticoids causes parchment skin, leg edema,
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sleep disorders, immunosuppression, weight gain, hypertension and diabetes. Recently, antirheumatic drugs of the
type DMARDSs, and especially the DMARD methotrexate (MTX), have been used therapeutically; furthermore, new
biological substances have improved the treatment of RA. Interestingly, early treatment more effectively increases
its effectiveness and reduces the extent of joint damage. However, there is a certain problem with catching and
treating patients in the early stages of the disease; NSAIDs are indicated as therapy in combination with other
medications during the RA phase. This is mainly a symptomatic treatment. Undesirable side effects are common
with this therapy. DMARDSs objectively suppress the inflammatory reaction, including the inhibition of the immediate
phase reaction, and also reduce damage to the joint, which has been confirmed by X-ray analysis. The most
frequently used drugs are sulfasalazine and methotrexate. Biological therapy is a modern alternative to RA therapy.
In principle, it involves blocking the activity of the main inflammatory cytokine, tumor necrosis factor alpha (TNF-a).
There are several preparations based on the neutralizing antibodies against TNF-o. Biological therapy is
recommended for patients with a severe form of RA, mainly for patients who respond poorly to DMARDs treatment.
Undesirable effects may occur, such as infections, tuberculosis, and malignant diseases. Biologic DMARDs and
NSAIDs, which are known as effective painkillers, as well as other expensive drugs with a high potential to reduce
disease symptoms and prevent disease progression in patients, are most commonly used in RA therapy. Cytokines
such as TNF-q, Interleukin 1 (IL-1), IL-6, IL-7, IL-15, IL-17, IL-18, IL-21, IL-23, IL-32, IL-33 and granulocyte-
macrophage colony stimulating factor (GM-CSF) are important in the development of RA. Interestingly, the results
of clinical studies that focused on blocking IL-1, IL-17 and IL-18 did not show significant success. In contrast,
blocking TNF-a or IL-6 was successful in influencing symptoms ©l. The negatives of RA treatment are its serious
side effects. Moreover, treatment is not effective for all patients. In RA, up to 30% of patients do not respond to

conventional treatment 2.

1.1. The Immunology of Rheumatoid Arthritis

Autoimmune diseases are manifested as disturbances in the inflammatory process, while the affected area is
disturbed and its functionality is lost in the case of neglecting the necessary therapy. Changes in the joint during
the RA process are related to an unbalanced biochemical process of catabolism and anabolism, while structural
disorders occur in the joint. These serious biochemical changes that occur in connection with inflammatory
synovitis in RA have the effect of suppressing the natural remodeling of structures in the joint. RA disease is
characterized by the presence of autoantibodies in the period before the manifestation of the disease itself . The
occurrence of anticitrulline antibodies is related to the formation of immune complexes in the affected joint. The
course of the autoimmune disease RA involves changes in both innate and adaptive immunity in subsets of T-
lymphocytes, the cells of the monocyte, and the macrophage lineage. Among the manifestations of RA is a
decrease in immune tolerance, which includes decreased T-reg cells. On the contrary, inflammatory cells and their
activation increase, which is also related to the increased production of cytokines, which ends in chronic
inflammation. The pro-inflammatory cytokines IL-6 and TNF-a are present at the site of inflammation. Due to the
extent of the disease and the multiple affected parts, the disease is perceived as a systemic disease. Synovial
hyperplasia is a very common manifestation of RA after joint injuries, and the stroma of the synovial tissue contain
cells with a characteristic MSC phenotype. According to the available data, it has been demonstrated that MSCs

can migrate from the BM into the joint cavity, and they have been detected in the proliferating synovial tissue.
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Authors de Bari et al. demonstrated the presence of MSCs in the human synovial membrane which have a
characteristic phenotype and differentiation ability. MSCs, as stem cells, have an important role in homeostasis,

while in the inflammatory process this balance is dysregulated 45,

1.2. Autoantibodies in Rheumatoid Arthritis

Monitoring the presence of autoantibodies in patients, rheumatoid factor (RF) and the autoantibodies to post-
translationally modified proteins such as citrullination (anticitrulin antibodies) are now increasingly important in the
diagnosis of disease. Autoantibodies develop in the serum and synovial fluid (SF) of patients with RA. Antibodies
cause the formation of immune complexes in the joints, which results in the activation of immune cells through the
complement system, as well as the direct activation of immune cells and the secretion of chemokines and
cytokines that enhance the immune response. RF antibodies that recognize the Fc-terminus of immunoglobulins
(Ig)-Gs are the standard and first type of autoantibodies found in RA. Now, it is known that the RF response uses a
wide-range spectrum of isotypes, including IgM, IgG and IgA. The RF antibody is present in about 75% of RA
patients, and has also been determined in other diseases and non-rheumatic conditions such as leprosy, syphilis,
pulmonary tuberculosis, chronic liver disease, and sarcoidosis, as well as in many rheumatological diseases such
as systemic lupus erythematosus (SLE) and Sjogren’s disease. In the current infection, RF can act to bind IgG-
coated pathogens and condition their removal in the form of immune complexes [8l. Genetic factors have been
shown to account for about 60% of the risk of developing RA. Anti-citrulline protein antibodies (ACPA) and
carbamylation (anti-CarP antibodies) are very important. A risk factor for ACPA-positive RA is the HLA class Il
molecule HLA-DRB1-“shared epitope” (SE) alleles. Recent studies suggest that the HLA-DRB1 alleles, which
encode SE, a five-amino acid sequence motif at residues 70-74 of the HLA-DR[ chain, are significantly present in
severe RA. Another interesting assumption is the refinement of the SE motif, which relates to position 70 of the
DR chain. Current facts suggest that while glutamine or arginine at position 70 appears to be a significant risk for
RA, aspartic acid at this position provides protection [Z. The risk is much higher for people carrying one SE or two
SE alleles compared to SE-negative individuals . The incidence of RA by gender is higher in women compared to
men, and the incidence rate in women is more than double. Due to a higher prevalence in women, reproductive
and hormonal factors are thought to affect the disease. The exact role of gonadotropins, estrogens and androgens
in RA is currently unknown. Estrogens are thought to be more pro-inflammatory and androgens more anti-
inflammatory. The results of the studies are not yet clear &, There is a form of seronegative RA that is
characterized by the absence of the autoantibodies RF and ACPA in serum. In addition, there are several
differences in etiopathogenesis and different risk factors. Several authors have summarized data from studies that
describe a non-seropositive form of RA. The RA treatment regimen does not currently take into account the

presence or absence of autoantibodies in patients, and the therapy is largely identical 29,

1.3. Post-Translational Modifications of Proteins ECM

Specific serological markers of RA are antibodies to citrullinated proteins, which show higher specificity in RA
compared to RF 11121 ACPAs specifically bind to citrullination after translational modification (PTM). ACPAs are

synthesized by immune cells in the panus; thus, the trigger for ACPA production is the autoantigen present in the
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affected joint. Citrullination has been found in several body parts, as well as in both mouse and human inflamed
joints. It is a PTM that can alter the interaction properties of proteins that contain lysine and arginine in their
interactive domains. As previously mentioned, the post-translational process of citrullination, which is driven by
calcium and the enzyme peptidyl arginine deiminase (PAD), leads to the removal of a positive charge for each
arginine residue that is converted to neutral citrulline 223, Intracellular enzyme PAD is an evolutionarily conserved
protein with several isoforms in both mice and humans (PAD1-4 and PADG6). While PAD4 is present in monocytes
and macrophages, both PAD2 and PAD4 are characteristic of SF. Both apoptosis and necrosis are associated with
a locally increased calcium concentration, which also releases PAD. It is thought that even in inflamed tissues, PAD
could act on the citrullination of ECM proteins such as fibrinogen and collagen. Citrulline collagen II, a-enolase,
fibrinogen and vimentin have been detected in the joints of patients with RA, and are considered to be the most
suitable candidates for the stimulation of ACPA production 141, In donors who provided serum years before their
first RA symptoms appeared, the ACPA test sensitivity was about 50%. Interestingly, ACPA autoantibody serums
were detectable in several patients aged 10-20 years before the onset of the disease 1. Post-translational
changes in fibronectin and collagen proteins that are part of the extracellular matrix (ECM) can potentially affect
cell properties such as adhesion, physicochemical properties and antigenicity 2817, One of the multifactorial
causes of RA is associated with dysregulated ECM remodeling, which is an interesting fact for citrullinated
vimentin. Citrullination, which has a negative effect on the assembly of vimentin filaments, leads to the increased
formation of soluble precursors that are transported extracellularly. The extracellular localization of these
precursors subsequently induces autoimmune responses in joints with RA. Citrullinated vimentin expression
increases following the cell damage. It is also strongly expressed in the repair modulating cells, which stimulates
their migration. The local production of posttranslational modified vimentin in the synovium of RA patients is
expected. This potential mechanism of posttranslational modified vimentin (PTMV) formation could be related to
inflammation. Macrophages and neutrophils that migrate from the periphery have high levels of PAD-2 and PAD-4
(18] Vimentin is most commonly localized in the cytoplasm and nucleus, and to a lesser extent on the cell surface in
the form of post-translationally modified phosphorylated vimentin. The endoplasmic reticulum and Golgi complex
are involved in the process of vimentin formation, forming vesicles that are secreted extracellularly as
phosphorylated vimentin. The cytokines present may regulate the expression of phosphorylated vimentin on the
cell surface. Interestingly, MSCs produced by TNF-a and IL-10 reduce vimentin protein exocytosis. The exact
physiological function of citrullination is not fully understood; however, it is known to cause the increased
susceptibility of proteins to proteolytic degradation. Another interesting finding is that these proteins are processed
antigen-present cells (APCs), which can be citrullinated prior to their presentation to T cells 2229 |t js also
interesting to point out that there is an involvement of citrullinated proteins in the pathogenic mechanism of RA in
animal models. Hill et al. described the induction of RA in a transgenic mouse with the HLA-DR4-IE gene by
citrulline fibrin, which is commonly found in inflamed synovial tissue, and is also a common target of autoantibodies
in RA patients 2. RA disease in antigen-induced mice was characterized by synovial hyperplasia. Furthermore,
citrullination has been found to induce immunological intolerance for endogenous reasons. Citrullinated proteins
significantly induced synovial arthritis in animals. Higher numbers of CD4+ T cell were recorded in the synovium of
RA animals. T cells altered by antigen-presenting cells expressing citrullinated peptides appear to be a putative

cause of T cell-dependent ACPA production and joint damage 22 (Figure 1).
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Figure 1. Antibodies to citrullinated proteins are specific serological markers of rheumatoid arthritis (RA). Anti-
citrulline protein antibodies (ACPA) specifically bind to citrullination after translational modification. ACPAs are
synthesized by immune cells in the panus, such that the trigger for ACPA production is the autoantigen present in
the affected joint. Peptidyl arginine deiminase (PAD) are characteristic of synovial fluid. In inflamed tissues, PAD
could act on the citrullination of extracellular matrix (ECM) proteins such as fibrinogen and collagen. Citrulline

collagen 1, fibrinogen and vimentin were found in the joints of RA patients.

| 2. Mesenchymal Stem Cells

Progress in cell therapy research has now been made, and the possibilities of regenerative procedures in patients
with autoimmune diseases are being intensively investigated. Mesenchymal stem cell (MSC)-based therapy is a
new alternative to the standard treatment of autoimmune diseases. It has been shown that several features of
MSCs are suitable for the treatment. In the last century, MSCs were identified to be part of the bone marrow stroma
as heterogeneous cell populations. They are capable of self-renewal and tissue regeneration, and have strong
immunosuppressive properties 23] MSCs are relatively easy to isolate from different parts of the organism, and are
therefore ideal for in vivo and in vitro testing. MSCs have been described by Friedenstein as adherent, fibroblast-
like cells with high self-renewal capacity 241 Another characteristic feature of MSCs is their multilineage

differentiation ability in vitro and in vivo. In particular, differentiation into multiple cell types, osteoblasts,

chondrocytes, adipocytes, myocytes, epithelial cells and cardiomyocytes has been described 22I261271[28][29][30](31],
Due to the absence of a unique marker, the MSC phenotype is defined by the expression of markers CD105,
CD73, and CD90, and at the same time by the absence of the expression of the hematopoietic markers CD45,
CD34, CD14, CD11b, CD79a, and CD19, and the MHC Il molecule class 22 (Table 2).

Table 2. Phenotype of mesenchymal stem cells.
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Positive =2 95% Negative < 2%

CD105 CD34

CD73 CD14, CD11b

CD90 CD79 alpha, CD19
HLA-DR

Friendenstein was the first to describe the growth of so-called “colony-forming units—fibroblasts” (CFU-F) in bone
marrow cultivation. The ability to form colonies still remains an important test for the quality of the examined cell
sample. CFU-F is an indicator of the in vitro sample quality, recording the frequency of MSCs 231, Bone marrow is
the traditional source of MSCs. Another preferred source of MSCs is adipose tissue 4. The isolation of MSCs is
possible from many parts of the body’s organs and tissues. A promising source of MSCs is the chorion, part of the
amniotic sac and the placenta [38IB8I37] The placenta is a rich source that contains two types of MSCs: amniotic
mesenchymal stromal cells (AMSCs) and chorionic mesenchymal stromal cells (CMSCs). CMSCs can be isolated
from the chorionic mesoderm layer (2818949 CMSCs express the embryonic markers octamer-binding protein 4
(OCT4), SRY-related HMG-box 2 (Sox-2), homeoprotein Nanog, stage-specific embryonic antigen-4 (SSEA-4), and
GATA binding protein 4 (GATA-4) 1l (Table 3). Overall, the main criteria for defining MSCs are as follows: cell
adhesion to plastic, a specific surface antigen expression pattern, and specific differentiation potential towards
osteogenic, adipogenic and chondrogenic lineages. The ability of MSCs to differentiate into cartilage, which is

present in joint tissues, promotes therapeutic interventions by replacing damaged cells 42,

Table 3. The surface markers and identity of human mesenchymal stem cells.

Human MCSs

Bone marrow MSCs (BM
MSCs), adipose tissue
MSCs (ADSC), umbilical
blood cord MSCs (UCB
MSCs)

Markers Properties/Functions
Atype | transmembrane protein reported to
induce activation and proliferation of endothelial
cells and co-receptor for (transforming growth
factor beta) TGF-3 [24]

CD105/Endoglin

Surface marker hypothesized to function in cell-
cell and cell-matrix interactions, nerve
regeneration, apoptosis, inflammation 22

BM MSCs, ADSCs, UCB

CD90/Thy-1 e

Catalyzes the conversion at neutral pH of

CD73/Ecto-5'-nucleotidase

Stro-1

BM MSCs, ADSC, UCB
MSCs

BM MSCs, Amnion MSCs
(AMSCs), Synovial
membrane derived MSCs

purine 5-prime mononucleotides to
nucleosides, the preferred substrate being
adenosine 5'-monophosphate (AMP) 22

Cell surface antigen in human bone marrow
cells capable of differentiating stromal cells with
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Markers Human MCSs Properties/Functions
a vascular smooth muscle-like phenotype,
adipocytes, osteoblasts and chondrocytes [25]

BM MSCs, ADSC,
Placenta MSCs, Wharton
Jely derived MSCs (WJ
MSCs), AMSCs, Chorion
MSCs (CMSCs)

CD271/LNGFR/Low-affinity
nerve growth factor receptor

The specific markers for the purification of
human BM-MSCs 8

Oct-4/Octamer-binding protein Transcription factors for pluripotency and self-

AMSCs, CMSCs

4 renewal 23
SSEA-4/Stage-specific BM MSCs, Synovial Stage-specific embryonic antigen and MSCs
embryonic antigen-4 membrane derived MSCs from whole human bone marrow E311]
CD146/MCAM/Melanoma cell BM MSCs, Synowal Receptor for laminin alpha 4,.a _matr|x molecule
. membrane derived MSCs, that is broadly expressed within the vascular
adhesion molecule . [37]
Pericytes wall

Marker downregulated during culture.

SoxL1/SRY-Box Transcription BM MSCs Knockdown affect proliferation and

Factor 11 osteogenesis potential (41]
A novel marker for isolation of MSC from
CD349/Frizzled-9 AMSCs. CMSCs placenta. Members of the ‘frizzled’ gene family

encode 7-transmembrane domain proteins that
are receptors for Wnt signaling proteins 22

Synovium is an important tissue in RA, and its membrane lines the synovial joint cavity. Synovium has a lubricating
effect on articular surfaces and provides nutrition to articular cartilage. Cells that exhibit the MSC phenotype can be
isolated from synovium, where they are located mainly in the lining niche and the sublining perivascular niche.
They may function as a reservoir of stem cells to repair joint structures, such as articular cartilage, with a very
limited repair potential. In addition to MSCs, FLSs are an important part of the synovial membrane. In vitro, it is
possible to isolate a mononuclear fraction of cells from a synovial membrane that contains both FLS and MSC. It is
currently thought that MSCs may be involved in the anti-inflammatory processes of RA. In certain circumstances,
the pro-inflammatory effects of MSCs are not ruled out. In an inflammatory environment, the MSC populations may
be affected by inflammatory cytokines. It may be assumed that MSCs might have similar—but not exactly the same
—functions. Synovial MSCs have been described as phenotypically heterogeneous, with similar populations of
MSCs. An interesting fact is that the number of MSCs with in vitro multiline potential was significantly lower in the

SF of RA patients compared to patients with osteoarthritis 43,

The effects of the cytokines present in the RA process on cell populations were observed experimentally. TNF-a
prevents the differentiation ability of MSCs on the chondogenic line in vitro, and thus may contribute to the reduced
ability of MSCs to repair joints and regenerate cartilage and bone during RA. Interferon gamma (IFN-y) acts on the
MSC as an activator of immunosuppressive and pro-inflammatory properties at the site of inflammation.
Inflammation that occurs after tissue damage is usually accompanied by the infiltration of macrophages and

neutrophils. This process is associated with phagocytosis by a macrophage, and is also accompanied by the
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release of pro-inflammatory factors IFN-y, TNF-a, and IL-1. Furthermore, the body’s response to damage affects
adaptive immunity and causes the activation of CD4+ and CD8+ T cells and B cells. The immunomodulatory role of
MSC pro-inflammatory cytokines—IFN-y, TNF-a and IL-1—can stimulate the immunosuppressive abilities of MSCs
in a process that has been named “licensing”. Licensed MSCs with increased immunomodulatory capacity produce
anti-inflammatory cytokines . In an in vitro culture of FLS and MSCs, the transcription factor nuclear factor-kB is
present. It acts to inhibit the differentiation capacity of MSCs, and at the same time stimulates ECM degradation
processes 4l Inflammatory processes in the joint affect the phenotype of cell populations, and an effect on the
phenotype of FLSs and MSCs cells is expected. These populations may support further disease progression. It can
be assumed that FLSs can also circulate and attack unaffected joints [43],

2.2. MSCs and Immune Cells in the Inflammatory Environment of Damaged Tissue

Chondroprogenitors have been described in areas of cartilage damage due to the inflammatory process. These
could also originate from differentiated MSCs from the bone marrow. It can be assumed that MSCs migrate locally
in the joint, and that reparative processes are limited, which mainly concerns the cartilage. MSCs with proven
multilineage mesodermal potential can influence the disturbed imbalanced synovial environment. High levels of
inflammatory cytokines in RA can also have a suppressive effect on stem cells. TNF-a suppresses the multilineage
differentiation capacity of MSCs in vitro. TNF-a has a catabolic effect on cartilage and bone tissue. In patients with
RA, the incidence of MSCs in synovial fluid is lower compared to MSCs in a healthy control group. MSCs have
been found to have some pro-inflammatory properties in chronic inflammatory environments 24!, Inflammation that
occurs after tissue damage is usually accompanied by the infiltration of macrophages and neutrophils. This
process is associated with phagocytosis by a macrophage, and is also accompanied by the release of pro-
inflammatory factors. Furthermore, the body’s response to damage affects adaptive immunity and causes the
activation of CD4+ and CD8+ T cells and B cells. MSCs secrete several cytokines that have a direct effect on
damaged tissue and a positive paracrine effect on the repair. MSCs are considered stem cells that cooperate in the
repair of damage and are able to migrate to the site of injury. At the site of the defect, they cooperate with several
types of inflammatory cells. According to the available data, MSCs are capable of secreting many cytokines and
growth factors. Several of the mentioned factors are generated upon the principle activation of factor-kB (NF-kB)
after exposure to pro-inflammatory stimuli such as IFN-y, TNF-a, IL-1(3, and lipopolysaccharide (LPS). These are
TGF-B3, FGF, vascular endothelial growth factor (vEGF), platelet-derived growth factor (PDGF), insulin-like growth
factor 1 (IGF-1), and stromal cell-derived factor 1 (SDF-1) [23],

2.2.1. Homing and Migration of MSCs

An environment with a higher level of cytokines stimulates the differentiation of progenitor cells into fibroblasts and
endothelial cells, which directly participate in tissue repair. In addition, in MSCs there is an adaptation in the
expression of molecules such as intracellular ICAM-1, VCAM-1, and galectins. MSC-mediated therapy is
conditioned by the ability of MSCs to home in on and migrate to the site of the injury. MSCs have the ability to
attach to endothelial cells or ECM proteins such as collagen, and fibronectin and laminin thanks to adhesive

molecules and integrins. According to the available data, MSCs are able to transmigrate through the endothelium
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and basement membrane into tissues 29, It is interesting that the adhesion molecules CD106 (VCAM-1), CD54
(ICAM-1), and ICAM-2, which are found on endothelial cells, are also expressed by MSCs. Circulating MSCs are
able to effectively travel to damaged sites through the adhesive molecules on their surface: CD24, CD29 (B1-
integrin) and CD44. MSCs express the CD44 transmembrane glycoprotein, which can act as a ligand that mediates
the adhesion of hyaluronic acid. The adhesion molecules late antigen-4 (VLA-4) and P-selectin are involved in
MSC transmembrane migration. In addition, MSCs are characterized by the expression of multiple integrin
receptors—al, a2, a3, a4, a5, B1, B3 and B4—associated with cell-cell contacts and adhesion to extracellular
matrix proteins. It is important to note the strong interaction of VLA-4/VCAM-1 particles, which are critical receptors
for MSC transendothelial migration 311,

2.2.2. The Modulation of T Cells by MSCs

T-lymphocytes are among the main immune cells that influence inflammation in RA. Resident joint lymphocytes
and MSCs that are present in the joint show mutual interactions. T lymphocytes directly affect MSCs, mainly
through the effect of cytokines, IFN-y and TNF-a, which stimulate the migration of MSCs, and at the same time
block the differentiation capacity. MSCs have an inhibitory effect on the proliferation of T helper (Th) and cytotoxic T
lymphocytes. In addition to the influence of cytokines, the subpopulation of Thl and Th17 cells plays a significant
role in degradation processes. IL-17-related cytokineTh17 suppresses the chondrogenic differentiation of MSCs by
suppressing the chondrogenic transcription factor SRY-Box TF9 (SOX9) and its activator protein kinase A (PKA).
The relationship between the influence of T cells and MSCs is reciprocal, and MSCs also influence T cells. MSCs
have a stimulatory effect on the differentiation of Th2 and regulatory T cells (Treg), leading to an anti-inflammatory
effect. In vitro culture MSCs have a suppressive effect on the proliferation of T lymphocytes in healthy individuals.
MSCs have the effect of increasing the percentage of T-reg and act to maintain a tolerogenic immune state.
Several conflicting results of the in vitro testing of RA patients’ MSCs to suppress T-lymphocyte proliferation

suggest that the outcome could probably correlate with the disease severity (22,

2.2.3. Interactions between MSCs and Dendritic Cells

MSC have natural inhibitory effects on dendritic cells (DCs). They have a suppressive effect on the differentiation of
monocytes into DCs. They also dampen the switch from monocytes to macrophages. This is related to the ability of
MSCs to inhibit DC maturation and antigen presentation. MSCs expressing IL-1Ra can inhibit IL-1 production by
DCs in co-cultures. It is a very interesting finding that RA DCs have a high expression of the pro-inflammatory
transcription factor NF-kB, which is directly related to the production of inflammatory mediator TNF-a. It has been
shown that monocyte-derived DCs can acquire a suppressor cell phenotype under the influence of MSCs. DC-
modulated MSCs are capable of IL-10 and IL-4 secretion and the reduction of IL-12 and IFN-y. DCs in the setting
of RA indicate a failure of immune control mechanisms that could affect the activity of MSCs. MSCs could be
involved in RA, and could act on DCs through TLR activation. TLR2 and TLR4 are activated in RA in the synovial

environment. The cytokines IL-12 and IL-18 and IFN-y act to increase TLR4. As a result, MSCs can produce pro-
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inflammatory IL-6. TLRs related to the pro-inflammatory functions of MSCs are evident in RA. MSCs and DCs

behave differently in autoimmune diseases through pro-inflammatory cytokines &I43],
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