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The pathogenesis of rheumatoid arthritis (RA) is incompletely understood. HLA 
class II alleles and T cells have been implicated for many years. The discovery of 

anticitrullinated peptide antibodies (ACPAs), along with the effectiveness of biological 
treatments targeting cytokines, such as TNF-?, IL-6, and also T cells and B cells, 

reinforced the pathogenetic role of the respective factors. ACPAs, induced by cigarette 
smoking and periodontitis in individuals with HLA-DRB1 shared epitope, appear to 
be autoantigens that initiate the inflammatory immune response in RA. MicroRNAs, 

part of epigenetic mechanisms, which also include DNA methylation, and histone 
modification, as well as microbiota, the composition of microbes in body cavities, also 

appear to influence arthritis and are discussed in this book.
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Preface

Rheumatoid arthritis (RA) is a systemic inflammatory disease characterized mainly by sym‐
metrical polyarthritis. It affects more women than men, and early studies, based on the low
concordance rate of RA in monozygotic twins but increased concordance rate relative to dizy‐
gotic twins, indicated a major role for environmental factors [1,2]. The etiopathogenesis of RA
is not completely understood, but some pathogenetic aspects can be inferred from synovial
histology, joint erosions, cytokines produced in the joints, and effects of targeted treatment.
The synovial membrane in RA is characterized by heavy infiltration of T cells, B cells, and
macrophages which frequently take the form of nodular, lymphoid-like ectopic structures,
which are able to produce antibodies locally. In RA joints, there is production of pro-inflam‐
matory cytokines, such as IL-12, TNF-α, IL-1b, IL-6, and IL-17. The clinical response to biologi‐
cal anticytokine agents, such as anti-TNF-α (adalimumab, etanercept, golimumab, remicade,
and certolizumab pegol), anti–IL-6 (tocilizumab), and anti–IL-1 (anakinra), reinforces the
pathogenic role of the respective cytokines in the pathogenesis of RA. The presence of autoan‐
tibodies, namely, rheumatoid factor and anticitrullinated peptide antibodies (ACPAs), classi‐
fied RA as an autoimmune disease and implied a role for B cells in the pathogenesis of RA.
Again, the effectiveness of anti–B-cell treatment with anti-CD20 monoclonal antibody (rituxi‐
mab) reinforced the pathogenetic role of B cells in RA [3].

Among genetic factors, the HLA-DRB1 shared epitope (HLA-DRB1SE), a common amino acid
sequence of the HLA-DR β chain of alleles positively associated with RA, such as HLA-
DRB1*04:01, 04:04, 01:01, and 10:01, stands out as the most important genetic factor [4]. The
detection of oligoclonal populations of T cells in RA joints suggested that T cells recognize
antigens, and this finding fitted nicely with the HLA association of RA, since HLA molecules
present antigenic peptides to T cells [5]. The effectiveness of CTLA-4-IgGFc treatment (abata‐
cept) confirmed the pathogenetic role of T cells in RA. However, it was the discovery of AC‐
PAs, which are present in around 70% of RA patients, that had a major impact on the
elucidation of pathogenesis of RA. Citrullination is a posttranslational modification of proteins
and is mediated by peptidylarginine deiminase (PAD), an enzyme that catalyzes the change of
arginine residues into citrulline. Cigarette smoking, periodontitis, two environmental factors,
and HLA-DRB1SE are major risk factors for RA, and this association is attributed to ACPA
production [6]. In RA, HLA-DRB1SE preferentially binds to citrullinated peptides and
presents these peptides to T cells [7,8], which in turn are activated and also provide help to B
cells for differentiation and ACPA production. It appears that citrullination itself is key to T-
cell recognition specificity, since crystal structure of HLADRB*04:01 complexed with α-enolase
peptide or with its respective citrullinated peptide did not alter the conformation of the pep‐
tide [9]. Autophagy is involved in protein citrullination [10], and there is a significant associa‐
tion between levels of autophagy and ACPAs in early RA [11]. EBV infection through
citrullination and molecular mimicry may also be involved. Epstein-Barr virus (EBV) antigens
are recognized by T cells in RA joints [12,13], and antibodies to EBNA-derived citrullinated
peptide are present in RA patients and cross-react with fibrin-derived citrullinated peptide
[14], thus linking EBV infection with citrullination. Another source of citrullinated peptides is
NETosis, the formation of neutrophil extracellular traps (NETs), which is a form of cell death



to increase microbial killing. During NETosis, citrullination of core histones takes place. Fur‐
thermore, B cells from RA synovial membrane ectopic lymphoid structures target citrullinated
histones from NETs [15].

Protein citrullination appears to cause arthritis in experimental arthritis models [6], and this
has led to the introduction of immunotherapy with citrullinated peptide dendritic cells to RA
patients carrying HLA-DRB1SE in a phase 1 study with encouraging results [16].

Epigenetics, which include DNA methylation, histone modification, and microRNAs, modify
gene expression without changing gene DNA sequence and are involved in RA. DNA methyl‐
ation aberrations are detected in RA [17,18], and DNA methylation at two particular sites was
the stronger predictor of response to disease-modifying antirheumatic drugs in early RA [19].

Microbiota, a new area of research, revealed interesting influences on arthritis development.
Altered microbiome composition has been documented in RA [20,21], and in mice, the gut mi‐
crobiome has been found to influence susceptibility to collagen-induced arthritis [22]. Interest‐
ingly, HLA is associated with gut microbiome composition. The gut microbiome of transgenic
mice carrying the RA-susceptible HLA-DRB1*04:01 was dominated by Clostridia-like species,
whereas that of mice carrying the RA-resistant, HLA-DRB1*04:02 was dominated by bifido‐
bacteria [23,24]. Furthermore, the presence of bifidobacteria was negatively correlated with
Th17 cells in the gut [24].

In conclusion, it has become increasingly clear that citrullinated proteins are autoantigens in
RA and that additional factors, such as epigenetic factors and gut microbiota, influence arthri‐
tis. In this book, various and novel pathogenetic aspects of RA are discussed in detail.
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Abstract

Emerging evidence suggests that microRNAs (miRNAs) play a key role in the regula-
tion of immunological functions including innate and adaptive immune responses, 
development and differentiation of immune cells, and the prevention of autoimmunity. 
The current state of our knowledge in this area is far from being complete, and continued 
investigations will be needed to reveal a better understanding of the miRNA network 
that is involved in the pathogenesis of rheumatoid arthritis (RA). In RA, miRNA plays an 
important role in many different cellular processes. It has been shown that they modulate 
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1. Introduction

Rheumatoid arthritis (RA) is an autoimmune, polygenic disease, which affects millions of 
people worldwide [1]. Human genetic and epigenetic studies have shown that causal factors 
of disease include contributions from at least 40 different genes and the effect of environ-
mental factors. Epigenetics represents a new aspect in autoimmunity, which regulates gene 
expression without alternating DNA sequence. The epigenetic mechanisms are implicated 
in the final interpretation of the encoded genetic information by regulating gene expression, 
and alterations in their profile influence the activity of the immune system. Although there 
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are controversies regarding the involvement of genetic and epigenetic factors in RA etiology, 
it is becoming obvious that the two systems (genetic and epigenetic) interact with each other 
and are ultimately responsible for RA development.

Recently, the list of molecules important for RA pathogenesis has been extended to microR-
NAs (miRNAs), which play a central role in regulating both adaptive and innate immune 
response, development and differentiation of immune cells, and the prevention of autoimmu-
nity [2]. miRNAs regulate protein expression at the posttranscriptional level through reduc-
tion of mRNA stability and inhibition of translation [3]. Human miRNA genes are located on 
all chromosomes except the chromosome Y, are mainly observed in introns (70%), constitute 
only 3% of the human genome, and regulate about 90% of different genes [4, 5]. These mol-
ecules participate in the regulation of the expression of genes involved in the fundamental 
biological processes related to development, proliferation, and apoptosis, as well as patho-
logical processes including autoimmunity [6, 7].

Although we are still at a very early stage in understanding their impact on immunity, 
miRNAs are changing the way we think about the development of the immune system and 
regulation of immune functions. While characterization of miRNA expression patterns in 
RA patients can have potential diagnostic use, new discoveries in cell type-specific miRNA 
expression profile, during the disease progression, may provide further understanding of RA 
pathogenesis. Because miRNAs are stable in plasma or serum, they may be use as biomark-
ers for the prediction of the disease activity, the differentiation of RA from other rheumatic 
diseases, or the monitoring of current therapy.

2. Biogenesis

Mature miRNAs are single-stranded, small, noncoding RNAs about 22 nt long. The biogenesis 
of miRNAs is under tight temporal and spatial control. It starts in nucleus where long primary 
miRNAs (pri-miRNAs) are transcribed by RNA polymerase II. miRNA sequences are located 
within various genomic contexts including both intronic and exonic regions. Pri-miRNA 
transcription is regulated by transcription factors like p53, MYC, ZEB1, ZEB2, and myoblast 
determination protein 1 (MYOD1). Additionally, epigenetic factors (DNA methylation and 
histone modifications) regulate this process. The resulting transcript is capped with a specially 
modified nucleotide at the 5ʹ end (MGpppG) and polyadenylated with a poly(A) tail at 3ʹ end. 
Pri-miRNA is subsequently cleaved by the so-called microprocessor complex and forms a 
precursor hairpin miRNA (pre-miRNA). Microprocessor complex is composed of RNase III 
enzyme—Drosha and of the RNA-binding protein DGCR8 (also known as Pasha). In the next 
step, pre-miRNA is exported from the nucleus to the cytoplasm in a process involving expor-
tin-5 (Exp-5) and GTP-binding nuclear protein RAN•GTP. Following translocation to the 
cytoplasm, the pre-miRNA is cleaved, by the cytoplasmic RNase III enzyme Dicer, into 19- to 
23-nucleotide mature miRNA duplexes. Although either strand of the duplex may potentially 
act as a functional miRNA, only one is usually loaded into the RNA-induced silencing com-
plex (RISC) where the miRNA and its mRNA target interact (reviewed by Ref. [8]). miRNA 
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guides RISC complex to the 3ʹ-untranslated region (3ʹ-UTR) of target mRNA to prevent trans-
lation of the mRNA into protein. The other (termed the passenger) strand is degraded or 
released from the cell. There are few different mechanisms of miRNA export from the cell. 
miRNAs may be released from the cell by exosomes or microvesicles. Moreover, miRNAs can 
form complexes with high-density lipoproteins or RNA-binding proteins such as Ago2 and 
in that form circulate outside the cell. Exact mechanism of how these complexes are trans-
ported from the cell still remains unknown. They may be released passively, after cell death, 
or actively through specific membrane channels or proteins. Interestingly, other pathways for 
miRNA biogenesis are also emerging. Examples include those that are independent of Drosha 
or Dicer, “mirtrons”—some small nucleolar RNAs (snoRNAs) and endogenous short hairpin 
RNAs (shRNAs) [8–10].

3. Mechanism of action

Small noncoding miRNA has the potential to broadly influence various molecular path-
ways via suppression of unwanted mRNA transcripts. These highly conserved ~22-nucleo-
tide long miRNAs recognize its mRNA target through “seed region” that is located at the 5ʹ 
end of miRNA and span from nucleotide positions 2–7. It binds to mRNAs’ complementary 
sequence usually located within 3ʹ-untranslated region (3ʹ-UTR). miRNAs silence its target 
expression via various mechanisms leading to mRNA degradation or preventing mRNA from 
being translated [11]. After specific mRNA sequence recognition, argonaute (AGO) protein 
recruits factors that induce translational repression or mRNA degradation. Target mRNA 
destination depends probably on the sequence complementarity level with miRNA—com-
plete complementarity leads to mRNA degradation and partial complementarity to transla-
tional inhibition, although there are exceptions to this rule. Interestingly, some target mRNAs 
can be exclusively repressed by degradation or translational inhibition, but often it occurs by 
combination of these two processes (reviewed in Refs. [9, 12]).

3.1. Inhibition of translation

There are still many unknowns around mechanism of translational repression of target 
mRNA. It is not clear whether miRNA represses translation at the step of translational initia-
tion or posttranslational level [13]. Significant number of studies support model of repres-
sion at posttranslational level (protein degradation) or at late stage of translation (premature 
termination or impaired elongation). These studies demonstrated that miRNA-repressed 
mRNAs maintained the same distribution pattern across polyribosomes compared with non-
repressed mRNAs [14, 15]. However, other studies showed contradictory results, indicating 
that repression occurs at the translational initiation step. There are many models proposing 
mechanism of this process.

Almost all proposed models consider GW182 interaction with one of the Ago proteins as a 
first step of translational repression. In first model, GW182 disrupts the association between 
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eIF4G and poly-A-binding protein (PABP) and prevents the circularization required for effi-
cient translation. In the second model, formation of the mRNA 40S preinitiation complex 
occurs, but miRISC complex prevents 60S ribosome from joining it, resulting in translation 
repression. The third scenario assumes that ribosome is detached earlier leading to premature 
translation termination. Another possible proposed mechanism assumes that target mRNA 
is accumulated in so-called processing bodies (P-bodies) that prevents from interaction with 
translational machinery [12, 16].

3.2. Destabilization of target mRNA

There are two mechanisms of miRNA-mediated mRNA degradation-specific cleavage and 
non-cleavage mRNA degradation. mRNA degradation by miRNA requires Ago, GW182, and 
the cellular decapping and deadenylation machinery. miRNA sufficient complementarity 
to target mRNA leads to its specific cleavage. The process is facilitated through Ago pro-
tein slicer activity. Ago cleavage site is determined by miRNA sequence, not mRNA paring 
residues, and occurs within mRNA pairing site to the 10th and 11th residues of miRNA. 
Therefore, the degree of complementarity at the 3ʹ end of miRNA is more important than at 
the 5ʹ end. After cleavage miRNA remains intact and is able to mediate another mRNA silenc-
ing [17, 18]. Non-cleavage degradation of target mRNA involves GW182. GW182 forms a 
bridge between RISC and CCR4-NOT deadenylase complex leading to mRNA deadenylation 
and decapping [19, 20].

4. Biological function of microRNAs

MicroRNAs as endogenous regulatory molecules are present in plant, animal, and human 
cells, and they are essential for proper development and functioning of the organism. Their 
main role is associated with posttranscriptional regulation of the expression of numerous 
genes in both pathogenic and pathological aspects of diseases (Figure 1) [21, 22]. miRNAs 
together with Argonaute (AGO) proteins, forming a core of the miRNA-induced silencing 
complex (miRISC) which mediates gene silencing [23]. Each miRNA has several different tar-
gets, and many of mRNAs are subject to regulation by more than one miRNA [24]. Over 60% 
of human genes are controlled by miRNAs, which indicates the great importance of these 
molecules [23].

The continuous miRNA-mRNA interaction is essential for miRNA function. miRNA genes 
are present either as independent transcription units or located in introns and exons of other 
genes. Gene silencing can be done either through degradation of a specific mRNA or as a 
result of the inhibiting of the transcript translation. Furthermore, the mechanisms by which 
miRNA complementarity to its target mediates repression are varied [25, 26]. In some cases 
the miRNA binds with complementarity in the seed region (nucleotides 2–8 of the miRNA) 
within the 3ʹ-untranslated region (UTR) of mRNA and leads to inhibit target gene translation 
or less commonly within the 5ʹ-UTR region that enhancement of translation [25, 27]. But on 
the other hand, the miRNA-mRNA interaction occurs in the central region (bases ~9 to 12) 
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leading to the mRNA cleavage and subsequent degradation [26]. Generally, miRNAs do not 
act to completely silence their targets, but rather decrease expression. However, the identifica-
tion of the type of interaction between miRNA and mRNA remains a very important focus to 
understand control in gene expression [26, 27].

Figure 1. Biological functions of microRNAs.
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In the last years, a large number of studies examined cellular miRNA profiles, where expres-
sion changes under stress conditions, in cancer, and in other diseases. Distortion of miRNA 
expression may result in abnormalities in the course of numerous cellular processes, such 
as development, differentiation, proliferation, inflammation, cell fate determination, apopto-
sis, signal transduction, organ development, hematopoietic lineage differentiation, host-viral 
interactions, osteogenesis, and stem cell and germ line proliferation [22, 24, 25, 27–30]. These 
discoveries may help to clarify molecular mechanisms of diseases and based on this knowl-
edge and may help to develop new drugs. However, since the amount of miRNA may be 
differ, its total quantity in the different type of cells and gene silencing efficiency depends on 
the concentration of mRNA targets interpretation of miRNA expression, as well as profiles, 
including clinical studies, should be performed with attention.

While the majority of miRNAs are found intracellularly, miRNAs may also function beyond 
RISC, as an extracellular, in virtually all known body fluids [31, 32]. The extracellular miR-
NAs are secreted into exosomes or microvesicles [26]. However, little is known about the 
origin of body fluid miRNAs in both healthy and disease conditions or what factors affect 
their levels in serum/plasma [31]. One hypothesis suggests that blood cells are the major con-
tributors to extracellular miRNAs in the serum or plasma, but another hypothesis speculates 
that organs may also contribute to extracellular miRNAs because tissue-enriched miRNAs 
(e.g., miR-122 in the liver, miR-133 in the muscle, miR-208 in the heart, and miR-124 in the 
brain) are also detected in serum or plasma [31]. Independently of existing hypotheses, expla-
nation of the origin of the extracellular miRNA would increase our understanding of their 
potential pathophysiological significance. In addition, regardless of their origin, extracellu-
lar miRNAs are extremely stable, and their concentration did not significantly change with 
prolonged incubation of blood plasma at room temperature [23]. The level and composition 
of extracellular miRNAs in body fluids, such as serum or plasma, are correlated with several 
pathological conditions, including cancer, diabetes, inflammatory diseases, as well as tissue 
injury [31]. Moreover, expression patterns of miRNAs are also different between disease state 
and normal tissue [26] and appear to be tissue specific [21]. However, current knowledge 
about the biological function of extracellular miRNAs is in its infancy stage. Nevertheless, 
it seems that extracellular miRNAs may act as signaling molecules and mediate distant cell-
cell communication. Cross talk mediated by these miRNAs may provide new insights into 
the understanding of the mechanisms underlying various dysfunctional conditions. Cross 
talk through these miRNAs may provide new look at the understanding of the mechanisms 
underlying the various dysfunctional states [31].

5. Rheumatoid arthritis as a chronic civilization disease

Rheumatoid arthritis is one of the most prevalent chronic inflammatory diseases and is char-
acterized by progressive joint inflammation, by destruction of articular cartilage and underly-
ing bone, and by synovial hyperplasia. RA can affect any joint, with a joint cavity lined by 
synovial membrane (SM) [33, 34]. The disease process is highly variable, with periods of exac-
erbation and remission, and uncontrolled inflammation leads to progressive joint damage, 
pain, long-term disability, and reduced quality of life in many patients [34, 35].
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Although RA affects people all over the world, women are affected three times more than 
men with the peak of incidence between 35 and 55 years of age [33, 36–38]. The incidence of 
rheumatoid arthritis is relatively constant in most European and North-American popula-
tions and is estimate between 0.5% and 1%. RA incidence decreases from north to south and 
from urban to rural areas. A positive family history increased the risk of RA, and we can see 
that the familial RA occurrences are about 10–30% of patients, whereas the concordance rate 
is 12–15% in monozygotic twins and 3–4% in dizygotic twins [39].

RA is pathologically heterogeneous and it is classified among systemic autoimmune dis-
orders because of the presence of rheumatoid factor (RF) and other autoantibodies such as 
anticitrullinated protein autoantibodies (ACPAs) [35, 40, 41]. RF is present in about 60–85% 
patients with RA; ACPAs appear to be equally sensitive (75%) and highly specific: 94% for the 
established disease and 61% for early RA, which may be able to serve as an early diagnostic 
marker and prognostic factor of joint destruction [42].

Although the exact etiology remains an active area of worldwide research, it is generally 
accepted that the RA is a multifactorial disease of which pathogenesis is defined by genetic 
and environmental factors [21]. Genetic predisposition is responsible for 50–60% of the risk 
of developing RA [43, 44]. A genetic link to RA was established through the observation 
of familial clustering of RA and large-scale genome-wide association studies (GWAS) [45]. 
Moreover, it is suggested that only the specific combination of genetic factors in an individual 
might determine the outcome of the disease [7]. HLA-DRB1 alleles, which share a common 
sequence, known as the “shared epitope” account for approximately 30% to 50% of overall 
genetic susceptibility to RA. Probably some other genes associated with components of the 
innate and adaptive immune system and other mechanisms such as epigenetics may also play 
a role in the pathogenesis of RA. Epigenetic mechanisms are engaged in the final interpreta-
tion of the genetic information by regulation of the gene expression, and changes in their pro-
file influence the activity of the immune system [46]. The change in epigenetic mechanisms is 
implicated in the final interpretation of the encoded genetic information by regulating gene 
expression; on the other hand, genetic mutations in epigenetic regulators may alter the epi-
genetic profile. Consequently, epigenetics and genetics can be two sides of the same coin, as 
has been determined in the field of rheumatoid arthritis research [46]. Future challenges are 
understanding and leveraging of the role of genetics and epigenetic modifications, as well as 
their functional characteristics in RA pathogenesis and translation of fundamental discoveries 
into clinical practice [47].

6. miRNAs in the pathogenesis of rheumatoid arthritis

Up to date about 2,500 different miRNAs were discovered in humans. From all of these miR-
NAs, some may play an important role in the regulation of the innate and adaptive immune 
responses in patients with RA. Increasing number of studies has shown that abnormal miRNA 
expression in different fluids or cells from RA patients may lead to inflammation, cytokine 
signaling, bone degradation, and invasive behavior of resident cells [6]. In addition, there is 
growing evidence that miRNAs as crucial mediators of inflammation may also regulate the 
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plasticity and the effector functions of differentiated Th-cell subsets [24, 48]. miRNAs on the 
one hand have an important role in defining and maintaining the gene expression program-
mer of differentiated Th17 cells, but on the other hand, the miRNA expression in regula-
tory T cells (Treg cells) is important for the maintenance of self-tolerance. And as we know, 
abnormally activated inflammatory Th cells and defective Treg cells play primary role in the 
pathogenesis of RA. Moreover, miRNA expression may be also diverse in the different stages 
of RA progression, allowing miRNAs to help monitor disease activity and help to understand 
its pathogenesis [6]. Understanding the potential link between miRNAs and the pathogenesis 
of RA may lead to future insights into disease diagnosis and treatment [4, 22].

The first evidence that miRNAs may be involved in the molecular mechanisms of RA arose in 
2007 with the recognition, in the serum of RA patients, of autoantibodies directed against GW 
bodies that are cytoplasmic structures for storage and/or degradation of mRNA [4]. The first 
miRNAs that shown abnormal expression within the inflamed joints of RA patients includes 
miR-16, miR-146a, and miR-155 [4, 49]. These multifunctional miRNAs play a central role in 
the inflammatory response and immune dysfunction, in response to microbial components, 
and are upregulated after immune cell maturation [4]. miR-16 and miR-146a play a role in 
the regulation of the tumor necrosis factor alpha (TNF-α) signaling, which is one of the key 
cytokines involved on the pathogenesis of RA [2, 50]. Furthermore, miR-155 could suppress 
matrix metalloproteinases (MMPs) through the interaction with proinflammatory cytokines 
and Toll-like receptor (TLR) ligands and lead to modulation of joint inflammation [2, 51]. 
miR-146a and miR-155 are responsible for the maintenance of immune homeostasis, and 
their expression changes in RA may alert cytokine secretion from different immune cells [30]. 
Moreover, “miR-146a and miR-155 are considered the ‘yin and yang’ of inflammation as these 
miRNAs are negative and positive regulators of inflammatory responses, respectively” [30]. 
miR-155 promotes T-cell–mediated tissue inflammation by the regulation of the Th1- and 
Th17-cell response, and it also through the targeting of SOCS1, a negative regulator of IL-2 
signaling, controls Treg cell homeostasis [24]. Like miR-155, miR-146a is highly expressed in 
Treg cells. Furthermore, in contrast to miR-155, miR-146a required for the suppressive activ-
ity of Treg cells is essential for the ability of Treg cells to restrain IFN-γ-mediated pathogenic 
Th1 responses and associated inflammation [24, 50]. Whereas miR-146a rather reduces the 
proinflammatory immune responses, miR-155 enhances inflammatory processes [48]. The 
main advantage of the detection of miR-16 and miR-146a in serum/plasma is that this opens 
the possibility to test as a biomarker to monitoring disease activity/course, because both 
have shown positive correlation with C-reactive protein (CRP) and disease activity score in 
28 joints (DAS28) [4, 48].

Other tissue and/or extracellular miRNAs have been also shown to be associated with RA 
(Table 1), and those miRNAs can regulate specific cytokine pathways, thus leading to inflam-
mation [27]. Characteristics of miRNA profile in patients with RA suggest putative functions 
of these factors in cytokine secretion and signaling during chronic inflammatory processes in 
the joints. The miR-10a, miR-16, miR-23b, and miR-203 may serve to fine-tune cytokine sig-
naling, and they may be responsible for the induction of autoimmune inflammation [24, 50]. 
Upregulation of miR-16 and miR-203 in synovium of RA patients is responsible for the regula-
tion of the TNF-α signaling and for increased matrix metalloproteinases (MMPs), as well as 
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signaling, controls Treg cell homeostasis [24]. Like miR-155, miR-146a is highly expressed in 
Treg cells. Furthermore, in contrast to miR-155, miR-146a required for the suppressive activ-
ity of Treg cells is essential for the ability of Treg cells to restrain IFN-γ-mediated pathogenic 
Th1 responses and associated inflammation [24, 50]. Whereas miR-146a rather reduces the 
proinflammatory immune responses, miR-155 enhances inflammatory processes [48]. The 
main advantage of the detection of miR-16 and miR-146a in serum/plasma is that this opens 
the possibility to test as a biomarker to monitoring disease activity/course, because both 
have shown positive correlation with C-reactive protein (CRP) and disease activity score in 
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Other tissue and/or extracellular miRNAs have been also shown to be associated with RA 
(Table 1), and those miRNAs can regulate specific cytokine pathways, thus leading to inflam-
mation [27]. Characteristics of miRNA profile in patients with RA suggest putative functions 
of these factors in cytokine secretion and signaling during chronic inflammatory processes in 
the joints. The miR-10a, miR-16, miR-23b, and miR-203 may serve to fine-tune cytokine sig-
naling, and they may be responsible for the induction of autoimmune inflammation [24, 50]. 
Upregulation of miR-16 and miR-203 in synovium of RA patients is responsible for the regula-
tion of the TNF-α signaling and for increased matrix metalloproteinases (MMPs), as well as 
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IL-6 production, respectively, thus indicating that these miRNAs may plays a role as proin-
flammatory and joint destructive factors [27, 50]. In contrast, miR-10a and miR-23b, which are 
downregulated in RA synovial tissue, regulate signaling pathway of proinflammatory cyto-
kines such as IL-1β, TNF-α and IL-6, IL-8, and IL-17, as well as MCP-1 and MMPs, and they 
may be a strong pathological factors that play a critical role in the onset and progression of 
RA [50, 52]. The cytokines are also a key regulator of Th17/Treg imbalance, which participate 
in the immune dysfunction. The immune dysfunction in RA patients is found to be induced 
by decreased expression of miR-21, which may suppress Treg development while promoting 
Th17 differentiation. Moreover, this miRNA may serve as a novel regulator of Th17/Treg bal-
ance in autoimmune diseases including RA [53]. Another miRNA, which participate in the 
balance between Th17 and Treg cells, is miR-10a, which exhibits high expression in natural 
Treg cells, limiting the conversion of inducible Treg cells into follicular helper T cells (Tfh 
cells) and inhibiting Th17 differentiation [54].

miRNAs Localization Target gene Changes Function

miR-10a PBMCs, DCs, nTreg 
cells

STAT - Signal transducer 
and activator of 
transcription
Foxp3, Bcl-6, Ncor2

Downregulation - Control IL-6 and 
IL-21 signaling
- Regulate the stability 
of Treg cells
- Limit the conversion 
of iTreg cells into Tfh 
cells
- Inhibit Th17 
differentiation

miR-16 PBMCs, plasma, 
synovial fluid

TNF-α Upregulation - Marker of disease 
activity

miR-17-92 RASFs, FLS, B cells MMP-1, IL-6, IL-8, MCP-
1, RANTES

Downregulation - Modulate apoptosis, 
proliferation
- Joint inflammation 
and destruction
- Regulated 
proinflammatory 
cytokine production

miR-21 plasma, PBMCs, 
CD4+T

Foxp3
STAT3

Upregulation - Regulate th17/Treg 
balance

miR-22 RASFs CYR61 Downregulation - Synovial tissue 
hyperplasia
- Th17 differentiation

miR-23b ST IL-1β
TNF-α
IL-17

Downregulation - Induction of 
autoimmune 
inflammation

miR-24 plasma TGF - transforming 
growth factor-β1

Upregulation - Marker of disease 
activity
- Enhance the 
inflammation

miR-26a PBMCs, plasma Upregulation - Diagnostic 
biomarker

miR-30a ST BECN1 - beclin 1 Downregulation - Reduce apoptosis
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Several of different cells, such as T cells, B cells, or macrophages, have been identified as the 
sources leading to local joint deformation [55]. These cells are the sources of some miRNAs that, 
through the regulation of the osteoclastogenesis and differentiation of articular chondrocytes, 
are implicated in the renewal of cartilage and bone degradation [50]. The best known miRNAs 
involved in joint destruction are miR-146a and miR-155. However, recently marked expression 
of other miRNAs, miR-223 and miR-19a/b, have been shown within inflamed joint in patients 
with RA [3, 4, 51, 56]. miR-223 overexpression suppressed the production of osteoclasts and 
expression of osteoclast-marked genes [50]. Moreover, an inverse correlation between the 

miRNAs Localization Target gene Changes Function

miR-34a RASFs XIAP Downregulation - Contribute to 
apoptosis

miR-124a RASFs, synoviocytes CDK-2
MCP-1
VEGF

Downregulation - Regulator of RASFs 
and autoimmune 
inflammation
- Contribute to 
angiogenesis

miR-125b serum, blood NF-κB Downregulation - Induce of excessive 
inflammation

miR-146 SF, ST, RASFs, 
PBMCs, blood, 
serum, T cells, B 
cells, monocytes, 
macrophages

TLR4, NOX4 - NADPH 
oxidase 4,

Upregulation - Marker of disease 
activity
- Inhibit Th1-mediated 
responses
- Suppress activity of 
Treg cells
- Modulated apoptosis

miR-155 ST, SF, RASFs, 
PBMCs, blood, 
serum, macrophages

SHIP-1, SOCS-1MyD88, 
MAP3K10 - Mitogen-
Activated Protein Kinase 
Kinase Kinase 10

Upregulation - Regulate cytokine 
expression
- Require for 
homeostasis and 
function of Treg cells

miR-203 RASFs MMP-1, NF-κB Upregulation - Participate in joint 
inflammatory state

miR-223 PBMCs, RASFs, 
ST, plasma, 
macrophages, 
monocytes, T cells

Upregulation - Regulate 
osteoclastogenesis

miR-451 T cells, neutrophils p38 MAPK - mitogen-
activated protein 
kinases, CPNE3 - copine 
3

Downregulation - Role in inflammation

PBMCs, peripheral blood mononuclear cells; RASFs, RA synovial fibroblasts; FLS, fibroblast-like synoviocytes; 
MMP-1, matrix metalloproteinase-1; MCP-1, monocyte chemoattractant protein-1; RANTES, regulated on activation, 
normal T cell expressed and secreted; ST, synovial tissue; XIAP, X-linked inhibitor of apoptosis protein; CDK-2, cyclin-
dependent kinase 2; VEGF, vascular endothelial growth factor; SF, synovial fluid; SHIP-1, Src homology 2-containing 
inositol phosphatase-1

Table 1. Candidate miRNAs for the RA pathogenesis.
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plasma miR-223 levels and the tender join count was observed [4]. The expression of the miR-
19 was downregulated in RA fibroblast-like synoviocytes (FLS), and this plays a role in joint 
destruction, in response to TLR stimulation [57]. miR-19a and miR-19b negatively regulate the 
synthesis of IL-6 and regulate the expression of MMP3, suggesting a role of both these miRNAs 
in protecting patients with RA from joint inflammation and consequently destruction [57].

The above-addressed miRNAs are not only important positive/negative regulators of inflam-
matory response and immune dysfunction, but they also may be useful for the prediction of 
the disease course and identification of early pathological events, as well as beneficial for the 
development of new therapeutic strategies [50].

7. Therapeutic potential of miRNA in treatment of rheumatoid arthritis

The discovery of the miRNA as regulators of gene expression was followed by a wave of 
interest and intensive studies for elucidating their role both in physiological and pathologi-
cal conditions. The obtained results raised hopes for the possibility of developing a num-
ber of therapeutic uses of these molecules. miRNAs are characterized by many features that 
make them excellent candidates for biomarker drug entity. These molecules are small with 
sequence well-known and often conserved among species, which are very attractive features 
from a drug development standpoint.

Some alterations of miRNA expression have been associated with many human disorders 
including autoimmune diseases, metabolic disorders, and genetic diseases. By targeting 
cells affected with improper miRNA expression, the normal balance of the expression can be 
restored. Novel systems to achieve targeted modulation of specific miRNA in vivo were devel-
oped. By controlling the miRNA that regulate mRNAs in cells, they can be used for therapeutic 
treatment for certain cellular disorders. Individual miRNAs can be targeted using specifi-
cally modified antisense oligonucleotides—anti-miRNAs. By virtue of specific modifications, 
anti-miRNAs gain improved binding affinity, nuclease resistance, and in vivo delivery. For 
example, 2′-O-methoxyethyl phosphorothioate (MOE) or N,N-diethyl-4-(4-nitronaphthalen-
1-ylazo)-phenylamine (ZEN) oligonucleotide modifications were generated to improve bind-
ing affinity and block exonuclease degradation. Other examples are anti-miRNAs conjugated 
to cholesterol to improve its uptake into the cell through the membrane. Furthermore, the 
great potential seems to lie in the ability of individual miRNAs to regulate the expression of 
many related genes, which could lead to the regulation of whole signaling pathways or meta-
bolic modulation using one or more miRNA molecules. On the other hand, effect on multiple 
targets also involves high risk due to the unexpected side effects. Nevertheless, important 
role of microRNA in regulation of all cellular processes and constant tissue-specific expres-
sion indicates its high potential for diagnostic and therapeutic usage [9]. Moreover, miRNA 
properties and characteristics indicate their excellent potential to be clinical biomarkers. It 
is well-known that perfect biomarker should be stable in a sample, easy to assess, specific, 
and sensitive to relevant changes, and miRNA fulfil these criteria. Although cell endogenous 
miRNA is not very stable and easily degraded, it was discovered that miRNA detected in 
the blood [21] (plasma, platelets, nucleated blood cells) and synovial fluid [32] is stable and 
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in the case of miRNA in the blood even resistant to harsh condition like high temperature, 
high and low pH, or multiple freeze-thaw cycles. miRNAs require this surprising stability 
due to microparticles (exosomes, microvesicles, and apoptotic bodies), RNA-binding proteins 
(like Ago2), or lipoprotein complexes [high-density lipoprotein (HDL)] that protect them 
from degradation. The value of miRNA as molecular biomarkers for diagnosis, prognosis, 
and prediction of therapeutic response is widely documented in cancer. Another advantage 
that raises interest in the use of circulating miRNAs as clinical biomarkers is fact that there 
are highly sensitive and specific miRNA detection methods in a quantitative manner, such as 
real-time PCR, sequencing, and microarrays. In that respect, circulating miRNAs offer many 
features to make them an attractive class of biomarkers [10].

7.1. miRNA as potential therapeutic agent for RA treatment

The involvement in the pathophysiology of RA coupled with specific characteristics of miR-
NAs has triggered the scientific community to start exploring the possibilities of viewing 
miRNAs as therapeutic entities. Especially the potential of a single miRNA to modulate sev-
eral genes and affect multiple distinct disease-regulatory pathways simultaneously makes 
miRNAs particularly attractive candidate targets for chronic inflammatory disease as RA. 
However, only a limited number of groups have explored the therapeutic potential of miR-
NAs in RA.

Among many approaches considering belief that one miRNA is able to control several genes 
and pathways, targeting miR-155 represents the most encouraging miRNA-based therapeutic 
strategy today.

Currently available data clearly show that miR-155 is crucial for the development of arthri-
tis by increasing production of proinflammatory cytokines and promoting differentiation of 
antigen-specific T cells and antigen-specific antibodies. Interestingly Kurowska-Stolarska et 
al. observed that miR-155 deficiency is protective against development of collagen-induced 
arthritis (CIA) in mice. Inhibition of miR155 was associated with impaired production of 
proinflammatory cytokines, development of the autoreactive Th17 cells, production of anti-
collagen II antibodies, and lack of articular inflammation. MiR-155-deficient mice display 
reductions in both joint inflammation and bone erosion [58]. Beside miR-155, several miRNAs 
have been implicated in diseases that affect cartilage or have been identified as essential in 
cartilage homeostasis or repair. For example, the expression of miR-26a was shown to be 
reduced in splenic cells isolated from rats with induced arthritis. Treatment with methotrex-
ate restored the expression miR-26a to levels comparable to those of non-arthritic controls, 
and repeated miR-26a injections stabilized disease severity and reduced synovitis, but had 
no effect on joint destruction [59]. miR-26a can affect bone formation, through angiogenesis 
and osteogenesis-positive regulation. Overexpression of miR-26a resulted in enhanced bone 
regeneration coordinated with improved vascularization in mouse, leading to complete repair 
of the defect [60]. Nakasa et al. demonstrated in vivo and in vitro that miR146a is also able to 
prevent bone/cartilage destruction. They observed that in CD14+ human cells transfected by 
dsmiR-146a and treated with M-CSF and TNFα or Receptor Activator for Nuclear Factor κ 
B Ligand (RANKL) for osteoclastogenesis induction—tumor necrosis factor receptor-associ-
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ated factor 6 (TRAF6) protein levels—and the number of Tartrate-resistant acid phosphatase 
(TRAP)-positive cells were significantly reduced compared to cells transfected with nonspe-
cific dsRNA. Also osteoclast function was significantly inhibited in those cells. Furthermore 
they tested the efficacy of ds miR-146a inhibition of bone destruction in vivo and observed 
that the extent of bone and cartilage destruction was reduced in arthritic mice injected with ds 
miR-146a compared to mice treated with nonspecific dsRNA. However, despite the inhibition 
of bone/cartilage destruction by ds miR-146a injection, there was no significant difference in 
the arthritis score between the ds miR-146a-treated group and the nonspecific dsRNA-treated 
group suggesting that administration of ds miR-146a alone may not be a sufficient treatment 
for RA [61]. Another group that observed underexpression of miR-451 in neutrophils isolated 
from patients with RA used a systemic administration to restore normal expression level of 
miR-451 in mice with monogenic model of autoimmune arthritis (SKG mice). This approach 
led to reduction in the number of neutrophils in synovium, by suppressing their migration. 
This “miR-451” treatment resulted in reduced severity of arthritis in SKG mice suggesting its 
potential as therapeutic agent in RA [62]. miR-124 was also found to negatively regulate osteo-
clastogenesis of mouse bone marrow macrophages. In rats with adjuvant-induced arthritis 
(AIA), miR-124 expression level was significantly decreased. Nakamachi et al. observed that 
injection of miR-124 into rat AIA joints reduces disease severity. It is probably due to miR-
124-mediated targeting of NFATC1, a master transcription factor of osteoclast differentiation. 
This suggests a potential of miR-124 as future therapeutic entity used for arthritis ameliora-
tion [63, 64].

Studies on miRNA-based treatment strategies are rare, but we can expect that these therapies 
will be developed in the near future. Although mentioned above preclinical studies demon-
strate the potential of delivering therapeutic miRNAs, numerous challenges still remain in 
designing effective and safe delivery of these agents in a cell- or tissue-specific manner. We 
are still lacking evidence of similar miRNA deregulation in human RA and of the ex vivo 
correction of disease phenotypes in patient-derived cell or tissue samples. Furthermore, the 
cellular mechanisms that could explain observed clinical benefits of miRNA therapies still 
need to be characterized in depth.

7.2. miRNA as RA diagnostic biomarkers

The knowledge about potential value of miRNA as molecular biomarkers for diagnosis, prog-
nosis, and prediction of therapeutic response in RA has been expanded. Several abnormally 
expressed miRNAs in circulation or inflamed joints in RA have been identified. That suggests 
theirs potential to be used as biomarkers that help to establish or confirm a diagnosis, moni-
tor the degree of immunologic activity or inflammation, or provide prognostic information 
regarding disease progression and severity. There are few studies that referred the possibility 
to use plasma and synovial miRNAs as diagnostic biomarkers that distinguish healthy people 
from patients with RA or another disease with similar symptoms. For example, upregulation 
of miR-146a, miR-155, and miR-223 has been shown in various compartments such as serum, 
blood, synovial fluid, and tissues in patients with RA. Many studies observed elevated levels 
of expression of miR-146a in different tissues from RA patients; some of them confirm that 
miR146a level is correlated with disease activity that highlights its significance in RA patho-
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genesis and diagnostic biomarker potential [51, 65–67]. Elsayed et al. confirmed significant 
upregulation of miR-146a expression in the whole blood of patients with RA and that miR-
146a in diagnostic performance was better than anti-CCP and RF. miR-146a expression level 
allowed for distinguishing RA patients from healthy controls (HCs) with high sensitivity and 
specificity (96 and 100%, respectively). Moreover, its expression level was positively correlated 
with disease activity [68]. It is important to note that these studies are limited by a relatively 
small number of patients and were conducted in patients from different races and ethnicities. 
Similarly Kriegsmann et al. observed that miR-146a, miR-155, and miR-223 were significantly 
elevated in RA compared to osteoarthritis (OA) synovial tissues. The sensitivity and specific-
ity for the detection of RA were 0.76/0.80 for miR-146a, 0.80/0.95 for miR-155, and 0.86/0.81 for 
miR-223. In combination these miRNAs gave even better results as RA diagnostic biomarker 
with a sensitivity and specificity of 0.84/0.91, respectively [69]. Murata et al. performed com-
prehensive array study to find out which miRNAs in plasma samples significantly differentiate 
patients with RA (patients with high disease activity, who had never received any biological 
therapy such as the anti-TNF agents) from HCs. They tested eleven preselected candidate miR-
NAs in 102 patients with RA and 104 HCs and found out that miR-125a-5p, miR-26a, and miR-
24 expression levels gave the best results. For miR-24, miR-26a, and miR-125a-5p, the values 
of sensitivity and the specificity were 63.7 and 89.5%, 53.9 and 94.3%, 64.7 and 89.5%, respec-
tively. These results suggest that plasma miR-24, miR-26a, and miR-125a-5p can be diagnostic 
biomarkers with high specificity. The combinations of miR-24, miR-30a-5p, and miR-125a-5p 
(termed ePRAM for “estimated probability of RA by plasma miRNAs”) with sensitivity 78.4% 
and specificity 92.3% are more efficient for RA differentiation and have higher diagnostic sig-
nificance as biomarkers in RA. These selected miRNAs correlate with disease activity (besides 
miR-125a-5p) erythrocyte sedymentiation rate (ESR), CRP, RF, ACPA, or DAS28 and not only 
can be markers for diagnosis of RA but also for disease activity of RA [70]. In a small study, 
Murata et al. assessed the diagnostic usefulness of plasma miR-132 for patients with RA or OA. 
They showed that plasma miR-132 differentiate RA and OA patients from healthy controls 
(83.8% of sensitivity and 80.7% of specificity for RA and 84.0% of sensitivity and 81.2% of speci-
ficity for OA) but failed to distinguish them from each other. Interestingly they observed that 
miRNAs in synovial fluid (miR-16, miR-146a, miR-155, and miR-223) from RA patients were 
significantly higher than those of patients with OA, suggesting that synovial fluid miRNAs 
could be a useful tool for diagnosis of RA from OA; however, they did not correlate with clini-
cal variables of RA including DAS28 [32].

Although, evidence that supports the therapeutic potential of miRNA-based strategies is grow-
ing, further investigations are required to find suitable miRNAs for utilizing as biomarkers for 
diagnosis, predicting drug efficacy in order to plan optimal management of RA patients.

7.3. miRNA as response to treatment biomarkers

Almost all newly diagnosed RA patients enter their treatment with methotrexate monother-
apy. If it fails (and it is ineffective in 66% of patients), other disease-modifying antirheumatic 
drugs (DMARD) and then one of biologic agents are prescribed. Considering that each type 
of biology treatment targets different inflammatory mechanisms, sometimes it may take 
some time to find the best therapy for a patient. Although biological medicines significantly 
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improved RA treatment, there are still some stumbling blocks to be overcome. The major 
problems of the treatment with biologics are serious potential side effects and high cost of 
biologics. Currently clinical and serological markers that sufficient predict disease outcome 
are unavailable. Therefore one of the most challenging issues is the identification of biomark-
ers that will predict therapeutic outcome and thus would improve patient care and medical 
cost-effectiveness. Potential value of miRNAs as molecular biomarker for prognosis treat-
ment response is still unexplored in RA. However, there are several reports demonstrating 
possibility to use them as therapy outcome predictors [6, 71]. Duroux-Richard and Jorgensen 
proposed hsa-miR-23a-3p and hsa-miR-223-3p as predictors of therapy response and bio-
markers of response to anti-TNFα/DMARDs combination therapy. Strong increase in hsa-
miR-23a-3p and hsa-miR-223-3p expressions indicated good response to treatment. Moreover 
those changes significantly correlated with clinical and inflammatory parameters (such as 
DAS28, CRP, or ESR). Most importantly expression level of these miRNAs showed its poten-
tial to predict therapy outcome. hsa-miR-23-3p and hsa-miR-223-3p levels were predictors of 
nonresponse to anti–TNF-α/DMARD combination treatment with a sensitivity of 62.5 and 
57.1% and a specificity of 86.4 and 90.2%, respectively. The combination of these two miRNAs 
demonstrated an increase in both the sensitivity (62.5%) and specificity (91.5%) in relation to 
those given by each miRNA alone [6].

Another circulating miRNAs suggested to be a potential predictive biomarker of response to 
RA treatment was miR-125b. Duroux-Richard et al. observed that miR-125b expression sig-
nificantly distinguish RA patients from healthy donors and OA patients but not from patients 
with other rheumatic disorders like tumor necrosis factor receptor-associated periodic 
syndrome (TRAPS) or spondyloarthritis (SpA). Results obtained in this study also showed 
that high expression of miR-125b was associated with good response to rituximab therapy. 
Serum expression levels of tested miRNA before treatment were significantly higher in good 
responders than in nonresponders. However, it was not correlated with disease activity 
parameters. These data suggest miR-125b might be considered as a biomarker that predicts 
therapy response but is not useful as disease activity marker [72].

The realization of personalized medicine requires comprehensive understanding of genetic 
and nongenetic factors that may be responsible for drug response. Although several miRNAs 
appear to be attractive molecular biomarkers, discovery of perfect biomarkers for RA diag-
nosis and prediction of treatment outcome is still in the future. Better understanding of the 
role of miRNAs in RA pathogenesis and identification of specific miRNA expression patterns 
in RA may provide novel molecular prognostic and diagnostic biomarker markers and new 
gene therapy strategies for treating RA.

8. miRNA polymorphisms

As mentioned, RA is a common, but heterogeneous, disease with the heritability about 60 
% [73]. As genetic variants are present at birth, genetic studies can help us identify the key 
genes and pathways that contribute to both occurrence and severity of disease [74]. The last 
60 years provided evidence for the genetic basis of rheumatoid arthritis by identifying genetic 

MicroRNAs in Rheumatoid Arthritis: From Pathogenesis to Clinical Utility
http://dx.doi.org/10.5772/67320

17



susceptibility variants. Three basic approaches were applied to recognize these susceptibility 
loci: candidate single nucleotide polymorphisms (SNPs), linkage, and genome-wide associa-
tion studies (GWAS), which genotype thousands to millions of SNPs in large human samples. 
However, more than 10 years after the completion of the human genome sequencing project 
and numerous GWA studies, we still do not fully understand the genetic basis of RA [74, 75].

Since miRNAs are an important class of regulators of gene expression, genetic polymorphisms 
located in miRNA genes (miR-SNPs) and/or in miRNA binding sites of target genes (miR-TS-
SNPs) can act as regulatory SNPs through modifying the activity of miRNAs to affect the sus-
ceptibility to and/or severity of disease (Figure 2) [76, 77]. The miR-SNPs are thought to affect 
function in one of three ways. First, genetic alternation in miRNA genes affects its expres-
sion through the transcription of the primary transcript; second, via altering pri-miRNA and 
pre-miRNA processing; and third, by affecting the miRNA-mRNA interactions [77–79]. In 
contrast to SNPs in miRNA genes, the miR-TS-SNPs, which are present at or near a miRNA 
binding site in 3ʹ-untranslated region (UTR) of the target gene, are abundant in the human 
genome [80]. These SNPs can potentially alter miRNA function by creating as well as destroy-
ing a miRNA binding site [78]. Moreover, the functional impact of miR-TS-SNPs on disease 
phenotype largely depends on whether the corresponding miRNA is expressed in a particular 
tissue and the expression of other possibly compensatory miRNAs [77]. Prediction of SNPs 
that could alter the expression of a miRNA or its complementarily with the target genes, 
and as a result the normal function of the involved molecular pathway, seems to be of great 
importance [79]. Moreover, the polymorphisms associated with miRNAs may have a more 
important role in RA disease onset and progression than originally suspected. However, to 
date only a limited number of studies have identified miR-SNPs and/or miR-TS-SNPs rel-
evant to RA (Table 1) [81, 82]. In a genome-wide interaction analysis, miR-146a and miR-499 
have received much attention in this field. Up today, miR-146a, the most studied miRNAs in 
patients with RA, is encoded by chromosome 5q33 and can bind to the 3ʹ-UTR of many target 
mRNAs, including interleukin-1 receptor-associated kinase 1 (IRAK-1), tumor necrosis factor 
receptor-associated factor 6 (TRAF-6), and other transcripts associated with inflammatory sig-
naling [83, 84]. The common miR-146a polymorphism [85, 85], which may affect the stability 
of the miRNA, thereby influencing its expression level [82, 86], is not associated with suscep-
tibility to RA [81, 85, 87], but the miRNA-146a rs2910164 variant might increase the risk of RA 
in the female population and may influence disease activity [84]. Moreover, it remains unclear 
which allele is associated with a significantly higher level of mature miR-146a. On the other 
hand, miR-499, the gene of which is located on 20q11.22 chromosome, targets IL-17 receptor 
B (IL-17RB), IL-23a, IL-2 receptor B (IL-2Rβ), IL-6, IL-2, B- and T-lymphocyte attenuator, IL-18 
receptor (IL-18R), IL-21, peptidyl arginine deiminase type 4 (PADI4), and regulatory factor X 4 
(influences human leukocyte antigen class II expression) [83, 84]. The miR-499 polymorphism 
at position rs3746444T > C, located within the stem region of the miR-499 gene is closely asso-
ciated with the inflammation of RA and can serve a potential diagnostic biomarker for RA [81, 
84]. To date, very little is known about the role of miRNA SNPs in the pathogenesis of RA, and 
even less is known about whether it could affect miRNA-mRNA interactions. That way, the 
mechanism by which sequence variations—due to genetic or posttranscriptional changes—in 
miRNAs and/or in their target genes that modulate miRNA binding characteristics or miRNA 
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expression can affects the inflammatory processes requires further functional studies. With 
the development of large-scale RNA-sequencing methods, a new light could be shed on these 
mechanisms [80].

9. Conclusion

RA is a syndrome in which many different elements of the immune system become activated. 
A growing number of GWAS demonstrated that genetic polymorphisms, the standard genetic 
marker to identify associated alleles, make a substantial but incomplete contribution to the 
risk of RA developing. Now it is widely accepted that epigenetic mechanisms such as miR-
NAs, a class of powerful and major gene regulators, are also involved in the coordination of 
the immune processes in the rheumatoid arthritis. Both tissue and extracellular miRNAs are 
not only key molecules in the molecular mechanisms of the disease but also are very impor-
tant biomarkers for several pathological conditions and represent a promising therapeutic 
approach in future. Circulating miRNAs may be suitable for clinical use as they are stable 
present in body fluids such as plasma or serum. Recent evidence has suggested that miRNA 
levels in serum or plasma are often higher than in the synovial fluid. In addition, miRNA 
expression profiles in synovial fluids were similar to those in synovial tissues. These findings 

 Figure 2. Single nucleotide polymorphisms located in miRNAs.
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demonstrated that synovial tissues and infiltrating cells are the primary source of synovial 
fluid miRNAs. In contrast, miRNAs that are presented in the serum or plasma are released by 
several tissues and cells different from those in synovium [32]. Because rheumatoid arthritis is 
a systemic disease which can have not only a joint involvement but also other organs may be 
affected, cell-free circulating miRNA signature in serum or plasma is of great interest.

Acknowledgements

This work was supported by a grant from the Polish National Science Center (2015/19/B/
NZ5/00247).

Author details

Agnieszka Paradowska-Gorycka* and Barbara Stypińska

*Address all correspondence to: paradowska_aga@interia.pl

Department of Biochemistry and Molecular Biology, National Institute of Geriatrics, 
Rheumatology and Rehabilitation, Warsaw, Poland

References

[1] Klein K, Gay S. Epigenetic modifications in rheumatoid arthritis, a review. Curr Opin 
Pharmacol. 2013;13(3):420-425. doi:10.1016/j.coph.2013.01.007.

[2] Salehi E, Eftekhari R, Oraei M, Gharib A, Bidad K. MicroRNAs in rheumatoid arthritis. 
Clin Rheumatol. 2015;34(4):615-628. doi:10.1007/s10067-015-2898-x.

[3] Filková M, Aradi B, Senolt L, et al. Association of circulating miR-223 and miR-16 
with disease activity in patients with early rheumatoid arthritis. Ann Rheum Dis. 
2014;73(10):1898-1904. doi:10.1136/annrheumdis-2012-202815.

[4] Duroux-Richard I, Jorgensen C, Apparailly F. What do microRNAs mean for rheuma-
toid arthritis? Arthritis Rheum. 2012;64(1):11-20. doi:10.1002/art.30651.

[5] Singh RP, Massachi I, Manickavel S, et al. The role of miRNA in inflammation and auto-
immunity. Autoimmun Rev. 2013;12(12):1160-1165. doi:10.1016/j.autrev.2013.07.003.

[6] Castro-Villegas C, Pérez-Sánchez C, Escudero A, et al. Circulating miRNAs as potential 
biomarkers of therapy effectiveness in rheumatoid arthritis patients treated with anti-
TNFα. Arthritis Res Ther. 2015;17(1):49. doi:10.1186/s13075-015-0555-z.

[7] Smigielska-Czepiel K, van den Berg A, Jellema P, et al. Comprehensive analysis of 
miRNA expression in T-cell subsets of rheumatoid arthritis patients reveals defined 

New Developments in the Pathogenesis of Rheumatoid Arthritis20



demonstrated that synovial tissues and infiltrating cells are the primary source of synovial 
fluid miRNAs. In contrast, miRNAs that are presented in the serum or plasma are released by 
several tissues and cells different from those in synovium [32]. Because rheumatoid arthritis is 
a systemic disease which can have not only a joint involvement but also other organs may be 
affected, cell-free circulating miRNA signature in serum or plasma is of great interest.

Acknowledgements

This work was supported by a grant from the Polish National Science Center (2015/19/B/
NZ5/00247).

Author details

Agnieszka Paradowska-Gorycka* and Barbara Stypińska

*Address all correspondence to: paradowska_aga@interia.pl

Department of Biochemistry and Molecular Biology, National Institute of Geriatrics, 
Rheumatology and Rehabilitation, Warsaw, Poland

References

[1] Klein K, Gay S. Epigenetic modifications in rheumatoid arthritis, a review. Curr Opin 
Pharmacol. 2013;13(3):420-425. doi:10.1016/j.coph.2013.01.007.

[2] Salehi E, Eftekhari R, Oraei M, Gharib A, Bidad K. MicroRNAs in rheumatoid arthritis. 
Clin Rheumatol. 2015;34(4):615-628. doi:10.1007/s10067-015-2898-x.

[3] Filková M, Aradi B, Senolt L, et al. Association of circulating miR-223 and miR-16 
with disease activity in patients with early rheumatoid arthritis. Ann Rheum Dis. 
2014;73(10):1898-1904. doi:10.1136/annrheumdis-2012-202815.

[4] Duroux-Richard I, Jorgensen C, Apparailly F. What do microRNAs mean for rheuma-
toid arthritis? Arthritis Rheum. 2012;64(1):11-20. doi:10.1002/art.30651.

[5] Singh RP, Massachi I, Manickavel S, et al. The role of miRNA in inflammation and auto-
immunity. Autoimmun Rev. 2013;12(12):1160-1165. doi:10.1016/j.autrev.2013.07.003.

[6] Castro-Villegas C, Pérez-Sánchez C, Escudero A, et al. Circulating miRNAs as potential 
biomarkers of therapy effectiveness in rheumatoid arthritis patients treated with anti-
TNFα. Arthritis Res Ther. 2015;17(1):49. doi:10.1186/s13075-015-0555-z.

[7] Smigielska-Czepiel K, van den Berg A, Jellema P, et al. Comprehensive analysis of 
miRNA expression in T-cell subsets of rheumatoid arthritis patients reveals defined 

New Developments in the Pathogenesis of Rheumatoid Arthritis20

signatures of naive and memory Tregs. Genes Immun. 2014;15(2):115-125. doi:10.1038/
gene.2013.69.

[8] Ha M, Kim VN. Regulation of microRNA biogenesis. Nat Rev Mol Cell Biol. 
2014;15(8):509-524. doi:10.1038/nrm3838.

[9] Bhaskaran M, Mohan M. MicroRNAs: history, biogenesis, and their evolving role in animal 
development and disease. Vet Pathol. 2014;51(4):759-774. doi:10.1177/0300985813502820.

[10] Creemers EE, Tijsen AJ, Pinto YM. Circulating microRNAs: novel biomarkers and 
extracellular communicators in cardiovascular disease? Circ Res. 2012;110(3):483-495. 
doi:10.1161/CIRCRESAHA.111.247452.

[11] Kawano S, Nakamachi Y. The role of miRNA, in Rheumatoid Arthritis. Rheum Arthritis 
– Etiol Consequences Co-Morbidities. 2012. doi:10.5772/25861.

[12] Gu S, Kay MA, Carthew R, et al. How do miRNAs mediate translational repression? 
Silence. 2010;1(1):11. doi:10.1186/1758-907X-1-11.

[13] Bartel DP. MicroRNAs: genomics, biogenesis, mechanism, and function. Cell. 2004;116(2):281-
297. doi:10.1016/S0092-8674(04)00045-5.

[14] Petersen CP, Bordeleau M-E, Pelletier J, Sharp PA. Short RNAs repress transla-
tion after initiation in mammalian cells. Mol Cell. 2006;21(4):533-542. doi:10.1016/j.
molcel.2006.01.031.

[15] Nottrott S, Simard MJ, Richter JD. Human let-7a miRNA blocks protein production 
on actively translating polyribosomes. Nat Struct Mol Biol. 2006;13(12):1108-1114. 
doi:10.1038/nsmb1173.

[16] Wahid F, Shehzad A, Khan T, Kim YY. MicroRNAs: synthesis, mechanism, function, 
and recent clinical trials. Biochim Biophys Acta – Mol Cell Res. 2010;1803(11):1231-1243. 
doi:10.1016/j.bbamcr.2010.06.013.

[17] Hutvágner G, Zamore PD. A microRNA in a multiple-turnover RNAi enzyme complex. 
Science. 2002;297(5589):2056-2060. doi:10.1126/science.1073827.

[18] Llave C, Xie Z, Kasschau KD, Carrington JC. Cleavage of Scarecrow-like mRNA tar-
gets directed by a class of Arabidopsis miRNA. Science. 2002;297(5589):2053-2056. 
doi:10.1126/science.1076311.

[19] Behm-Ansmant I, Rehwinkel J, Doerks T, Stark A, Bork P, Izaurralde E. mRNA degrada-
tion by miRNAs and GW182 requires both CCR4:NOT deadenylase and DCP1:DCP2 
decapping complexes. Genes Dev. 2006;20(14):1885-1898. doi:10.1101/gad.1424106.

[20] Wu L, Fan J, Belasco JG. MicroRNAs direct rapid deadenylation of mRNA. Proc Natl 
Acad Sci U S A. 2006;103(11):4034-4039. doi:10.1073/pnas.0510928103.

[21] Mitchell PS, Parkin RK, Kroh EM, et al. Circulating microRNAs as stable blood-based 
markers for cancer detection. Proc Natl Acad Sci U S A. 2008;105(30):10513-10518. 
doi:10.1073/pnas.0804549105.

MicroRNAs in Rheumatoid Arthritis: From Pathogenesis to Clinical Utility
http://dx.doi.org/10.5772/67320

21



[22] Huang R-Y, Li L, Wang M-J, Chen X-M, Huang Q-C, Lu C-J. An exploration of the role 
of microRNAs in psoriasis: a systematic review of the literature. Medicine (Baltimore). 
2015;94(45):e2030. doi:10.1097/MD.0000000000002030.

[23] Makarova JA, Shkurnikov MU, Wicklein D, et al. Intracellular and extracellular 
microRNA: an update on localization and biological role. Prog Histochem Cytochem. 
2016;51:33–49. doi:10.1016/j.proghi.2016.06.001.

[24] Baumjohann D, Ansel KM. MicroRNA-mediated regulation of T helper cell differentia-
tion and plasticity. Nat Rev Immunol. 2013;13(9):666-678. doi:10.1038/nri3494.

[25] Miao C-G, Xiong Y-Y, Yu H, et al. Critical roles of microRNAs in the pathogen-
esis of systemic sclerosis: New advances, challenges and potential directions. Int 
Immunopharmacol. 2015;28(1):626-633. doi:10.1016/j.intimp.2015.07.042.

[26] Mohr AM, Mott JL. Overview of microRNA biology. Semin Liver Dis. 2015;35(1):3-11. 
doi:10.1055/s-0034-1397344.

[27] Ceribelli A, Nahid MA, Satoh M, Chan EKL. MicroRNAs in rheumatoid arthritis. FEBS 
Lett. 2011;585(23):3667-3674. doi:10.1016/j.febslet.2011.05.020.

[28] Huang C, Geng J, Jiang S. MicroRNAs in regulation of osteogenic differentiation of mes-
enchymal stem cells. Cell Tissue Res. 2016. doi:10.1007/s00441-016-2462-2.

[29] Gao Y, Peng J, Ren Z, et al. Functional regulatory roles of microRNAs in atherosclerosis. 
Clin Chim Acta. 2016;460:164-171. doi:10.1016/j.cca.2016.06.044.

[30] Vicente R, Noël D, Pers Y-M, Apparailly F, Jorgensen C. Deregulation and therapeutic 
potential of microRNAs in arthritic diseases. Nat Rev Rheumatol. 2016;12(4):211-220. 
doi:10.1038/nrrheum.2015.162.

[31] Liang H, Gong F, Zhang S, Zhang C-Y, Zen K, Chen X. The origin, function, and diag-
nostic potential of extracellular microRNAs in human body fluids. Wiley Interdiscip Rev 
RNA. 5(2):285-300. doi:10.1002/wrna.1208.

[32] Murata K, Yoshitomi H, Tanida S, et al. Plasma and synovial fluid microRNAs as potential 
biomarkers of rheumatoid arthritis and osteoarthritis. Arthritis Res Ther. 2010;12(3):R86. 
doi:10.1186/ar3013.

[33] Tanaka Y. Current concepts in the management of rheumatoid arthritis. Korean J Intern 
Med. 2016;31(2):210-218. doi:10.3904/kjim.2015.137.

[34] Mimori T. Clinical significance of anti-CCP antibodies in rheumatoid arthritis. Intern 
Med. 2005;44(11):1122-1126. http://www.ncbi.nlm.nih.gov/pubmed/16357447. Accessed 
August 25, 2016.

[35] Paradowska A, Maślińiski W, Grzybowska-Kowalczyk A, Łacki J. The function of inter-
leukin 17 in the pathogenesis of rheumatoid arthritis. Arch Immunol Ther Exp (Warsz). 
55(5):329-334. http://www.ncbi.nlm.nih.gov/pubmed/18219763. Accessed August 25, 2016.

[36] Kelly M. Robert BRIDGES: pioneer in rheumatology. Med Hist. 1961;5:297-299. http://
www.ncbi.nlm.nih.gov/pubmed/13752390. Accessed August 25, 2016.

New Developments in the Pathogenesis of Rheumatoid Arthritis22



[22] Huang R-Y, Li L, Wang M-J, Chen X-M, Huang Q-C, Lu C-J. An exploration of the role 
of microRNAs in psoriasis: a systematic review of the literature. Medicine (Baltimore). 
2015;94(45):e2030. doi:10.1097/MD.0000000000002030.

[23] Makarova JA, Shkurnikov MU, Wicklein D, et al. Intracellular and extracellular 
microRNA: an update on localization and biological role. Prog Histochem Cytochem. 
2016;51:33–49. doi:10.1016/j.proghi.2016.06.001.

[24] Baumjohann D, Ansel KM. MicroRNA-mediated regulation of T helper cell differentia-
tion and plasticity. Nat Rev Immunol. 2013;13(9):666-678. doi:10.1038/nri3494.

[25] Miao C-G, Xiong Y-Y, Yu H, et al. Critical roles of microRNAs in the pathogen-
esis of systemic sclerosis: New advances, challenges and potential directions. Int 
Immunopharmacol. 2015;28(1):626-633. doi:10.1016/j.intimp.2015.07.042.

[26] Mohr AM, Mott JL. Overview of microRNA biology. Semin Liver Dis. 2015;35(1):3-11. 
doi:10.1055/s-0034-1397344.

[27] Ceribelli A, Nahid MA, Satoh M, Chan EKL. MicroRNAs in rheumatoid arthritis. FEBS 
Lett. 2011;585(23):3667-3674. doi:10.1016/j.febslet.2011.05.020.

[28] Huang C, Geng J, Jiang S. MicroRNAs in regulation of osteogenic differentiation of mes-
enchymal stem cells. Cell Tissue Res. 2016. doi:10.1007/s00441-016-2462-2.

[29] Gao Y, Peng J, Ren Z, et al. Functional regulatory roles of microRNAs in atherosclerosis. 
Clin Chim Acta. 2016;460:164-171. doi:10.1016/j.cca.2016.06.044.

[30] Vicente R, Noël D, Pers Y-M, Apparailly F, Jorgensen C. Deregulation and therapeutic 
potential of microRNAs in arthritic diseases. Nat Rev Rheumatol. 2016;12(4):211-220. 
doi:10.1038/nrrheum.2015.162.

[31] Liang H, Gong F, Zhang S, Zhang C-Y, Zen K, Chen X. The origin, function, and diag-
nostic potential of extracellular microRNAs in human body fluids. Wiley Interdiscip Rev 
RNA. 5(2):285-300. doi:10.1002/wrna.1208.

[32] Murata K, Yoshitomi H, Tanida S, et al. Plasma and synovial fluid microRNAs as potential 
biomarkers of rheumatoid arthritis and osteoarthritis. Arthritis Res Ther. 2010;12(3):R86. 
doi:10.1186/ar3013.

[33] Tanaka Y. Current concepts in the management of rheumatoid arthritis. Korean J Intern 
Med. 2016;31(2):210-218. doi:10.3904/kjim.2015.137.

[34] Mimori T. Clinical significance of anti-CCP antibodies in rheumatoid arthritis. Intern 
Med. 2005;44(11):1122-1126. http://www.ncbi.nlm.nih.gov/pubmed/16357447. Accessed 
August 25, 2016.

[35] Paradowska A, Maślińiski W, Grzybowska-Kowalczyk A, Łacki J. The function of inter-
leukin 17 in the pathogenesis of rheumatoid arthritis. Arch Immunol Ther Exp (Warsz). 
55(5):329-334. http://www.ncbi.nlm.nih.gov/pubmed/18219763. Accessed August 25, 2016.

[36] Kelly M. Robert BRIDGES: pioneer in rheumatology. Med Hist. 1961;5:297-299. http://
www.ncbi.nlm.nih.gov/pubmed/13752390. Accessed August 25, 2016.

New Developments in the Pathogenesis of Rheumatoid Arthritis22

[37] Cobb S, Kasl S V. The epidemiology of rheumatoid arthritis. Am J Public Health 
Nations Health. 1966;56(10):1657-1663. http://www.ncbi.nlm.nih.gov/pubmed/5951485. 
Accessed August 25, 2016.

[38] Williams EA, Fye KH. Rheumatoid arthritis. Targeted interventions can minimize 
joint destruction. Postgrad Med. 2003;114(5):19-28. http://www.ncbi.nlm.nih.gov/
pubmed/14650090. Accessed August 25, 2016.

[39] Reveille JD. Genetic studies in the rheumatic diseases: present status and implica-
tions for the future. J Rheumatol Suppl. 2005;72:10-13. http://www.ncbi.nlm.nih.gov/
pubmed/15660456. Accessed August 25, 2016.

[40] Romagnani S. Human Th17 cells. Arthritis Res Ther. 2008;10(2):206. doi:10.1186/ar2392.

[41] Layh-Schmitt G, Colbert RA. The interleukin-23/interleukin-17 axis in spondyloarthritis. 
Curr Opin Rheumatol. 2008;20(4):392-397. doi:10.1097/BOR.0b013e328303204b.

[42] Sakaguchi S, Yamaguchi T, Nomura T, Ono M. Regulatory T cells and immune tolerance. 
Cell. 2008;133(5):775-787. doi:10.1016/j.cell.2008.05.009.

[43] Awasthi A, Kuchroo VK. Th17 cells: from precursors to players in inflammation and 
infection. Int Immunol. 2009;21(5):489-498. doi:10.1093/intimm/dxp021.

[44] Bax M, van Heemst J, Huizinga TWJ, Toes REM. Genetics of rheumatoid arthritis: what 
have we learned? Immunogenetics. 2011;63(8):459-466. doi:10.1007/s00251-011-0528-6.

[45] Viatte S, Plant D, Raychaudhuri S. Genetics and epigenetics of rheumatoid arthritis. Nat 
Rev Rheumatol. 2013;9(3):141-153. doi:10.1038/nrrheum.2012.237.

[46] Glant TT, Mikecz K, Rauch TA. Epigenetics in the pathogenesis of rheumatoid arthritis. 
BMC Med. 2014;12:35. doi:10.1186/1741-7015-12-35.

[47] Bottini N, Firestein GS. Epigenetics in rheumatoid arthritis: a primer for rheumatolo-
gists. Curr Rheumatol Rep. 2013;15(11):372. doi:10.1007/s11926-013-0372-9.

[48] Zhou Q, Haupt S, Kreuzer JT, et al. Decreased expression of miR-146a and miR-155 
contributes to an abnormal Treg phenotype in patients with rheumatoid arthritis. Ann 
Rheum Dis. 2015;74(6):1265-1274. doi:10.1136/annrheumdis-2013-204377.

[49] Kim T-H, Choi SJ, Lee YH, Song GG, Ji JD. Gene expression profile predicting the 
response to anti-TNF treatment in patients with rheumatoid arthritis; analysis of GEO 
datasets. Joint Bone Spine. 2014;81(4):325-330. doi:10.1016/j.jbspin.2014.01.013.

[50] Churov A V, Oleinik EK, Knip M. MicroRNAs in rheumatoid arthritis: altered expres-
sion and diagnostic potential. Autoimmun Rev. 2015;14(11):1029-1037. doi:10.1016/j.
autrev.2015.07.005.

[51] Stanczyk J, Pedrioli DML, Brentano F, et al. Altered expression of microRNA in synovial 
fibroblasts and synovial tissue in rheumatoid arthritis. Arthritis Rheum. 2008;58(4):1001-
1009. doi:10.1002/art.23386.

MicroRNAs in Rheumatoid Arthritis: From Pathogenesis to Clinical Utility
http://dx.doi.org/10.5772/67320

23



[52] Mu N, Gu J, Huang T, et al. A novel NF-κB/YY1/microRNA-10a regulatory circuit in 
fibroblast-like synoviocytes regulates inflammation in rheumatoid arthritis. Sci Rep. 
2016;6:20059. doi:10.1038/srep20059.

[53] Dong L, Wang X, Tan J, et al. Decreased expression of microRNA-21 correlates with the 
imbalance of Th17 and Treg cells in patients with rheumatoid arthritis. J Cell Mol Med. 
2014;18(11):2213-2224. doi:10.1111/jcmm.12353.

[54] Takahashi H, Kanno T, Nakayamada S, et al. TGF-β and retinoic acid induce the 
microRNA miR-10a, which targets Bcl-6 and constrains the plasticity of helper T cells. 
Nat Immunol. 2012;13(6):587-595. doi:10.1038/ni.2286.

[55] Chen X-M, Huang Q-C, Yang S-L, et al. Role of microRNAs in the pathogenesis of 
rheumatoid arthritis: novel perspectives based on review of the literature. Medicine 
(Baltimore). 2015;94(31):e1326. doi:10.1097/MD.0000000000001326.

[56] Lu M-C, Yu C-L, Chen H-C, Yu H-C, Huang H-B, Lai N-S. Increased miR-223 expression 
in T cells from patients with rheumatoid arthritis leads to decreased insulin-like growth 
factor-1-mediated interleukin-10 production. Clin Exp Immunol. 2014;177(3):641-651. 
doi:10.1111/cei.12374.

[57] Philippe L, Alsaleh G, Suffert G, et al. TLR2 expression is regulated by microRNA miR-19 
in rheumatoid fibroblast-like synoviocytes. J Immunol. 2012;188(1):454-461. doi:10.4049/
jimmunol.1102348.

[58] Kurowska-Stolarska M, Alivernini S, Ballantine LE, et al. MicroRNA-155 as a proin-
flammatory regulator in clinical and experimental arthritis. Proc Natl Acad Sci U S A. 
2011;108(27):11193-11198. doi:10.1073/pnas.1019536108.

[59] Jiang C, Zhu W, Xu J, et al. MicroRNA-26a negatively regulates toll-like receptor 3 expres-
sion of rat macrophages and ameliorates pristane induced arthritis in rats. Arthritis Res 
Ther. 2014;16(1):R9. doi:10.1186/ar4435.

[60] Li Y, Fan L, Liu S, et al. The promotion of bone regeneration through positive regulation 
of angiogenic-osteogenic coupling using microRNA-26a. Biomaterials. 2013;34(21):5048-
5058. doi:10.1016/j.biomaterials.2013.03.052.

[61] Pauley KM, Cha S. miRNA-146a in rheumatoid arthritis: a new therapeutic strategy. 
Immunotherapy. 2011;3(7):829-831. doi:10.2217/imt.11.70.

[62] Murata K, Yoshitomi H, Furu M, et al. MicroRNA-451 down-regulates neutrophil 
chemotaxis via p38 MAPK. Arthritis Rheumatol (Hoboken, NJ). 2014;66(3):549-559. 
doi:10.1002/art.38269.

[63] Nakamachi Y, Ohnuma K, Uto K, Noguchi Y, Saegusa J, Kawano S. MicroRNA-124 inhib-
its the progression of adjuvant-induced arthritis in rats. Ann Rheum Dis. 2016;75(3):601-
608. doi:10.1136/annrheumdis-2014-206417.

[64] Lee Y, Kim HJ, Park CK, et al. MicroRNA-124 regulates osteoclast differentiation. Bone. 
2013;56(2):383-389. doi:10.1016/j.bone.2013.07.007.

New Developments in the Pathogenesis of Rheumatoid Arthritis24



[52] Mu N, Gu J, Huang T, et al. A novel NF-κB/YY1/microRNA-10a regulatory circuit in 
fibroblast-like synoviocytes regulates inflammation in rheumatoid arthritis. Sci Rep. 
2016;6:20059. doi:10.1038/srep20059.

[53] Dong L, Wang X, Tan J, et al. Decreased expression of microRNA-21 correlates with the 
imbalance of Th17 and Treg cells in patients with rheumatoid arthritis. J Cell Mol Med. 
2014;18(11):2213-2224. doi:10.1111/jcmm.12353.

[54] Takahashi H, Kanno T, Nakayamada S, et al. TGF-β and retinoic acid induce the 
microRNA miR-10a, which targets Bcl-6 and constrains the plasticity of helper T cells. 
Nat Immunol. 2012;13(6):587-595. doi:10.1038/ni.2286.

[55] Chen X-M, Huang Q-C, Yang S-L, et al. Role of microRNAs in the pathogenesis of 
rheumatoid arthritis: novel perspectives based on review of the literature. Medicine 
(Baltimore). 2015;94(31):e1326. doi:10.1097/MD.0000000000001326.

[56] Lu M-C, Yu C-L, Chen H-C, Yu H-C, Huang H-B, Lai N-S. Increased miR-223 expression 
in T cells from patients with rheumatoid arthritis leads to decreased insulin-like growth 
factor-1-mediated interleukin-10 production. Clin Exp Immunol. 2014;177(3):641-651. 
doi:10.1111/cei.12374.

[57] Philippe L, Alsaleh G, Suffert G, et al. TLR2 expression is regulated by microRNA miR-19 
in rheumatoid fibroblast-like synoviocytes. J Immunol. 2012;188(1):454-461. doi:10.4049/
jimmunol.1102348.

[58] Kurowska-Stolarska M, Alivernini S, Ballantine LE, et al. MicroRNA-155 as a proin-
flammatory regulator in clinical and experimental arthritis. Proc Natl Acad Sci U S A. 
2011;108(27):11193-11198. doi:10.1073/pnas.1019536108.

[59] Jiang C, Zhu W, Xu J, et al. MicroRNA-26a negatively regulates toll-like receptor 3 expres-
sion of rat macrophages and ameliorates pristane induced arthritis in rats. Arthritis Res 
Ther. 2014;16(1):R9. doi:10.1186/ar4435.

[60] Li Y, Fan L, Liu S, et al. The promotion of bone regeneration through positive regulation 
of angiogenic-osteogenic coupling using microRNA-26a. Biomaterials. 2013;34(21):5048-
5058. doi:10.1016/j.biomaterials.2013.03.052.

[61] Pauley KM, Cha S. miRNA-146a in rheumatoid arthritis: a new therapeutic strategy. 
Immunotherapy. 2011;3(7):829-831. doi:10.2217/imt.11.70.

[62] Murata K, Yoshitomi H, Furu M, et al. MicroRNA-451 down-regulates neutrophil 
chemotaxis via p38 MAPK. Arthritis Rheumatol (Hoboken, NJ). 2014;66(3):549-559. 
doi:10.1002/art.38269.

[63] Nakamachi Y, Ohnuma K, Uto K, Noguchi Y, Saegusa J, Kawano S. MicroRNA-124 inhib-
its the progression of adjuvant-induced arthritis in rats. Ann Rheum Dis. 2016;75(3):601-
608. doi:10.1136/annrheumdis-2014-206417.

[64] Lee Y, Kim HJ, Park CK, et al. MicroRNA-124 regulates osteoclast differentiation. Bone. 
2013;56(2):383-389. doi:10.1016/j.bone.2013.07.007.

New Developments in the Pathogenesis of Rheumatoid Arthritis24

[65] Niimoto T, Nakasa T, Ishikawa M, et al. MicroRNA-146a expresses in interleukin-17 
producing T cells in rheumatoid arthritis patients. BMC Musculoskelet Disord. 
2010;11(1):209. doi:10.1186/1471-2474-11-209.

[66] Pauley KM, Satoh M, Chan AL, Bubb MR, Reeves WH, Chan EK. Upregulated miR-146a 
expression in peripheral blood mononuclear cells from rheumatoid arthritis patients. 
Arthritis Res Ther. 2008;10(4):R101. doi:10.1186/ar2493.

[67] Abou-Zeid A, Saad M, Soliman E. MicroRNA 146a expression in rheumatoid arthri-
tis: association with tumor necrosis factor-alpha and disease activity. Genet Test Mol 
Biomarkers. 2011;15(11):807-812. doi:10.1089/gtmb.2011.0026.

[68] Elsayed HMA, Khater WS, Ibrahim AA, Hamdy MSE, Morshedy NA. MicroRNA-146a 
expression as a potential biomarker for rheumatoid arthritis in Egypt. Egypt J Med Hum 
Genet. 2016. doi:10.1016/j.ejmhg.2016.07.001.

[69] Kriegsmann M, Randau TM, Gravius S, et al. Expression of miR-146a, miR-155, and 
miR-223 in formalin-fixed paraffin-embedded synovial tissues of patients with rheu-
matoid arthritis and osteoarthritis. Virchows Arch. 2016;469(1):93-100. doi:10.1007/
s00428-016-1939-4.

[70] Murata K, Furu M, Yoshitomi H, et al. Comprehensive microRNA analysis identifies 
miR-24 and miR-125a-5p as plasma biomarkers for rheumatoid arthritis. PLoS One. 
2013;8(7):e69118. doi:10.1371/journal.pone.0069118.

[71] Duroux-Richard I, Jorgensen C, Apparailly F. miRNAs and rheumatoid arthritis – prom-
ising novel biomarkers. Swiss Med Wkly. 2011. doi:10.4414/smw.2011.13175.

[72] Duroux-Richard I, Pers Y-M, Fabre S, et al. Circulating miRNA-125b is a potential bio-
marker predicting response to rituximab in rheumatoid arthritis. Mediators Inflamm. 
2014;2014:342524. doi:10.1155/2014/342524.

[73] Kurkó J, Besenyei T, Laki J, Glant TT, Mikecz K, Szekanecz Z. Genetics of rheumatoid 
arthritis – a comprehensive review. Clin Rev Allergy Immunol. 2013;45(2):170-179. 
doi:10.1007/s12016-012-8346-7.

[74] Raychaudhuri S. Recent advances in the genetics of rheumatoid arthritis. Curr Opin 
Rheumatol. 2010;22(2):109-118. doi:10.1097/BOR.0b013e328336474d.

[75] Sethupathy P, Collins FS. MicroRNA target site polymorphisms and human disease. 
Trends Genet. 2008;24(10):489-497. doi:10.1016/j.tig.2008.07.004.

[76] Gong J, Tong Y, Zhang H-M, et al. Genome-wide identification of SNPs in microRNA 
genes and the SNP effects on microRNA target binding and biogenesis. Hum Mutat. 
2012;33(1):254-263. doi:10.1002/humu.21641.

[77] Dole NS, Delany AM. MicroRNA variants as genetic determinants of bone mass. Bone. 
2016;84:57-68. doi:10.1016/j.bone.2015.12.016.

[78] Ryan BM, Robles AI, Harris CC. Genetic variation in microRNA networks: the implica-
tions for cancer research. Nat Rev Cancer. 2010;10(6):389-402. doi:10.1038/nrc2867.

MicroRNAs in Rheumatoid Arthritis: From Pathogenesis to Clinical Utility
http://dx.doi.org/10.5772/67320

25



[79] Jin Y, Lee CGL. Single nucleotide polymorphisms associated with microRNA regulation. 
Biomolecules. 2013;3(2):287-302. doi:10.3390/biom3020287.

[80] Pivarcsi A, Ståhle M, Sonkoly E. Genetic polymorphisms altering microRNA activity in 
psoriasis – a key to solve the puzzle of missing heritability? Exp Dermatol. 2014;23(9):620-
624. doi:10.1111/exd.12469.

[81] Yang B, Chen J, Li Y, et al. Association of polymorphisms in pre-miRNA with inflamma-
tory biomarkers in rheumatoid arthritis in the Chinese Han population. Hum Immunol. 
2012;73(1):101-106. doi:10.1016/j.humimm.2011.10.005.

[82] Chatzikyriakidou A, Voulgari P V, Georgiou I, Drosos AA. miRNAs and related poly-
morphisms in rheumatoid arthritis susceptibility. Autoimmun Rev. 2012;11(9):636-641. 
doi:10.1016/j.autrev.2011.11.004.

[83] Xu HY, Wang ZY, Chen JF, et al. Association between ankylosing spondylitis and the 
miR-146a and miR-499 polymorphisms. PLoS One. 2015;10(4):e0122055. doi:10.1371/
journal.pone.0122055.

[84] El-Shal AS, Aly NM, Galil SMA, Moustafa MA, Kandel WA. Association of microRNAs 
genes polymorphisms with rheumatoid arthritis in Egyptian female patients. Joint Bone 
Spine. 2013;80(6):626-631. doi:10.1016/j.jbspin.2013.03.005.

[85] Zhou X, Zhu J, Zhang H, Zhou G, Huang Y, Liu R. Is the microRNA-146a (rs2910164) 
polymorphism associated with rheumatoid arthritis? Association of microRNA-146a 
(rs2910164) polymorphism and rheumatoid arthritis could depend on gender. Joint 
Bone Spine. 2015;82(3):166-171. doi:10.1016/j.jbspin.2014.12.009.

[86] Apparailly F. Looking for microRNA polymorphisms as new rheumatoid arthritis risk 
loci? Joint Bone Spine. 2010;77(5):377-379. doi:10.1016/j.jbspin.2010.06.002.

[87] Li K, Tie H, Hu N, et al. Association of two polymorphisms rs2910164 in miRNA-146a 
and rs3746444 in miRNA-499 with rheumatoid arthritis: a meta-analysis. Hum Immunol. 
2014;75(7):602-608. doi:10.1016/j.humimm.2014.05.002.

New Developments in the Pathogenesis of Rheumatoid Arthritis26



[79] Jin Y, Lee CGL. Single nucleotide polymorphisms associated with microRNA regulation. 
Biomolecules. 2013;3(2):287-302. doi:10.3390/biom3020287.

[80] Pivarcsi A, Ståhle M, Sonkoly E. Genetic polymorphisms altering microRNA activity in 
psoriasis – a key to solve the puzzle of missing heritability? Exp Dermatol. 2014;23(9):620-
624. doi:10.1111/exd.12469.

[81] Yang B, Chen J, Li Y, et al. Association of polymorphisms in pre-miRNA with inflamma-
tory biomarkers in rheumatoid arthritis in the Chinese Han population. Hum Immunol. 
2012;73(1):101-106. doi:10.1016/j.humimm.2011.10.005.

[82] Chatzikyriakidou A, Voulgari P V, Georgiou I, Drosos AA. miRNAs and related poly-
morphisms in rheumatoid arthritis susceptibility. Autoimmun Rev. 2012;11(9):636-641. 
doi:10.1016/j.autrev.2011.11.004.

[83] Xu HY, Wang ZY, Chen JF, et al. Association between ankylosing spondylitis and the 
miR-146a and miR-499 polymorphisms. PLoS One. 2015;10(4):e0122055. doi:10.1371/
journal.pone.0122055.

[84] El-Shal AS, Aly NM, Galil SMA, Moustafa MA, Kandel WA. Association of microRNAs 
genes polymorphisms with rheumatoid arthritis in Egyptian female patients. Joint Bone 
Spine. 2013;80(6):626-631. doi:10.1016/j.jbspin.2013.03.005.

[85] Zhou X, Zhu J, Zhang H, Zhou G, Huang Y, Liu R. Is the microRNA-146a (rs2910164) 
polymorphism associated with rheumatoid arthritis? Association of microRNA-146a 
(rs2910164) polymorphism and rheumatoid arthritis could depend on gender. Joint 
Bone Spine. 2015;82(3):166-171. doi:10.1016/j.jbspin.2014.12.009.

[86] Apparailly F. Looking for microRNA polymorphisms as new rheumatoid arthritis risk 
loci? Joint Bone Spine. 2010;77(5):377-379. doi:10.1016/j.jbspin.2010.06.002.

[87] Li K, Tie H, Hu N, et al. Association of two polymorphisms rs2910164 in miRNA-146a 
and rs3746444 in miRNA-499 with rheumatoid arthritis: a meta-analysis. Hum Immunol. 
2014;75(7):602-608. doi:10.1016/j.humimm.2014.05.002.

New Developments in the Pathogenesis of Rheumatoid Arthritis26

Chapter 2

Role of MicroRNAs in Rheumatoid Arthritis

Merih Birlik, Ayşe Koçak and Duygu Harmancı

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/67081

Provisional chapter

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons  
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited. 

Role of MicroRNAs in Rheumatoid Arthritis

Merih Birlik, Ayşe Koçak and Duygu 
Harmancı

Additional information is available at the end of the chapter

Abstract

Rheumatoid arthritis (RA) is a common autoimmune disease. The hallmarks of RA are 
synovial inflammation and hyperplasia, autoantibody production, systemic features, and 
deformity. A lot of researchers have paid attention to the possibility that microRNAs 
(miRNAs) play a role in the pathogenesis of RA. miRNAs are a class of small noncod-
ing RNAs, which have 18–25 nucleotides. These small RNAs modify gene expression by 
binding to target messenger RNA (mRNA), and they block the translation or induce the 
degradation of target mRNA. Biological relevance of miRNAs has been investigated in 
physiological and pathological conditions. A growing body of evidence suggests that 
miRNAs participate in the inflammatory disorders including RA. In this chapter, an over-
view of biogenesis and function of miRNAs has been presented to introduce researchers 
to the changes and functional regulation of the key miRNAs in RA and to provide current 
knowledge in miRNA and RA. It is important to understand the relationship between the 
key miRNAs and RA pathology as modulation of specific miRNA alterations could be of 
great pharmaceutical interest in the future.

Keywords: microRNA, miRNA, small noncoding RNA, rheumatoid arthritis, 
pathogenesis

1. Introduction

Rheumatoid arthritis (RA) is an autoimmune disease characterized by chronic synovial 
inflammation exemplified by cell hyperplasia, autoantibody production, systemic features, 
and deformity [1–3]. It affects approximately 0.36–2.0% of the human population worldwide 
and roughly three to four times more females than males [2, 4]. RA progression is a complex 
process and consists of many genes and environmental factors [3]. Accumulating clinical and 
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experimental evidence points out that the immune system plays a key role in disease patho-
genesis. However, pathogenesis of RA is not entirely clear [1–3]. Generally, RA progression 
leads to joint destruction, functional disability, and cardiovascular comorbidities [5]. The 
immune system and different cell types such as macrophages, T and B cells, and synovial 
fibroblasts participate in the pathogenesis of RA. RA synovial fibroblasts and “fibroblast-like 
synoviocytes” (FLS) play an important role in RA [6, 7].

Genetic and environmental factors are associated with RA. These factors include infectious 
agents, exposure to cigarette smoke, air pollution, insecticides, and occupational exposures 
to mineral oil and silica. But so far, smoking is the only environmental risk factor that has 
been extensively studied and widely accepted [3]. When environmental factors are consid-
ered some of them can be controlled, but the control of genetic and epigenetic regulation 
is highly complex and difficult to predict. The contribution of epigenetic gene regulation is 
considerably less well established. Epigenetics is a mechanism that regulates gene expres-
sion independently of the underlying DNA sequence. In early 2000s, with the discovery 
of micro RNAs (miRNAs), researchers have started to discuss their roles in physiological 
and pathologic processes [8]. miRNAs are small noncoding RNAs 18–25 nucleotides in 
length that block the translation or induce the degradation of target mRNA [9]. The clini-
cal application of epigenomic information has improved in recent years. A growing body 
of evidence suggests that miRNAs participate in the inflammatory disorders including RA 
[10–12].

In this chapter, we summarize the biogenesis and function of miRNA, with an emphasis of its 
role in the pathogenesis and the importance of miRNA in RA as a potential biomarker.

2. What are microRNAs?

The small RNAs are crucial for the cellular gene regulatory systems. Over the last decade, 
these small RNAs have become important regulators in eukaryotic genomes. These noncod-
ing RNAs regulate genes and genomes. This regulation includes chromatin structure, tran-
scription, RNA processing, RNA stability, and translation. Generally, the small RNAs show 
inhibitory activity on gene expression. One type of these small RNAs is microRNAs [13].

MicroRNAs (miRNAs) are small endogenous noncoding RNAs [13]. In 1993, Ambros and 
his collaborators discovered the first miRNA, lin-4 from Caenorhabditis elegans. Researchers 
studied the postembryonic development of C.elegans and found two noncoding RNAs which 
were produced by lin-4 with complementary sequences to the 3′UTR (un-translated region) of 
lin-14 mRNA [14]. These small transcripts could bind the 3′UTR of lin-14 mRNA and decrease 
protein levels without affecting mRNA stability. In early 2000s, Reinhart (and) et al discov-
ered the second miRNA, let-7, and following this discovery, more than a dozen miRNAs were 
found in plant and animal species in 2000s [15–18]. The name “microRNA” was first used in 
2001, and papers published in science reported that there were up to 50 miRNAs [19–22]. The 
brief history of miRNAs is reviewed in Figure 1.
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miRNAs are short (about 18–25 nucleotides long) noncoding RNAs that can affect messen-
ger RNA (mRNA) processing at the post-transcriptional level [15]. They are endogenous and 
goal-oriented expressed products of an organism’s own genome [13]. Chromosomal locations 
of miRNAs affect the expression and function themselves [23]. According to their genomic 
localizations, miRNAs can be classified into five groups [24]:

1. Intergenic miRNAs (miRNA genes are located between two consecutive protein-coding 
genes).

2. Intronic miRNAs in noncoding transcripts (miRNA genes are located in any intron of a 
noncoding RNA gene).

3. Intronic miRNAs in protein-coding transcripts (miRNA genes are located in any intron of 
a protein-coding RNA gene).

4. Exonic miRNAs in noncoding transcripts (miRNA genes are located in any exon of a non-
coding RNA gene).

5. Exonic miRNAs in protein-coding transcripts (miRNA genes are located in any exon of a 
protein-coding RNA gene).

Figure 1. The brief history of miRNAs.
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Some miRNAs are located in every second group because of alternative splicing [9]. Intergenic 
miRNAs are transcribed from their own promoters but intragenic miRNAs generally located 
in the same orientation as the host genes [24] (Figure 2).

The scientific denomination rule is simple for the miRNAs. The mature miRNA is abbrevi-
ated with a capitalized “miR-” while the uncapitalized “mir-” indicates both the gene locus 
and precursor miRNA (pre-miRNA and pri-miRNA). Every miRNA is named according to 
discovery order, and "MIR" refers to the gene that encodes them. The numbering of miRNA 
genes is simply sequential. For example, miR-21 was discovered before the miR-155 [10]. In 
addition, three letters specific for each species precede each name. Thus “hsa-miR155” means 
that this miR origins from Homo sapiens while ggo-mir-155 is an example of gorilla's miRNA 
name. A letter after the number in the suffix is used to differentiate among multiple members 
of the same family (e.g., hsa-mir-155a and hsa-mir-155b). Today, miRNAs is still a popular 
subject for the researchers and have been studied in many organisms. Some miRNA databases 
(http://www.mirbase.org/, http://mirdb.org/miRDB/, http://www.microrna.org/microrna/
home.do and so forth) are available and every moment the miRNA list is updated [25, 26].

3. miRNA biogenesis

In the early 2000s, the scientific world discovered small RNAs. They work as gene regulators, 
but their biogenesis is still unclear. Most mammalian miRNA genes are located in the intron 
region; some are located in the exon region and also approximately 30% are located in the 
intergenic regions. Since 2000, the miRNA biogenesis pathway has been studied and in 2001, 
Mello and his colleagues obtained the first data [17].

Figure 2. The genomic organization of miRNAs.
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genes is simply sequential. For example, miR-21 was discovered before the miR-155 [10]. In 
addition, three letters specific for each species precede each name. Thus “hsa-miR155” means 
that this miR origins from Homo sapiens while ggo-mir-155 is an example of gorilla's miRNA 
name. A letter after the number in the suffix is used to differentiate among multiple members 
of the same family (e.g., hsa-mir-155a and hsa-mir-155b). Today, miRNAs is still a popular 
subject for the researchers and have been studied in many organisms. Some miRNA databases 
(http://www.mirbase.org/, http://mirdb.org/miRDB/, http://www.microrna.org/microrna/
home.do and so forth) are available and every moment the miRNA list is updated [25, 26].

3. miRNA biogenesis

In the early 2000s, the scientific world discovered small RNAs. They work as gene regulators, 
but their biogenesis is still unclear. Most mammalian miRNA genes are located in the intron 
region; some are located in the exon region and also approximately 30% are located in the 
intergenic regions. Since 2000, the miRNA biogenesis pathway has been studied and in 2001, 
Mello and his colleagues obtained the first data [17].

Figure 2. The genomic organization of miRNAs.
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Generally, mammalian miRNA biogenesis pathway can be divided into two main parts 
with regard to processing pri-miRNAs: canonical and noncanonical [27]. In the canonical 
miRNA biogenesis pathway, the pri-miRNA is processed to pre-miRNA in the nucleus. In 
the noncanonical miRNA biogenesis pathway, mirtrons participate in microprocessor pro-
cessing as alternative miRNA precursors. There are some differences between pri-miRNAs 
and mirtrons. Mirtrons arise from the spliced-out introns and lack lower stem loop struc-
ture and the flanking single-stranded segments thus the mirtrons bypass Drosha processing 
[28, 29].

The canonical miRNA biogenesis pathway is Drosha and Dicer dependent. Drosha is a mem-
ber of ribonuclease III enzyme family, and the core nuclease that initiates miRNA processing 
in the nucleus [16]. Dicer is also a member of RNAse III family. It cleaves double-stranded 
RNA (ds-RNA) and precursor miRNA (pre-miRNA) into short dsRNA fragments. Dicer 
forms the mature miRNA in the cytoplasm [16, 18]. The noncanonical miRNA biogenesis 
pathway is Drosha independent/Dicer dependent. Here, microprocessor is not required. 
Mirtrons are a type of miRNA that are direct Dicer substrates. A number of noncanonical 
pathways have been described, but most pathways remain unclear. Besides, mirtrons com-
prise small part of the miRNAs, so generally miRNAs are processed via canonical pathway 
[16, 18, 27].

Microprocessor components, Drosha, DiGeorge critical region 8 (DGCR8, also known as 
Pasha), and Dicer, are essential for the canonical miRNA biogenesis, and the biogenesis 
pathway is compartmentalized and stepwise [27]. The canonical mRNA biogenesis pathway 
starts with RNA Pol II-mediated transcription of genomic region containing miRNA genes. 
Transcripts (pri-miRNAs) are capped (at the 5′ end) and polyadenylated (at the 3′ end). The 
pri-miRNAs are cleaved to pre-miRNA hairpins by RNAse III enzyme Drosha in the nucleus. 
DGCR8 (Pasha) proteins accompany this processing. Then, pre-miRNAs are exported from 
the nucleus to cytoplasm by exportin-5 (XPO-5) via Ran-GTP–dependent mechanism. In the 
cytoplasm, pre-miRNA is processed into a mature miRNA. RNAse III Dicer cleaves the pre-
miRNA together with trans-activation response RNA binding protein (TRBP)/protein acti-
vator of PKR (PACT) proteins to produce unstable, 18–22 nt asymmetric miRNA:miRNA* 
duplex.

miRNA represents guide RNA strand, and the other miRNA* means passenger RNA 
strand. The guide RNA strand incorporates into RNA-induced silencing complex (RISC), 
and passenger RNA strand is discarded. Argonaute (AGO) is one of the key components 
of RISC for this process [18, 27]. The canonical miRNA biogenesis pathway is summarized 
in Figure 3.

The alternative miRNA biogenesis pathways are named noncanonical pathways. These path-
ways do not require all enzymes and protein factors of the canonical pathway. Some miRNAs 
differ from the others in terms of structure and function and these miRNAs bypass one or 
more steps of miRNA canonical biogenesis [27, 29]. Dicer is required for both pathways—
canonical and noncanonical, but Drosha and DGCR8 are only needed for the canonical path-
way. If there is a mutation or deficiency of these enzymes, miRNA biogenesis goes on via the 
noncanonical pathway. The noncanonical miRNA biogenesis pathway can be divided mainly 
into two classes [27, 30].
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3.1. Drosha/DGCR8-independent/Dicer-dependent pathways

3.1.1. Mirtron pathway

Some introns form short RNA hairpins, and they are termed “mirtrons” that can be spliced 
resulting in a nonlinear intermediate. Investigations of the data of small RNAs from 
Drosophila melanogaster and Caenohabditis elegans led to the discovery of mirtrons [28]. 
They can be debranched into pre-miRNA hairpins and form the duplex. After this step, this 
product can join he (the) canonical pathway and is ready to be transported to the cytoplasm 
by exportin-5 (EXP-5) [29].

Depending on the splice donor and acceptor site, mirtrons can be categorized into three 
groups: 5′-tailed mirtron, regular mirtron, and 3′-tailed mirtron. Generally, 3′-tailed mirtrons 
have been found in Drosophila, and 5′-tailed mirtrons have only been described in vertebrates 
[28, 29]. Mirtrons being a new research area, there are many unanswered questions.

3.1.2. snoRNA-derived RNAs (sdRNAs)

Small-nucleolar RNAs are a class of noncoding RNAs. Generally, they show similar proper-
ties and structures to miRNAs. They are dependent on Dicer and can be bound with AGO 
acting as a miRNA [29, 31].

Figure 3. The canonical miRNA biogenesis pathway.
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3.1.3. miRNAs from tdRNAs

The first (tdRNA) tRNA-derived RNA species to be discovered were isoleucine tRNA-
derived miRNA [27]. Normally, they differ from regular miRNAs but they have RNA 
silencing function. tRNA-derived (tdRNA) precursors can be a potential substrate of Dicer 
because of their different folding form [29, 31]. In the light of this information, they have dif-
ferent properties from typical mammalian miRNAs, and their pattern of behavior remains 
a puzzle.

3.1.4. miRNAs from endogenous short hairpin RNAs (shRNAs)

Several studies have shown that some shRNAs could join the noncanonical miRNA-process-
ing pathway. Normally, in the canonical miRNA pathway, pre-miRNAs hairpins are con-
served and thus can be recognized by microprocessor complex. However, shRNA-derived 
miRNAs do not have the microprocessor sequence. For this reason, they are DiGeorge critical 
region-8 (DGCR-8) independent [27, 29]

3.2. Drosha/DGCR8-dependent/Dicer-independent pathways

Some miRNAs mature in a different way. One of them is miR-451. MiR-451 maturation occurs 
without Dicer. Initially, pri-miR-451 is cleaved by Drosha/DGCR8 to form pre-miRNA duplex. 
But it is too short to present to Dicer as a substrate, so directly it interacts with AGO proteins 
[29, 31]. The miRNA biogenesis pathways and their regulation have been studied extensively 
in last 10 years, but further information is required for miRNA processing.

4. miRNA function

The functions of miRNAs are post-transcriptional repression and degradation of mRNAs 
[13]. They have different expression patterns and regulate several biological and patho-
logical processes [16, 32, 33]. The major function of miRNAs is protein synthesis inhibition. 
They can maintain this function either by inhibition of translation or by mRNA degrada-
tion [34, 35]. The miRNA-mRNA interaction is important for miRNA function, and each 
mature miRNA interacts with specific miRNA/miRNAs. Generally, the interaction takes 
place between the miRNA seed region and 3′ UTR of mRNA for the inhibition of target 
mRNA. There are a few exceptions about miRNA binding sites. In some cases, the miRNA-
mRNA interaction occurs at the 5′-UTR. The second issue is miRNA’s tissue specificity. 
MiRNAs are expressed in a tissue-specific fashion, and also, the action of miRNA is tissue 
specific [36–39].

Identification of miRNA target genes is crucial for the functional characterization of miRNAs. 
Recently, we can predict the target gene with the help of some bioinformatics algorithms and 
software. The most popular software is TargetScan [5, 10]. If in silico analysis is insufficient, 
further analysis can be needed. Some genetic or biochemical methods are preferable. The suc-
cess of the prediction is important to understand miRNA function.
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The miRNAs have a part as an adaptor for miRISC to recognize and regulate target mRNAs. 
MiRISC regulates the translation of AGO proteins by introducing silencing through mRNA 
deadenylation, degradation, or translation [13]. miRNAs which are integrated into the RISC 
complex control the gene expression the level of post-transcription by reducing miRNA sta-
bility or inhibiting translation of mRNA [9, 32, 40]. Besides, miRNAs can affect several epigen-
etic regulators (DNA methyltransferases and histone deacetylases) [16].

In addition to mRNAs repression, some miRNAs have positive effects on gene expression 
[9]. This can occur directly or indirectly. For instance, miR-373 binds to the promoter of 
E-cadherin directly and increases the function of RNA polymerase. If its target mRNA does 
not consist of poly (A)-tail, AGO2 activates the gene expression [8, 9].

The selectivity in gene regulation mechanism depends on the degree of the match occurred 
between target mRNA and miRNA. Exact match is usually found in plants. miRISC complex 
which make partial matches is required to make an exact match with the seed region in the 
related to miRNA to inhibit the translation [41, 42]. Although many miRNAs cause of gene 
silencing by reducing the target mRNA stability, some miRNAs lead to gene silencing by 
inhibiting target mRNA translation, but there is not enough evidence about what stage they 
repress. In general, studies suggest that miRNAs repress the translation with four different 
mechanisms: (1) suppression of protein synthesis, (2) a drop of premature mRNAs in ribo-
somes, (3) slowing down during the alongation step of protein synthesis, (4) in parallel with 
protein synthesis the fragmentation of protein [40, 43, 44].

The function of miRNAs has been studied since the first two microRNAs discovered. miR-
NAs are considered key regulators to physiological processes, such as cellular and tissue dif-
ferentiation, apoptosis, innate, and adaptive immune responses and development [13, 17, 35, 
45, 46]. Thus, miRNAs are crucial for the regulation of biological processes [17]. Deregulation 
of this regulatory network can lead to the initiation of undesired pathological processes, such 
as cancer, fibrotic diseases, and autoimmune diseases [17, 35, 45, 46].

miRNAs have essential roles in immune system as they arrange innate and adaptive immune 
systems and have pivotal roles in the regulation of inflammation, by controlling the differen-
tiation of B cells, conventional T cells, and regulatory T cells [11, 39].

4.1. Innate immunity and miRNAs

The innate immune system fights microorganisms. It has many cell types, which are physical 
epithelial barriers, phagocytic leukocytes, dendritic cells, natural killer (NK) cells, and circu-
lating plasma proteins. Pattern recognition receptors (PRRs) recognize microorganisms and 
include toll-like receptors (TLRs), C-type lectin-like receptors (CLRs), retinoic acid-inducible 
gene (RIG)-I-like-receptors (RLRs) and nucleotide-binding oligomerization domain (NOD)-
like receptors (NLRs). This process starts to intracellular signaling pathways. TLR has 10 sub-
types such as TLR1, TLR2, TRL3, TLR4, TLR5, TLR6, TRL7, TRL8, TRL9, and TLR10 [47–50]. 
TLR4 identify lipopolysaccharides (LPSs). miR-146a/b, miR-132, and miR-155 are overex-
pressed for the LPS-mediated inflammatory responses. miR-146 upregulation causes interleu-
kin-1 receptor-associated kinase (IRAK) 1 and genes expression and tumor necrosis factors 
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receptor–associated factor (TRAF) 6 [51]. miR-146 was investigated in in vitro model of mouse 
macrophages, and it is a negative regulator of IRAK1, IRAK2 and TRAF6 [52]. On the other 
hand, miR-155 and miR-125b levels are related to TNF-α secretion in mouse macrophages. 
Regulation of miR-155 and miR-125b is LPS/TNF-α dependent; therefore, it is suggested that 
they are new targets of drug design. miR-155 increases TNF-α translation, Fas-associated death 
domain protein (FADD), IkappaB kinase epsilon (IKKepsilon), and TNFR superfamily-inter-
acting serine–threonine kinase 1 (Ripk1) [53]. One study showed that miR-147 increased in 
murine macrophages after stimulation with TLR2, TLR3, and TLR4 ligands and in the lungs 
of mice after LPS exposure [54]. Also, NF-κB is regulated by miR-1303. Mir-1303 regulates the 
process of autophagy related to mycobacteria by targeting Atg2B [55]. Besides, miR-146a and 
miR-155 affect IFN-type I synthesis by TLR-7 and TLR-9, some miRNAs such as miR-126, miR-
21, miR-146a, miR-155, and miR-1246 can mediate regulation with epigenetic modification [56].

4.2. Adaptive immunity and miRNAs

T and B-lymphocytes are major cellular components of the adaptive immunity. As previously 
described, Dicer enzymes are important in the biogenesis of miRNA. In B cells, miR-181b and 
miR-148a play role as miR-148a inhibits the expression of the autoimmune suppressor Gadd45α 
[57, 58]. In T cell early development, decrease of Dicer leads to reduction of T cell numbers both 
in the thymus and peripheral lymphoid organs [59]. In early B cell development, miR-17 defi-
ciency induced by ablation of Dicer in pro-B cells affected B cell antibody diversity and B cell sur-
vival [60]. miR-326 and miR-155 are related to IL-17 [61]. Moreover, miR-155 expression related 
to Th17 cell production and miR-155 downregulated the LPS-induced inflammatory process 
[62, 63]. miR-146 has an essential role in the adaptive immune system. In the Treg cells miR-146 
is an activator of STAT1 transcription that is associated with Th1-mediated autoimmunity [64].

Many studies in animal (many researches on animal olabilir) models and clinical studies 
showed that miRNAs participate in the inflammation and autoimmune diseases mecha-
nisms. In humans, loss of miRNA expression related of the many autoimmune conditions. 
Especially, multiple sclerosis (MS), osteoarthritis, and rheumatoid arthritis (RA) are most 
studied (are the most).

5. Expression profiles of miRNAs in rheumatoid arthritis patients

RA, characterized by chronic joint inflammation, is an autoimmune disease. Small joints of 
the hands and feet are affected most (more or the most) often; however, the disease is known 
to vary among individuals. In the general population, RA affects roughly three times more 
women (females) than men (males) and is more common between 35 and 50 years and in 
older individuals [65–68]. Persistent inflammation over time leads to joint damage and dis-
ability [69]. This disease is characterized by autoimmunity with multiple joint lesions and 
systemic inflammation. Also, patients can develop complications, which result in lifelong dis-
ability and increased mortality. Accordingly, RA is a growing public health concern as it is 
associated with significant social and economic burden [70].
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In genetically susceptible people, various environmental factors can act as a trigger for induc-
ing autoimmunity [71]. Recent experimental data showed that the pathogenesis of RA is asso-
ciated with epigenetic regulation. Over the past few years, it has become clear that different 
microRNAs (miRNAs) expression levels, particularly in RA, contribute to the development of 
autoimmunity. miRNAs plays (play) multiple roles in regulation of pro-inflammatory cyto-
kine secretion and development of immune cells, and they work in the induction or suppres-
sion of autoimmunity and ECM remodeling. Thus, dysregulated miRNA expression seems 
to promote the molecular mechanisms of the RA process [72–77]. Stanczyk et al. described 
for the first time the dysregulation of miRNAs in RA in 2008 [78]. They reported increased 
miR-155 and miR-146a expression in RA synovial fibroblasts compared to those in osteoar-
thritis (OA) patients. miRNAs expression is detected in several cell types in RA, and miRNAs 
expression profiles can regulate many physiological actions in RA (Table 1) [79, 80].

Cell type miRNA Refs.

Downregulated Upregulated

Synovial tissue miR-22 miR-146a [80–86]

miR-23b miR-146b

miR-30a miR-150

miR-155

miR-223

Synovial fibroblasts miR-124a miR-133a [85–91]

miR-34a miR-142-3p

miR-22 miR-142-5p

miR-152 miR-146a

miR-375 miR-155

miR-203

miR-221

miR-222

miR-323-3p

Synovial fluid miR-152 miR-16 [86, 92, 93]

miR-375 miR-146a

miR-155

miR-223

Synovium macrophages miR-146a miR-155 [81, 94]

Whole blood miR-99 [95, 96]

miR-100

miR-125b

miR-146a
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6. The roles of miRNAs in RA

Several miRNAs are found to be upregulated or downregulated in synovial tissue and cells of 
joint or blood compartment of patients with RA. The bone and joint destruction occurring in 
RA is accompanied by specific changes in cellular miRNAs that can affect epigenetic regula-
tion. The current literature demonstrates that a variety of miRNAs is frequently dysregulated 
in RA patients.

miR-15/miR-16: miR-15a/16-1 and miR-15b/16-2 are highly protected in mammalian species. 
miR-15a is downregulated in arthritic synovial tissue, which has a potential role in apoptosis 
[95]. Nagata et al showed that in synovium miR15a, expression levels are lower in diseased 
mice than in healthy controls [101]. miR-15 plays a role in apoptosis; it has a negative regula-
tory effect on Bcl-2. Sera of patients with early RA show differential levels of miR-16-1 and 
miR-16-2, which are increased in peripheral blood mononuclear cells (PBMC) of RA patients 
[86, 95, 98]. Besides, miR-16 is a good candidate as a marker of disease activity. It is one of the 
key pro-inflammatory (proinflammatory) mediators in RA: mir-16 being able to target “tumor 
necrosis factor-α” (TNF-α) may be the biomarker of the RA.

Cell type miRNA Refs.

Downregulated Upregulated

miR-155

Peripheral blood 
mononuclear cells (PBMCs)

miR-21 miR-26a [82, 96–98]

miR-132

miR-146a

miR-146b

miR-150

miR-155

miR-16

Plasma and serum miR-16 miR-16 [91, 95, 98–100]

miR-125a-3p miR-21

miR-126-3p miR-24

miR-132 miR-26a

miR-146a miR-125a-5p

miR-155 miR-125b

miR-126-3p

miR-223

miR-451

Table 1. Expression of miRNAs in RA.
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miR-17-92 cluster: It is a controller of apoptosis, lots of research groups found de-regulated 
expression of miRNAs within this cluster in the context of RA [102].

miR-18: miR 18a is upregulated in fibroblast-like synoviocytes (FLS) of RA patients. It is 
important in inflammation, because miR-18 contributes to NFκB mediated cartilage destruc-
tion and chronic inflammation in the joint through a positive feedback loop involving silenc-
ing of the “nuclear factor kappa-light-chain-enhancer of activated B cells” (NFκB) inhibitor 
TNF induced protein-3 [103].

miR-21: In RA patients, levels of miR-21 are raised in plasma [99]; on the other hand, one 
study showed that miR-21 level is decreased in peripheral blood mononuclear cells (PBMCs). 
Downregulation of miR-21 is related to upregulation of “signal transducer and activator of 
transcription 3” (STAT-3) expression and decreased “forkhead box P3” (FOXP 3) mRNA lev-
els in RA patients [104].

miR-22: Lin and his colleagues showed that expression of miR-22 is down regulated and neg-
atively correlated with Cyr61 expression in synovial tissue of RA patients [85]. CYR61 expres-
sion is high in RA FLS and stimulates RA synovial fibroblast proliferation and interleukin 
(IL)-6 secretion in an autocrine-paracrine manner [85]. CYR61 may encourage synovial tissue 
hyperplasia alongside IL-6-dependent Th17 differentiation, which is critical for joint lesions 
in RA.

miR-23b: miR-23b is reported to be decreased in RA. miR-23b expression level is reduced 
and correlated with the high concentration of IL-17 in tissue samples from RA patients [83]. 
IL-17 suppresses the expression of miR-23b in human primary FLS. miR-23b regulates IL-1β, 
TNF-α, and IL-17 signaling and decreased levels of miR-23b in RA may be responsible for the 
induction of autoimmune inflammation.

miR-24: In RA, increased levels of plasma miR-24 have been reported, also its level sig-
nificantly increased compared to OA [100]. Furin enzyme is important for the processing 
of latent TGF-β1, which may increase the inflammation by miR-24. Furin is a protein that 
is encoded by the FUR gene in humans. It was named FUR because it is in the upstream 
region of FES oncogene. Furin is also known as paired basic amino acid cleaving enzyme 
(PACE).

miR-26a: Murata and Nimoto worked with this molecule, and they showed that miR-26a is 
overexpressed in PBMCs and plasma of RA patients. Thus, it may be biomarker for the diag-
nosis of RA [82, 100]. miR-26a is upregulated during differentiation of IL-17 and generation of 
CD4+ cells. CD4+ cells are very important in the pathology of RA [82].

miR 27a and miR 27b: These miRNAs’ expression is decreased in OA chondrocytes and coin-
cides with increased expression of “Insulin Like Growth Factor Binding Protein 5” (IGFBP5) 
and Matrix Metallopeptidase-13 (MMP13) [105, 106].

miR-30a: miR-30a has been shown to be downregulated in RA synovial tissue and miR-30a-3p 
has a critical role in the regulation of “B lymphocyte activating factor of the tumor necrosis 
factor family” (BAFF) expression, which has a major impact in the regulation of the autoim-
mune responses occurring in RA [107].
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miR-23b: miR-23b is reported to be decreased in RA. miR-23b expression level is reduced 
and correlated with the high concentration of IL-17 in tissue samples from RA patients [83]. 
IL-17 suppresses the expression of miR-23b in human primary FLS. miR-23b regulates IL-1β, 
TNF-α, and IL-17 signaling and decreased levels of miR-23b in RA may be responsible for the 
induction of autoimmune inflammation.

miR-24: In RA, increased levels of plasma miR-24 have been reported, also its level sig-
nificantly increased compared to OA [100]. Furin enzyme is important for the processing 
of latent TGF-β1, which may increase the inflammation by miR-24. Furin is a protein that 
is encoded by the FUR gene in humans. It was named FUR because it is in the upstream 
region of FES oncogene. Furin is also known as paired basic amino acid cleaving enzyme 
(PACE).

miR-26a: Murata and Nimoto worked with this molecule, and they showed that miR-26a is 
overexpressed in PBMCs and plasma of RA patients. Thus, it may be biomarker for the diag-
nosis of RA [82, 100]. miR-26a is upregulated during differentiation of IL-17 and generation of 
CD4+ cells. CD4+ cells are very important in the pathology of RA [82].

miR 27a and miR 27b: These miRNAs’ expression is decreased in OA chondrocytes and coin-
cides with increased expression of “Insulin Like Growth Factor Binding Protein 5” (IGFBP5) 
and Matrix Metallopeptidase-13 (MMP13) [105, 106].

miR-30a: miR-30a has been shown to be downregulated in RA synovial tissue and miR-30a-3p 
has a critical role in the regulation of “B lymphocyte activating factor of the tumor necrosis 
factor family” (BAFF) expression, which has a major impact in the regulation of the autoim-
mune responses occurring in RA [107].
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miR-34a/miR-34b: miR-34a and miR-34b family are investigated in RA. miR34a is downregu-
lated in RA synovial fibroblasts. The “X-linked inhibitor of apoptosis protein” (XIAP) is iden-
tified as a direct target of miR-34a [89]. So, miR-24 may contribute to the impaired apoptosis 
of activated RA synovial fibroblasts. On the other hand, miR-34b is overexpressed in RA T 
cells.

miR-124a: In 2009, Nakamachi et al. identified decreased expression levels of miR-124 in RA 
FLS. They showed that miR-24a targets the “monocyte chemoattractant protein-1” (MCP-1) 
mRNA expression and “cyclin-dependent kinase-2” (CDK-2) and decreases their protein lev-
els [88]. miR-124 controls inflammatory process in RA, indirectly. The curtailed expression of 
miR-124a can contribute to RA pathogenesis via increased RA synovial fibroblast prolifera-
tion, angiogenesis, and leukocyte chemotaxis [89].

miR-125a-3p/miR-125a-5p/miR-125b: The family of miR-125 is dysregulated in the periph-
eral blood of RA patients. Kim et al. found that miR-125a-5p and miR-125b activate the pro-
inflammatory NF-κB signaling pathway [108]. Thus, they may have roles in the induction of 
excessive inflammation in RA. Because of that, miRNA levels are monitored in serum from RA 
patients [95]. MiR-125b has a specific role in the regulation of normal and abnormal immune 
functions. Hruskova et al. suggested that the expression of miR-125b in those patients may 
present a novel biomarker for monitoring the treatment outcome during the early phase of 
RA [109].

miR-126-3p: miR-126-3p is significantly irregular in the plasma of RA patients. There is con-
flicting evidence regarding miR-126-3p. Wang et al. showed that miR-126-3p is lower in the 
plasma of RA patients [99], while another research group showed that the expression level 
of circulated miR-126-3p is markedly elevated in RA [100]. miR-126 can inhibit PI3K/AKT 
signaling pathway. It may clinically be helpful for RA patients [110].

miR-132: The expression of miR-132 of PBMCs from RA patients was twice higher as com-
pared to controls [45]. However, miR-132 concentrations were found to be lower in RA plasma 
than in the plasma of healthy individuals [86]. Plasma concentrations of miR-132 differenti-
ated patients with RA or OA from healthy controls, though plasma and synovial fluid miR-
132 failed to differentiate RA from OA. Besides, plasma miR-132 or its SF/PB ratio (ratio of 
concentration of synovial fluid miRNA to plasma miRNA) correlated with tender joint count. 
These results indicate that miR-132 may have a role in systemic conditions with joint inflam-
mation, such as RA [86]. miR-132 studies have mainly focused on central nervous system and 
neurotransmission; however, further analyses are required to determine the importance of 
miR-132 in inflammatory diseases [111].

miR-133a: MiR-133a is upregulated in RA synovial fibroblasts. Also, miR-133a is known as a 
negative regulator of the “Runt-related transcription factor 2” (Runx2), which is essential for 
the osteoblast differentiation [112].

miR146a/miR-146b: Studies showed that miR-146 is upregulated in all RA samples. One study 
found an increased basal expression of miR-146a in RA synovial fibroblasts compared with OA 
synovial fibroblasts [81, 87, 113]. In addition, increased expression levels of miR-146a have been 
observed in synovial fluid [85, 86, 97], synovial tissue [82, 83, 99], PBMCs [96, 97, 99, 114, 115], 
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and whole blood [96] of RA patients. Expression of miR-146a is detected in many cell types, T 
cells, B cells, monocytes, macrophages, and IL-17 producing CD4+ cells [81, 82, 97, 114, 115]. 
However, plasma or serum miR-146a levels in patients with RA are comparable to that seen in 
healthy controls [86, 98], and two studies demonstrated that miR-146a was markedly decreased 
in plasma from patients with established RA [99]. miR-146a can inhibit T-helper 1-mediated 
responses and is required for the suppressive activity of Treg cells, which are both important in 
RA pathogenesis [64, 115]. Nevertheless, the increasing expression of miR-146a is not specific 
to RA, as it is also reported in OA cartilage after stimulation by IL-1b [116].

Pauley and Abou-Zeid found that peripheral blood mononuclear cell expression of miR-146a 
was positively correlated with CRP, ESR, DAS28 index, and TNF-α concentration [97, 115]. 
There are two known gene targets of miR-146a, that is, TNF-α/TNF receptor-associated fac-
tor 6 (TRAF6) and IL-1 receptor-associated kinase 1 (IRAK1). Also, miRNA-146a can regulate 
genes such as FAF1, IRAK2, FADD, IRF-5, STAT-1, and PTC-1. However, miR-146a has also 
been reported to correlate inversely with the tender joint count [97, 115]. In addition, miRNA-
146a expression levels in the peripheral blood of RA patients were comparable to the levels 
seen in synovial tissue and fibroblastic cells of those patients [97]. miR-146a/b is induced in 
response to a variety of microbial components and pro-inflammatory cytokines, such as LPS, 
CpG, IFN-β, and TNF-α [51]. miR-146a in PBMCs enhances the function of Th1 cells and 
induces the expression of TNF-α, MCP-1, and NFκB p65 [117]. miR-146b was reported to 
increase in RA synovial tissue and in PBMCs of RA patients [82]. Upregulated miR-146b is 
related with infiltration of IL-17-producing T cells in RA synovium and higher expression of 
IL-17 within T cells expanded from RA PBMCs. So, it suggested that miR-146a and miR-146b 
are strongly implicated in RA development.

miR-152: Decreased expression of miR 152 is reported in FLS of arthritic rats. It leads to acti-
vation of the Wnt-signaling pathway through direct targeting of “DNA (cytosine-5)-methyl-
transferase-1” DNMT1 and “encoding Frizzled 8” (FZD8) by turn [92, 93].

miR-155: This is the most widely studied miRNA in RA. miR-155 expression profiles in 
RA synovial fibroblasts can also be induced by TNF-α [118]. The first miRNAs found to be 
abnormally expressed in FLS with RA were miR 146a and miR 155, both previously known as 
important regulators of inflammation. Also, miR 146a and miR 155 are two miRNAs, which are 
negative and positive regulators of inflammatory responses, respectively. miR-155 has been 
shown to express strongly in RA synovial tissue, synovial fluid and synovial fluid CD14+ cells 
[118]. Nonetheless, miR-155 concentrations are significantly lower as compared to controls in 
RA serum [98, 99]. The increased level of miR-155 in synovial fluid CD14+ cells and in synovial 
tissue macrophages is associated with decreased expression of the miR-155 target, a potent 
inhibitor of inflammation, called Src homology 2-containing inositol phosphatase-1 (SHIP-1), 
in patients with RA [94]. In addition, targets of miR-155 are the genes ZNF652, matrix metal-
loproteinase (MMP)-1 MMP-3, SHIP-1, c-Maf, PU.1, CEBP, ZIC3, HIVEP2, ARID2, SMAD5, 
and Bach-1. These pathways are all play a role in RA.

miR-203: One study showed that miR-203 is higher in RA synovial fluid in comparison with 
OA synovial fluid. Expression of miR-203 in the RA and OA synovium may be explained 
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RA serum [98, 99]. The increased level of miR-155 in synovial fluid CD14+ cells and in synovial 
tissue macrophages is associated with decreased expression of the miR-155 target, a potent 
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OA synovial fluid. Expression of miR-203 in the RA and OA synovium may be explained 
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by differences in cellular composition of synovial tissue among RA patients [67, 78, 91]. 
Overexpression of miR-203 in RA synovial fluid resulted in higher release of MMP-1 and 
secretion of IL-6 via the NF-κB pathway and NF-κB-dependent production of IL-6, thus con-
tributing to the RA synovial fluid activated phenotype and joint inflammatory state. Also, 
miR-203 plays a role in oncogenic transformation, proliferation, migration, and invasiveness 
of tumor cells. This mechanism is unknown in RA.

miR-221/miR-222: miR-221 and miR-222 are expressed together. miR-221/miR-222 are overex-
pressed in synovial fluids, blood serum, and synovial tissues of RA patients. MiR-221 plays 
a role in increasing production of pro-inflammatory cytokines, RA synovial fibroblast activa-
tion and migration. It also has a role in increasing resistance to apoptosis [119].

miR-223: miR 223 is increased in T cells from patients with RA compared to levels in T cells 
from healthy donors [120]. miR-223 overexpressed in peripheral blood CD3+ and CD4+ naive 
T-lymphocytes of RA patients contributes to pathogenesis of the disease. CD14+ monocytes 
from RA synovia also overexpress miR 223 and modulate differentiation of myeloid precur-
sors into osteoclasts [121].

miR-323-3p: miR-323-3p expression is higher in RA synovial fibroblasts than OA synovial 
fibroblasts [90]. This miRNA may increase the Wnt-cadherin pathway and decrease the levels 
of target protein “β-transducin repeat containing E3 ubiquitin protein ligase” (BTRC) that 
contains an inhibitor of β-catenin [90]. It has been shown that miR-323-3p may have pro-
inflammatory role in RA.

miR-375: miR-375 regulates the pathogenesis of adjuvant-induced arthritis rat model through 
the canonical Wnt signaling pathway [93].

miR-451: miR 451, most preserved in vertebrates, regulates cell proliferation, invasion, and 
apoptosis. Neutrophils are important players in RA pathogenesis. miR 451, significantly over-
expressed in RA serum, peripheral blood T cells from patients with active RA and downregu-
lated in neutrophils from patients with RA. Besides, it negatively regulates the migration of 
neutrophils by silencing CPNE3 (encoding copine3) and RAB5A (encoding Ras related pro-
tein Rab 5A) [122]. In RA, miR-451 may reduce neutrophil chemotaxis through p38 MAPK 
(p38 mitogen-activated protein kinases) [122].

miR-455-3p: miR-455-3p can drive cartilage degradation by suppressing the expression of 
key molecules involved in cartilage formation. Increased expression of miR 455 3p in OA car-
tilage contributes to its destruction by targeting ACVR2B (encoding activin receptor type 2B), 
SMAD2 (encoding MAD homology 2), CHRDL1 (encoding chordin like protein 1), and by 
suppressing TGF-β signaling [118].

miR-498: miR-498 is associated with neurotransmission and inflammation. miR-498 is down-
regulated in CD4+ T cells from synovial fluid and peripheral blood [85].

miR-886-3p: A recent study reported that the combination of low expression of miR-22 and 
high expression of miR-886-3p were predictive of a good clinical response to adalimumab 
treatment in patients with early RA [123].
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7. The importance of miRNAs in RA

MicroRNAs (miRNAs) are involved in the pathophysiological mechanisms underlying 
human diseases states. During the last decade, researchers have obtained a growing body 
of evidence regarding miRNAs in many human autoimmune diseases, such as RA, multiple 
sclerosis, psoriasis and systemic lupus erythematosus. miRNAs-mediated regulation is very 
clear from all of the present data and can play an important role in the development of vari-
ous inflammatory conditions. So, dysregulation of miRNA expression (loss or downregula-
tion of miRNA because of mutation, miRNA promoter region mutation, or overexpression of 
miRNA, epigenetic activation etc.) can lead to a variety of diseases.

For example, upregulation of miR-146 and miR-203 were observed in psoriasis [11]. Also, 
serum miR-1266 levels were highly significant in patients with psoriasis [124, 125]. Aberrations 
of miR-223, miR-143, miR-142, miR-378, miR-100, miR-21, and miR-31 levels were also found 
in these patients [126–128]. In systemic lupus erythematosus, some miRNAs, miR-146, miR-
17-5p, miR-112, miR-141, miR-184, miR-196a, miR-383, and miR-409-3p, are downregulated, 
but miR-21, miR-61, miR-78, miR-142-3, miR-189, miR-198, miR-298, miR-299-3p, and miR-
342 are upregulated in PBMCS from patients as compared to healthy controls [11, 127–131]. 
In multiple sclerosis, miR-18b, miR-599, and miR-96 are dysregulated in PBMCs in those 
patients [11, 132].

RA is a polygenic disease with multiple effects and miRNAs are post-transcriptional reg-
ulators of gene expression. In RA, high miRNA expressions (high mirna expressions mı 
olacak?) have been identified in different sites and cells, such as synovial tissue, synovial 
fibroblasts, PBMCs, plasma, synovial fluid, and activated immune cells within injured joints. 
The identified miRNA candidates for RA play a substantial role for key molecular mecha-
nisms. These mechanisms are especially cytokine signaling pathways and inflammation. So, 
miRNAs are upregulated or downregulated in RA patients, relative to other diseases and 
healthy controls.

miRNAs, as diagnostic tools for RA, have many advantages. As such, miRNAs are stable and 
can be isolated from different parts of bodies (synovial fibroblasts, blood, plasma). miRNAs 
can be detected in circulating blood without the need for biopsies. Finally, miRNAs expres-
sion levels can be estimated by PCR.

8. Conclusion and perspectives

Since the discovery that microRNAs (miRNAs) take part in biological and pathological pro-
cesses, it has become important to determine the roles.

In this chapter, we have summarized the role of miRNAs in RA. RA is a systemic autoim-
mune disorder characterized by chronic inflammation of the synovial tissue, and many stud-
ies suggest that miRNAs play role on autoimmunity in RA, as miR-16, miR-146b, miR-132, 
and miR-155 are upregulated in RA circulation. This suggests that miRNAs contribute to 

New Developments in the Pathogenesis of Rheumatoid Arthritis42



7. The importance of miRNAs in RA

MicroRNAs (miRNAs) are involved in the pathophysiological mechanisms underlying 
human diseases states. During the last decade, researchers have obtained a growing body 
of evidence regarding miRNAs in many human autoimmune diseases, such as RA, multiple 
sclerosis, psoriasis and systemic lupus erythematosus. miRNAs-mediated regulation is very 
clear from all of the present data and can play an important role in the development of vari-
ous inflammatory conditions. So, dysregulation of miRNA expression (loss or downregula-
tion of miRNA because of mutation, miRNA promoter region mutation, or overexpression of 
miRNA, epigenetic activation etc.) can lead to a variety of diseases.

For example, upregulation of miR-146 and miR-203 were observed in psoriasis [11]. Also, 
serum miR-1266 levels were highly significant in patients with psoriasis [124, 125]. Aberrations 
of miR-223, miR-143, miR-142, miR-378, miR-100, miR-21, and miR-31 levels were also found 
in these patients [126–128]. In systemic lupus erythematosus, some miRNAs, miR-146, miR-
17-5p, miR-112, miR-141, miR-184, miR-196a, miR-383, and miR-409-3p, are downregulated, 
but miR-21, miR-61, miR-78, miR-142-3, miR-189, miR-198, miR-298, miR-299-3p, and miR-
342 are upregulated in PBMCS from patients as compared to healthy controls [11, 127–131]. 
In multiple sclerosis, miR-18b, miR-599, and miR-96 are dysregulated in PBMCs in those 
patients [11, 132].

RA is a polygenic disease with multiple effects and miRNAs are post-transcriptional reg-
ulators of gene expression. In RA, high miRNA expressions (high mirna expressions mı 
olacak?) have been identified in different sites and cells, such as synovial tissue, synovial 
fibroblasts, PBMCs, plasma, synovial fluid, and activated immune cells within injured joints. 
The identified miRNA candidates for RA play a substantial role for key molecular mecha-
nisms. These mechanisms are especially cytokine signaling pathways and inflammation. So, 
miRNAs are upregulated or downregulated in RA patients, relative to other diseases and 
healthy controls.

miRNAs, as diagnostic tools for RA, have many advantages. As such, miRNAs are stable and 
can be isolated from different parts of bodies (synovial fibroblasts, blood, plasma). miRNAs 
can be detected in circulating blood without the need for biopsies. Finally, miRNAs expres-
sion levels can be estimated by PCR.

8. Conclusion and perspectives

Since the discovery that microRNAs (miRNAs) take part in biological and pathological pro-
cesses, it has become important to determine the roles.

In this chapter, we have summarized the role of miRNAs in RA. RA is a systemic autoim-
mune disorder characterized by chronic inflammation of the synovial tissue, and many stud-
ies suggest that miRNAs play role on autoimmunity in RA, as miR-16, miR-146b, miR-132, 
and miR-155 are upregulated in RA circulation. This suggests that miRNAs contribute to 

New Developments in the Pathogenesis of Rheumatoid Arthritis42

RA pathogenesis. miR-124a is downregulated in RA synovium tissue [88] while miR-146a, 
miR-155 and miR-203 are upregulated in RA synovium tissue [51, 91, 133]. As we mentioned 
above, miR-146 and miR-203 are also upregulated in psoriasis; for this reason, they are ques-
tionable as possible biomarkers. miR-16, miR-132, miR-146, and miR-155 are upregulated in 
RA PBMCs, and miR-223 is upregulated in CD4+ naïve T-lymphocytes of RA patients [121].

Recently, the understanding of the molecular mechanism, prediction, or identification of 
miRNA targets is the main subjects of research in this area. This contribution may be lead to 
consider miRNAs as therapeutic targets. However, some miRNAs mentioned above are not 
specific for RA, as they are also dysregulated in the other immune disorders or cancers.

In the past few years, some experimental models have been used to study the therapeutic 
potential of miRNAs in RA, but still they are insufficient. Further studies are necessary.

In summary, each miRNA that is identified for RA opens the door slightly in terms of diag-
nostic and/or prognostic marker. Today, the available evidence shows that miRNAs are not 
diagnostic markers yet, but they can be used for therapy in the future.
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Abstract

Cytokines are cell molecules that are secreted by immune cells and aid cell to cell com-
munication in immune responses and stimulate the movement of cells towards sites of 
inflammation, infection and trauma. So, the cytokines are the main part of the immune 
network to provide the communication in rheumatoid arthritis (RA) too. In RA, cytokines 
may be classified into four groups: pro-inflammatory cytokines, inflammatory cytokines 
in joints, anti-inflammatory cytokines and natural cytokine antagonists. After the ini-
tial stimuli have occurred, cytokines play a role in communication between the parts of 
immune system in every step of the pathophysiology process of RA. The differentiation 
of narve T cells into Th17 cells results in inflammation (synovitis) in joints. B cells fur-
ther the pathogenic process through antigen presentation and autoantibody and cytokine 
production. The release of cytokines, especially tumor necrosis factor (TNF)-α, interleu-
kin (IL)-6 and IL-1, causes synovial inflammation. In addition to their articular effects, 
pro-inflammatory cytokines promote the development of systemic effects (anemia, car-
diovascular disease, fatigue and depression). So, cytokines are the main molecules con-
tributing to all facets of the disease.

Keywords: cytokines, effector cells, rheumatoid arthritis, anti-cytokine treatment

1. Cytokine and rheumatoid arthritis

Rheumatoid arthritis (RA) is a progressive inflammatory disease, which is characterized by 
symmetrical polyarthritis. As an inflammatory disease, RA is characterized by increased lev-
els in pro-inflammatory cytokines. In this complex cytokine environment, apart from arthri-
tis, systemic manifestations also occur. Genetic and environmental factors are contributory 
to this complex nature of RA process. T cells, B cells and their cytokines play key roles in 
the pathophysiology of RA. Today’s modern RA treatment basically targets these cytokines. 
While we do this, we are generally treat the “normal and abnormal cytokine response” at the same 
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distribution, and reproduction in any medium, provided the original work is properly cited.



time, because we do not know the main etiology of this abnormal cytokine response. To better 
manage RA, we should understand the role of cytokines and the relation between the effector 
cells [1–6].

The term “cytokine” is derived from a combination of two Greek words–“cyto” meaning 
cell and “kine” meaning move. Cytokines are cell molecules that are secreted by immune 
cells and aid cell to cell communication in cases of inflammation, infection and injury. So, the 
 cytokines are vital part of the immune network to provide communication [7].

2. What is the origin of this complex cytokine response?

RA is an autoimmune disease. The term autoimmunity usually means a lot information 
that defines the way but not the origin of the process, and this stands for RA too. On the 
other hand, autoimmunity also means autoantibody production. In RA, there are two auto-
antibodies, rheumatoid factor and anti-cyclic citrullinated peptide antibodies, which con-
tribute to inflammation. In the end, chronic inflammatory arthritis and the organ damage 
occur [8, 9].

The very early events of RA pathogenesis get into motion by breaking T-cell and/or B-cell 
tolerance and/or ignorance. However, this mechanism was poorly defined. After, shaping of 
this autoimmune background, some subsequent events intervene to perpetuate the process 
of synovial inflammation. What directs this process to the joints is unknown and it probably 
includes biomechanical factors, neuro-immuno-endocrinological interactions and altered 
articular microvascular microenvironment. Several factors have been proposed to have an 
association with the susceptibility and severity of rheumatoid arthritis [1–10].

These factors are as follows:

(1) Genetic loci:

• HLA-DR4 alleles

• PTPN22 (protein tyrosine phosphatase, nonreceptor type 22)

• PADI4 (peptidyl arginine deiminase, type IV)

• CTLA4 (cytotoxic T-lymphocyte antigen 4)

• FcγRs (Fc receptors for IgG)

• Various cytokine and cytokine-receptor loci.

(2) Environmental factors (smoking, stress, hormonal factors, etc.)

(3) Infectious organisms
The earliest event in RA pathogenesis perhaps is activation of the innate immune response. 
In this first step, cytokines play a role in communication between the parts of immune sys-
tem. In second step, antigen-presenting cells present arthritis-associated antigens to T cells. 
This step is the starting point of the cytokine effect, which augments the inflammation and 
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 stimulate the other systems (such as lipid mediators, nitric oxide, RANKL-RANK signaling, 
etc.) that cause joint destruction and the organ damage [11–13].

3. How can we classify this cytokine network in RA

Actually to make classification of cytokines for rheumatoid arthritis is not feasible. Because 
many of them have some pleotropic effect at the same time. However, we may basically, clas-
sify cytokines four groups in the pathogenesis of rheumatoid arthritis. Actually, this classifi-
cation is not a real one, it is just for the establishment of understanding the whole mechanism 
[10] (Table 1).

1. Pro-inflammatory cytokines: IL-1 and TNF-alpha cytokine role in

IL-1

• Increased synovial fibroblast cytokine, chemokine, MMP and PG release

• Increased monocyte cytokine, reactive oxygen intermediate and PG release

• Osteoclast activation

• Endothelial cell adhesion molecule expression

• Acute-phase protein production

• Cardiovascular disease promotion

• HPA axis dysregulation (fatigue and depression) [2, 14, 15]

TNF-alpha

• Increased monocyte activation, cytokine release, prostaglandin release

• T-cell clonal regulation

• Increased endothelial cell adhesion molecule expression, cytokine release

• Acute-phase protein production and fatigue-depression [2, 16]

2. Inflammatory cytokines in joints: IL-1 and TNF-alpha, IL-6, IL-15, IL-16, IL-17, IL-18, IFN-gamma, granulocyte 
macrophage-colony stimulating factor

IL-6

• Osteoclast and B-cell activation

• T-cell proliferation and differentiation

• Acute-phase protein and hepcidin (anemia) production [17, 18]

IL-15

• Structural similarities to IL-2,4 produced primarily by macrophages

• Regulation of synovial inflammation [19–21]

IL-16

• Suppression of IFN-γ, TNF-α and IL-1β expression

• Anti-inflammatory effect by regulation of Tregs [22]
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IL-17

• Increase local chemokine production

• Augmentation of immune response (increase IL-6 production)

• Cartilage damage

• Promotes the effect of IL-1b, TNF-a and IFN-g [20, 23, 24]

IL-18

• Increase the production of pro-inflammatory cytokines, chemokines, adhesion molecules and RANKL which are 
the main molecules of joint destruction

• Increase the production of fibroblast-like synoviocytes and chondrocytes [25, 26]

IL-21

• Activate TH17 cells

• Induces osteoclastogenesis

• Plasma levels shows correlation with DAS28 [2]

IFN-gamma

• Immune modulation (both protection and activation) [27, 28]

Granulocyte macrophage-colony stimulating factor (GM-CSF)

• Promotes existing RA [29]

3. Anti-inflammatory cytokines

IL-10

• Inhibit Th1 cell activity by suppressing IFN-γ expression

• Direct inhibitory effect on the macrophage activity in the synovium

• Elevated levels in the synovial fluid

• Dominant suppressive cytokine effect

• Protection against cartilage destruction combination with IL-4 [2, 7]

IL-4

• Increased level in synovial fluid during only synovial inflammation

• Preventing collagen type I breakdown in RA [30–33]

IL-13

• Synergistic or inhibitory roles during the arthritis with IL-10, IL-21R, galectin-3 and TGFβ [34]

IL-20

• Regulates osteoclast differentiation [35]

4-Natural cytokine antagonists

IL-1 receptor antagonist (IL-1ra)

• Low levels of IL-1 receptor antagonist (IL-1ra) causes erosive disease in patients and [36]
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3.1. Pro-inflammatory cytokines

Interleukin (IL)-1 and tumor necrosis factor (TNF)-alpha are the main pro-inflammatory cyto-
kines involved in RA. The influx and/or local activation of mononuclear cells and the forma-
tion of new blood vessels are main findings in synovial membrane. Differentiation of naive 
T cells into Th17 cells contributes to synovitis. B cells further the pathogenic process through 
antigen presentation and autoantibody and cytokine production. Enzymes secreted by syn-
oviocytes and chondrocytes degrade cartilage. The release of cytokines, especially TNF-alpha 
and IL-1, have multiple detrimental effects on cartilage and bone. Pro-inflammatory cytokines 
act locally but also have systemic effects, such as production of acute-phase proteins, anemia 
of chronic disease, cardiovascular disease, osteoporosis, etc. [1–7, 11, 12].

3.2. Inflammatory cytokines in joints

These cytokines are basically cytokine found in higher levels in the joints of patients with RA 
than in the serum. Most are pro-inflammatory cytokines. They cause mostly local joint destruc-
tion and also systemic effects of the disease and include IL-1, TNF-alpha, IL-6, IL-15, IL-16, 
IL-17, IL-18, interferon (IFN)-γ, granulocyte macrophage-colony stimulating factor) [10–12].

3.3. Anti-inflammatory cytokines: (IL-4, IL-10, IL-11, IL-13 and IL-20)

In case of an inflammatory state, such as RA, the immune system utilizes anti-inflammatory 
cytokines to restrict the inflammatory reaction. In RA synovitis, there is an imbalance between 
pro-inflammatory and anti-inflammatory cytokines due to insufficient local concentrations 
of anti-inflammatory cytokines, IL-10, IL-11 and IL-13 to mediate counter-regulatory activity 
against the dominant pro-inflammatory cytokines. This is almost valid for the T-cell-derived 
cytokines, which are IL-2 and IL-4. They are also absent, which may impair Treg-cell genera-
tion and favor TH1-cell or TH17-cell immune responses [1, 2, 10].

3.4. Natural cytokine antagonists

Immune system is the most complex system, which has a self-limiting or self-controlling 
mechanism. The known molecules for this purpose are IL-1 receptor antagonist (IL-1ra), 

Soluble type 2 IL-1 receptor

• Cause competitive inhibition by binding interleukin-1α (IL1A), interleukin-1β (IL1B) and interleukin 1 receptor 
antagonist (IL1Ra), and acts as a pseudo receptor activity that inhibits the activity of its ligands [37, 38]

Soluble TNF receptor (sTNF-RI)

• It is not well-known; possible effect is to cause cleavage of TNF alpha [39]

IL-18 binding protein
• Protect against the joint destructive effect by binding IL-18 in RA [40]

Table 1. Actions of cytokines that play major roles in RA pathobiology.
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 soluble type 2 IL-1 receptor, soluble TNF receptor (sTNF-RI) and IL-18 binding protein. 
However, current information about them is not entirely known. It is suggested that TNFR1 
and the type II IL-1R have a regulatory role in sequestering soluble TNF and IL-1 away from 
their cell-bound receptors. Their detected levels in synovial tissues and fluid are insufficient 
to counteract the inflammatory cytokines and bring cytokine homeostasis. We currently use 
these natural anti-inflammatory molecules for therapeutic reasons [1–6].

4. Conclusion

As a result, cytokine effects do not occur with a single cytokine signalling cascade. There are 
many factors effecting the cytokine response. These are not only to control the equilibrium 
between inflammatory and anti-inflammatory cytokines but also the pleotropic and individ-
ual effects of cytokines. Here, we describe the topics of cytokine network only. It will be crucial 
to select cytokine targets based not on one single inflammatory pathway but rather on a bio-
systematic approach to pathogenesis. Implicit in this will be the recognition of pivotal check-
points that facilitate the progression from autoimmunity to chronic inflammation [1, 11–13].

As it was seen, cytokines are the main molecules at all these stages. However, they are not 
only the origin of the all cascade but also the last point which is occurring the damage. So, this 
fact makes the cytokine as a target molecule to treat.
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Abstract

Recent advances in understanding the multifaceted pathobiology of rheumatoid arthritis 
have highlighted the pivotal role and continuing crosstalk between activated immune 
cells, pro-inflammatory cytokines, and matrix-degrading mediators, promoting chronic 
inflammation as well as irreversible tissue damage within an autoimmune background. 
B cells are widely recognized as leading players in immune-mediated pathology based 
on their ability to produce not only different patterns of autoantibodies and driving cyto-
kine synthesis but also as independent antigen-presenting cells and by modulating the 
specific activation of T cells. Overwhelming evidence emphasized the role of BAFF, a 
B-cell-activating factor, and BAFF receptors (TACI, BCMA, BAFF-R) in promoting B-cell 
homeostasis, proliferation, and survival under normal and autoimmune systemic dis-
orders. We systematically reviewed data from literature focusing on BAFF, its homo-
log molecule APRIL, and BAFF-binding receptors biology, dysregulation of BAFF/BAFF 
receptor signaling in autoimmune settings, and current status of targeting BAFF/BAFF 
receptor pathway for rheumatoid arthritis.

Keywords: rheumatoid arthritis, autoimmunity, B-cell-activating factor (BAFF), BAFF-
bounding receptors, BAFF antagonists

1. Introduction

Rheumatoid arthritis (RA) is a chronic immuno-inflammatory disease characterized by 
a  multifaceted pathobiology, where a complex cytokine and cellular network contribute 
to excessive and extensive articular and systemic inflammatory events, accompanied by 
 progressive tissue damage [1–4].
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B cells are widely recognized as leading players in the mechanisms underlying the pathogen-
esis of RA based on their ability to produce not only different subsets of autoantibodies but also 
as independent antigen-presenting cells, cytokine synthesis, and modulators of T-cell activa-
tion. Moreover, their differentiation and survival are driven by positive feedback loops induced 
by cytokines, especially members belonging to the tumor necrosis factor (TNF) family [1–4].

Recent data highlighted the role of signaling crosstalk in B-lymphocytes, particularly of 
B-cell-activating factor (BAFF) and its receptors in early steps of the disease, advancing clini-
cal development of BAFF antagonists for the treatment of RA [2–5]. Acting as an innate cyto-
kine mediator, BAFF is known to modulate peripheral B- and T-cell homeostasis, promoting 
specific downstream signaling events through three different types of receptors [2, 4, 5].

Abnormal BAFF/BAFF receptor-signaling pathways were reported in several autoimmune 
disorders including systemic lupus erythematosus, Sjogren’s syndrome, ANCA-associated 
vasculitis, and RA [2, 4, 5]. Of interest, elevated BAFF levels were detected in synovial fluid, 
serum, and saliva in very early stages of RA, suggesting its involvement in cell-cell interac-
tions network in the synovial microenvironment, as well as B-cell activation and the develop-
ment of autoreactive B cells [2–4]. Furthermore, the overexpression of BAFF receptors, as well 
as disturbed autocrine and paracrine BAFF network, seems to be related to inflammatory 
events and RA progression [1–6].

Although clinical development of BAFF antagonists as potential therapeutic target for sys-
temic autoimmune conditions is promising, the benefit of specific agents such as belimumab, 
atacicept, or tabalumab in RA is controversial [2, 4, 6].

We systematically reviewed data from the literature focusing on the biology of BAFF, its 
homologue molecule APRIL and BAFF-binding receptors, dysregulation of BAFF/BAFF 
receptor signaling in RA and current status of targeting BAFF/BAFF receptor pathway.

2. BAFF and BAFF receptors physiology

2.1. BAF and APRIL

BAFF, also known as BLyS (B-lymphocyte stimulator), TALL-1 (TNF and apoptosis ligand-
related leukocyte-expressed ligand 1), zTNF4, TNFSF13B (TNF ligand superfamily member 
13B) or THANK, is a protein member of the TNF ligand family, critically involved in B-cell 
survival, maturation, and function [2–6]. As a vital cytokine for peripheral B-cell homeo-
stasis, BAFF is acknowledged as a key regulator for both innate and adaptive immune 
responses [2–5].

Under normal conditions, BAFF is mainly expressed and secreted by a variety of cells inclu-
ding monocytes, dendritic cells, neutrophils, stromal cells, and activated T cells [2–14] and is 
typically upregulated by different cytokines, such as TNF-α, IFN-γ, and TGF-β [2–14].

BAFF is recognized under two isoforms, a biologically active full-length isoform and the alter-
natively spliced one, 4BAFF, meaning a protein with a small peptide deletion which does 
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not bind to BAFF receptors, but has the ability to form heterotrimers with the original iso-
form [2–6]. Additionally, BAFF is expressed as a membrane-binding homotrimer and released 
as a soluble, biologically active molecule in peripheral blood after cleavage by a dedicated 
furinprotease [2, 4].

APRIL, a proliferation-inducing ligand known as the homolog molecule of BAFF or TNFSF13 
(TNF ligand superfamily member 13), is also a key cytokine for B-cell activation and matura-
tion; APRIL prompts B-cell proliferation, antibody class switching and survival, but is not 
required for the normal B-cell development [12–14].

Interestingly, BAFF and APRIL exhibit the ability to generate mixed molecules compris-
ing BAFF/APRIL hetero-trimers [2–14] and TWE-PRIL (TNFSF12), an APRIL extracellular 
domain/TWEAK intracellular domain hybrid molecule [2, 4], as well as ΔBAFF, an alterna-
tively spliced form of BAFF [4]. None of these molecules binds to BAFF receptors, but their 
co-expression with BAFF may have a deleterious impact on receptor signaling [2–14].

2.2. BAFF receptors signaling

Three distinct BAFF receptors typically expressed on B cells in different developmental stages 
are generally recognized: (i) BAFF receptor (BAFF-R, BR-3, TNFRSF13C or TNF receptor 
superfamily member 13C); (ii) transmembrane activator and calcium modulator ligand inter-
actor (TACI, TNFRSF13B or TNF receptor superfamily member 13B); and (iii) B-cell matura-
tion antigen (BCMA, TNFRSF17 or TNF receptor superfamily member 17) [2–14].

The expression of BAFF-binding receptors becomes evident only during the transitional 
stages of B-cells, varies according to the B-cell subset and is strictly dependent on various 
downstream mediators, further differentiation, maturation, and activation level as well [2–
14]. Moreover, each receptor triggers its own set of signaling pathways [2, 4].

Thus, BAFF-R is essentially engaged in naïve and memory B-cell populations, with the high-
est expression in follicular and marginal zone B-lymphocytes, and is upregulated by B-cell 
receptor on mature B cells and enables most of the BAFF-dependent actions [2–14]. BAFF-R 
appears to be the most important receptor for mature B-cell survival and homeostasis in 
peripheral B cells [5].

TACI remains the predominant receptor on marginal zone B cells and short-lived plasma 
cells, while BCMA is typically expressed by long-lived plasma cells being essential for their 
optimal generation [2, 4]. The ability of TACI to act as a sink for BAFF, preventing the 
attachment of BAFF to its BAFF-R, may also reflect mixed regulatory functions on B cells 
[2, 4, 5, 10–14].

Although BAFF-R/BR3 stands as a specific receptor for both soluble and membrane-bound 
BAFF, TACI and BCMA can also bind to the homologous proliferation-inducing ligand 
APRIL [2, 4, 10–14].

Each of the three receptors has a different pattern of expression and mediates distinct 
 functions [2, 4].
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2.3. BAFF and BAFF receptors functioning

It is widely accepted that BAFF plays a crucial role in B-cell homeostasis, adjusting their mat-
uration, proliferation, and survival under different backgrounds. BAFF may also indirectly 
interfere with T-cell functioning, providing several co-stimulatory signals in conjunction with 
T-cell receptor, mainly related to cellular proliferation and synthesis of mediators [2, 4].

Table 1 summarizes the BAFF/BAFF receptors functions in B and T cells (Table 1) [2–14].

2.3.1. BAFF and B-cell functioning

BAFF and APRIL mediate several important B-cell functions in normal settings, but 
 dysregulated BAFF/BAFF receptors represent a significant event in different autoimmune 
conditions [2–14].

First, BAFF enhances long-term B-cell survival primarily through NF-kB pathway by 
upregulating anti-apoptotic Genes, particularly the expression of Bcl-2 gene family mem-
bers [2–14]. While BAFF and APRIL typically improve the survival of plasmablasts, their 
role in promoting long-lived plasma cells persistence is still debatable [2, 4]. Moreover, 
either BAFF or APRIL accounts for the survival of plasma cells expressing TACI and/
or BCMA [2, 4, 10–14]. By contrast, memory B cells do not require BAFF nor APRIL for 
their proliferation and survival [2, 4]. Thus, their survival and reactivation are both BAFF-
independent [2, 4, 10–14]. Finally, BAFF-BAFF-R interface seems to be vital for the survival 
of B2 subpopulation from the transitional type 1 stage, with a minor input from TACI and 
without feedback from BCMA [2–14].

Second, BAFF enhances signaling through the B-cell receptor (BCR) by upregulating the 
expression of its co-receptors, namely CD21 and CD19, respectively [2–14]. The relation is 
bidirectional as BAFF-R expression is upregulated by B-cell receptor on mature B cells [2–14]. 
Additionally, there is a direct linkage between the intensity of BCR signaling and the extent 
of BAFF signal, particularly related to the non-classical NF-kB pathway which is operational 
for BAFF-R [2, 4–14]. Therefore, signaling through BAFF-R is able to promote B-lymphocytes 
survival in general, and individual late transitional and follicular B-cell survival [2–14].

Cell type Function

B cells Enhance B-cell and plasma cell survival
Co-stimulate B-cell proliferation
B-cell maturation
Promote B-cell differentiation from transitional type 1 to type 2 cells
Immunoglobulin synthesis
T-cell-independent and T-cell-dependent antibody response

T cells Enhance T-cell proliferation
Enhance cytokine synthesis

Dendritic cells Promote immune cell recruiting
Promote cytokine synthesis

Source: Adapted from Ref. [2].

Table 1. Overview of main BAFF biological functions in immune cells.

New Developments in the Pathogenesis of Rheumatoid Arthritis68



2.3. BAFF and BAFF receptors functioning

It is widely accepted that BAFF plays a crucial role in B-cell homeostasis, adjusting their mat-
uration, proliferation, and survival under different backgrounds. BAFF may also indirectly 
interfere with T-cell functioning, providing several co-stimulatory signals in conjunction with 
T-cell receptor, mainly related to cellular proliferation and synthesis of mediators [2, 4].

Table 1 summarizes the BAFF/BAFF receptors functions in B and T cells (Table 1) [2–14].

2.3.1. BAFF and B-cell functioning

BAFF and APRIL mediate several important B-cell functions in normal settings, but 
 dysregulated BAFF/BAFF receptors represent a significant event in different autoimmune 
conditions [2–14].

First, BAFF enhances long-term B-cell survival primarily through NF-kB pathway by 
upregulating anti-apoptotic Genes, particularly the expression of Bcl-2 gene family mem-
bers [2–14]. While BAFF and APRIL typically improve the survival of plasmablasts, their 
role in promoting long-lived plasma cells persistence is still debatable [2, 4]. Moreover, 
either BAFF or APRIL accounts for the survival of plasma cells expressing TACI and/
or BCMA [2, 4, 10–14]. By contrast, memory B cells do not require BAFF nor APRIL for 
their proliferation and survival [2, 4]. Thus, their survival and reactivation are both BAFF-
independent [2, 4, 10–14]. Finally, BAFF-BAFF-R interface seems to be vital for the survival 
of B2 subpopulation from the transitional type 1 stage, with a minor input from TACI and 
without feedback from BCMA [2–14].

Second, BAFF enhances signaling through the B-cell receptor (BCR) by upregulating the 
expression of its co-receptors, namely CD21 and CD19, respectively [2–14]. The relation is 
bidirectional as BAFF-R expression is upregulated by B-cell receptor on mature B cells [2–14]. 
Additionally, there is a direct linkage between the intensity of BCR signaling and the extent 
of BAFF signal, particularly related to the non-classical NF-kB pathway which is operational 
for BAFF-R [2, 4–14]. Therefore, signaling through BAFF-R is able to promote B-lymphocytes 
survival in general, and individual late transitional and follicular B-cell survival [2–14].

Cell type Function

B cells Enhance B-cell and plasma cell survival
Co-stimulate B-cell proliferation
B-cell maturation
Promote B-cell differentiation from transitional type 1 to type 2 cells
Immunoglobulin synthesis
T-cell-independent and T-cell-dependent antibody response

T cells Enhance T-cell proliferation
Enhance cytokine synthesis

Dendritic cells Promote immune cell recruiting
Promote cytokine synthesis

Source: Adapted from Ref. [2].

Table 1. Overview of main BAFF biological functions in immune cells.

New Developments in the Pathogenesis of Rheumatoid Arthritis68

Third, BAFF upregulates Toll-like receptor (TLR), endorses B-cell survival as well as Ig class 
switching and plasma cell differentiation [2–14]. The expression of BAFF-bound receptors on 
B cells, particularly TACI [2–14], is up-regulated via intracellular-activated TLR under the 
effect of specific immune complexes, with further relevance for augmented BCR-mediated 
signaling. Activated B cells by TLR-4 overexpress BAFF-R receptor types with subsequent 
susceptibility to apoptotic signals through Fas molecules [2–14].

Finally, the differentiation of peripheral autoreactive B cells depends on high BAFF levels [2–14].

2.3.2. BAFF and T-cell functioning: proliferation and cytokine production

While recent insights have extensively advanced our knowledge about BAFF/BAFF receptor 
intervention on B-cell activity in normal microenvironment and autoimmunity, the role of 
BAFF and APRIL in T-cell co-stimulation is still controversial [2, 4–14].

Classically, BAFF indirectly enhances T-cell proliferation [8] and arbitrates cytokine produc-
tion, particularly during inflammation. Hence, the expansion of T-cell population may occur 
as a consequence of primary B-cell expansion/proliferation rather than a result of direct inter-
vention of BAFF cytokine. Of interest, APRIL itself appears to mediate T-cell overflow [2–14]. 
T-cell-dependent immunoglobulin (Ig) responses strictly vary according to Ig subtype; IgM 
responses require BAFF intervention, whereas IgG responses are usually BAFF-independent 
[2–15]. Also, the intervention of BAFF receptors on T-cell function is debatable; while TACI 
might refashion T-cell functions, BAFF-R charge is unclear [2–14].

2.3.3. BAFF and dendritic cells functioning

It is increasingly recognized that BAFF influences dendritic cells to be actively involved in 
many physiologic as well as pathologic processes. Dendritic cells not only overexpress BAFF 
under different mediators (e.g., type I interferons) but also express BAFF receptors, predomi-
nantly TACI required for cellular proliferation and function [2–14]. The interaction between 
BAFF and dendritic cells stimulates immune cell trafficking and recruitment to inflammatory 
sites, and delivery of different cytokines and chemokines, mainly IL-1 and IL-6 [2–14].

3. BAFF and BAFF receptors in rheumatoid arthritis

Dysregulated BAFF/BAFF receptor signaling is clearly a trigger for autoimmunity in particu-
lar settings as is the case of systemic lupus erythematosus and RA [1, 2, 4, 5, 15–24]. To better 
understand the relevance of BAFF/BAFF receptor system in the complex pathobiology of RA 
with direct involvement in both early stages and disease progression, we emphasized seve-
ral aspects regarding cell networking and BAFF influences, BAFF levels, and BAFF receptor 
expression in RA [2, 4, 15–24].

3.1. BAFF and BAFF receptor influences on cell networking in rheumatoid arthritis

We already mentioned the effects of BAFF in B- and T-cell biological homeostasis in general, 
and we further provide information on how BAFF and APRIL influence immune cells and 
resident synovial cells in RA [2, 4, 15–24].
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RA is thought to be the result of an interplay between multiple cells and their products (cyto-
kines and mediators), from both innate and adaptive immunity that lead to systemic inflam-
matory and tissue-damaging events [1–4].

Persistent immune cell trafficking into the inflamed joints typically focuses on B- and 
T-lymphocytes, with special polarization for TCD4+ subpopulation, neutrophils, macro-
phages, and dendritic cells, which actively infiltrate the RA synovium and orchestrate inflam-
mation and cartilage damage [1–4]. At least three different histological subtypes of immune 
infiltrates are actually recognized within the RA synovitis, meaning diffuse, nodular infil-
trates, and lymphoid aggregates with germinal centers [2–4].

Excess of pro-inflammatory cytokines (mainly TNF-α, IL-1β, IL-6, IL-15, IL-17, and IL-23) 
and other inflammatory mediators (prostaglandin E2, reactive oxygen Species, nitric oxide) 
together with tissue-degrading enzymes (matrix metalloproteinases and other enzymes syn-
thetized by activated neutrophils) are essential performers, maintaining local cellular net-
working in RA joints [1–3].

As innate cytokines, BAFF and APRIL are potentially involved in the dysregulated immuno-
inflammatory synovial microenvironment, affecting both autocrine and paracrine feedback 
[1–6]. In addition, BAFF and APRILL are involved in an amplification loop which is locally 
activated by inflammation: B- and T-lymphocytes, together with plasmacytoid and myeloid 
dendritic cells, are interconnected through a continuing crosstalk [1–4]. Thus, B cells migrated 
to the inflamed tissues and activated produce pro-inflammatory and destructive cytokines 
and chemokines, but also exert their potent effector function by presenting self-antigens to 
and activating T cells [2–4]. Moreover, immune complexes as a result of aberrant functioning 
of B cells induce the activation of different subtypes of dendritic cells within the IFN direct 
supervision and further enhance B- and T-participation [4].

3.1.1. Neutrophils, macrophages, dendritic cells, and B-lymphocyte loop in rheumatoid arthritis

It is clear that activated neutrophils, macrophages, as well as dendritic cells represent fun-
damental sources of BAFF in the inflamed RA joints; however, these cells may have variable 
importance in different RA stages, with neutrophils releasing BAFF in early RA, while macro-
phages in established disease [1–4, 14–24].

Abundant BAFF levels further support a positive feedback from B-lymphocytes, the BAFF/
BAFF-R signaling being an important stimulator of B-cell proliferation, survival, and activa-
tion, with subsequent dysregulated B-cell functioning, with synthesis of various cytokines, 
and autoantibodies [1–4, 14–24].

Neutrophils incoming in the inflamed synovial joint is able to produce high levels of solu-
ble BAFF under the direct action of TNF-α and local G-CSF [1–4]. Additionally, through 
BAFF-R reverse signaling [2–4], macrophages are able to enhance MMP-9 and other matrix- 
degrading mediators [2–4]. Dendritic cells express BAFF molecule in early RA stages 
and turn into mature dendritic cells, mediating B-cell proliferation [2–4] with subsequent 
increase in antigen presentation, antibody production, immune complex formation, and 
cytokine secretion [1–4].
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3.1.2. Neutrophils, macrophages, dendritic cells, and T-lymphocytes loop in rheumatoid

BAFF may also interfere with T cells-dendritic cells interaction. BAFF is obviously involved 
in T helper 1 (Th1)-related immune responses [1–4, 14–24] and facilitates significant in situ 
CD4+ T-cell proliferation and Th1 as well as Th17 polarization [1–4]. Interestingly, pro-
inflammatory cytokines such as IL-1, IL-6, and TNF-α are involved in upregulation of BAFF 
expression on various activated cells in the synovial microenvironment (macrophages, den-
dritic cells, neutrophils) enhancing Th17 polarization and subsequent synthesis of IL-17 
cytokine [1–4].

3.1.3. Fibroblast-like macrophages, B- and T-cell loop in rheumatoid arthritis

Fibroblast-like macrophages are known to constitutively express BAFF in patients with RA, 
and BAFF expression is significantly upregulated under TNF-α and IFN-γ stimulation [2, 4]. 
Activated fibroblast-like macrophages are further able to secrete IL-6 and CXCL12, as well as 
adhesion molecules (VCAM-1) influencing the survival of mature B cells and synovial traf-
ficking [2, 4]. Recent data suggest that CD4+ T cells under BAFF activation are able to induce 
the proliferation of fibroblast-like macrophages, with consequent overexpression of various 
pro-inflammatory cytokines, particularly TNF-α, IL-1β, and IL-6 [2–4, 14–24].

Overall, various residents as well as recruited cells in rheumatoid synovium are responsible 
for BAFF synthesis, especially dendritic cells, macrophages and fibroblast-like macrophages, 
neutrophils, and CD4+ T cells. Further, BAFF interventions on the effector cell network (den-
dritic cells, macrophages and fibroblast-like macrophages, neutrophils, TCD4+ lymphocytes, 
and B cells) are able to promote by positive feedback their differentiation, proliferation, acti-
vation with subsequent cytokine production, and survival [2, 4].

3.2. Abnormal BAFF levels in rheumatoid arthritis

Elevated levels of BAFF are found in several inflammatory diseases (lupus, Sjogren’s, RA), 
and are related to disease activity [2–4]; RA exhibits a positive correlation between BAFF and 
disease activity, so that BAFF was recommended as a new index of RA activity [2, 4, 14–24].

Interestingly, a recent study designates BAFF as a predictor of RA prognosis and outcomes as 
serum level of BAFF parallels radiographic progression and higher plasma BAFF correlates 
with advanced radiographic joint damage [2, 4, 14–24].

Elevated levels of both BAFF and APRIL along with their receptors in patients with RA, 
particularly in rheumatoid factor (RF) positive, anti-cyclic citrullinated peptide antibodies 
(ACPA)-positive subtype, active, erosive disease, support their role in the pathobiology of 
the disease [2, 4, 14–24]. Although abnormal BAFF was typically found in both serum and 
synovial fluid in RA, significantly higher synovial levels suggest local BAFF production, 
driving the maturation as well as preserving autoreactive B cells within the inflamed tissue, 
with subsequent amplification of inflammatory processes and generation of autoantibodies 
[2, 4, 14–24]. Furthermore, seropositive RA status is clearly associated with higher concentra-
tions of BAFF than seronegative disease [2–4, 14–24], and there is a statistically significant 
correlation Between RF titer and BAFF level [2–4, 14–24].
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Finally, it seems that BAFF levels depend on RA stage, and disease duration as well 
[2, 4, 14–24]; thereby, patients with very early RA (disease duration less than 6 weeks) have 
highest BAFF levels, followed by those with established (lasting more than 12 months) and 
long-standing disease [2, 4, 14–24]. Undifferentiated early arthritis also has lower BAFF levels 
as compared to very early RA supporting a role for BAFF in the initial steps of disease develop-
ment [2, 4, 14–24].

However, local BAFF overexpression in RA joints is independent of the histologic subtype of 
RA synovitis (diffuse, nodular, and germinal center) [2, 4, 14–24]. BAFF also contributes to 
local B-lymphocyte function and survival, their activation and differentiation with subsequent 
production of autoantibodies [2, 4, 14–24]. Moreover, BAFF induces an autoreactive B-cell 
polarization as stressed by several studies in experimental arthritis models [2, 4, 14–24]. Thus, 
there is an interrelation between BAFF levels and humoral immune response [2, 4, 14–24], 
particularly RF, ACPA, as well as circulating immune complexes [2, 4, 14–24].

3.3. Abnormal expression of BAFF receptors in rheumatoid arthritis

BAFF receptors are also altered in RA [2, 4, 14–24]. The three receptor subtypes are expressed 
as follows: TACI-excessive levels are detected during first steps of RA development (early 
RA), BAFF-R has an obvious increase with disease progression, while BCMA expression 
has the same pattern as healthy population [2, 4, 14–24]. Furthermore, TACI receptor distri-
bution and expression are typically lower than BAFF-R/BR3, without any relation with the 
histological subtype of synovitis [2, 4, 14–24]. On the other hand, it seems that only BCMA 
and its gene expression correlate with different patterns of B- and T-cell distribution among 
the synovial tissue [2, 4, 14–24]. Thereby, BCMA is significantly enhanced in synovial tissue 
presenting with follicular lymphocyte aggregation with or without germinal centers forma-
tion than in diffuse lymphoid infiltration synovitis [2, 4, 14–24]. Finally, aberrant expres-
sion of BCMA in resident synovial cells, Fibroblast-like synoviocytes, was reported in RA 
[2, 4, 14–24].

4. Targeting BAFF and BAFF receptors for rheumatoid arthritis

Accumulating data on the importance of B cells in various autoimmune diseases have reshaped 
the therapeutic armamentarium, specifically directed toward B-lymphocytes [2, 4, 25, 26].

While playing a pivotal role in B-cell survival and functioning, BAFF/BAFF receptor system 
recently emerged as a reasonable target for different autoimmune conditions [2, 4, 25, 26]; 
furthermore, several BAFF antagonists are already under development exploring the appro-
priate therapeutic intervention based on BAFF blockade in RA [2, 4, 25, 26].

Generally, therapeutic BAFF antagonism accounts not only for direct B-cell depletion and 
indirect impairment of B-cell-mediated processes such as antigen presentation, cytokine syn-
thesis, and humoral immune response, but may also influence T-cell biology based on co-
stimulatory signals [2, 4, 25, 26].
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Several mechanisms were proposed to explain potential efficacy of BAFF/BAFF receptors 
antagonists in autoimmune conditions [2, 4, 25, 26]: (i) substantial B-cell depletion, par-
ticularly for bone-marrow-derived B2 subpopulation, known to undergo BAFF-mediated 
differentiation into follicular cells or marginal zone B cells [2, 4, 25, 26]; (ii) impaired immu-
noglobulin synthesis, especially in newly emerging B cells, while established memory B 
cells are spared; decreased transitional B-cell survival along with disturbed B-cell receptor 
co-signaling may further support altered immunoglobulin repertoire [2, 4, 25, 26]; (iii) indi-
rect effect on other cells belonging to the BAFF amplification loop (T cells, dendritic cells, 
and macrophages) and their inflammatory mediators promoting decreased antigen presen-
tation, decreased epitope spreading, immune complexes formation, and cytokine synthe-
sis [2, 4, 25, 26]; (iv) selective depletion of plasmablasts expressing different BAFF-binding 
receptors [2, 4, 25, 26].

At least two classes of BAFF antagonists are currently recognized including (i) BAFF-blockers 
or monoclonal anti-BAFF antibodies (e.g., belimumab and tabalumab) and (ii) receptor fusion 
proteins (e.g., atacicept), specifically binding soluble BAFF, membrane BAFF, or APRIL 
[2, 4, 25, 26].

A simplified view of BAFF/APRIL/BAFF-binding receptor pathway and their targeted ther-
apy in immune mediated is presented (Figure 1).

We reviewed the current status of targeting BAFF/BLyS, APRIL and their receptors in RA.

Figure 1. BAFF/APRIL/BAFF-binding receptor pathway and targeted therapy. Source: Adapted from Vincent F. et al., 
Nat Rev Rheum. 2014; Ref. [43].
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4.1. Belimumab

Belimumab, the first targeted biological therapy for systemic lupus erythematosus, is a 
recombinant fully human immunoglobulin G subclass 1 (IgG1k) anti-BAFF monoclonal anti-
body recently approved for antinuclear antibody-positive lupus, selectively targeting soluble 
BAFF, but not membrane-bound BAFF or other members of the TNF ligand family. Moreover, 
belimumab demonstrates inhibitory activity on all three BAFF receptors (TACI, BCMA, BR3) 
with equivalent potency [2, 4, 26–30].

BAFF overexpression in RA theoretically induces local (synovial) autoreactive B-cell prolifer-
ation and survival. Preventing BAFF from binding to B cells is able to impair B-cell-mediated 
autoimmune response and could be an attractive target for RA patients [2, 4, 26–30].

The efficacy and tolerability of a novel, fully human variant of anti-BLyS monoclonal anti-
body was further evaluated in patients with active RA non-responsive to standard therapy 
in different clinical trials [2, 4, 26–30]. While safety data are convincing across all the studies 
and belimumab seems to be a promising agent for a specific RA population, optimal clinical 
efficacy needs further evaluation [2, 4, 26–30]. The majority of trials have demonstrated posi-
tive outcomes under belimumab BAFF-blockade, meaning significant response rates accord-
ing to American College of Rheumatology (ACR) improvement ≥20% criteria but not ACR50 
or ACR70, specifically for RA patients classified as having high disease activity (disease 
activity score DAS28>5.1), RF and ACPA-positive status, naïve to other biologics including 
TNF antagonists, previous methotrexate failure or low baseline BAFF levels [2, 4, 26–30].

4.2. Tabalumab

Tabalumab, formerly LY2127399, is another fully human IgG4 anti-BAFF monoclonal anti-
body that binds to and neutralizes soluble and membrane-bound BAFF, but not to APRIL 
[2, 4, 25, 31–35].

Efficacy and safety of tabalumab in active RA despite ongoing methotrexate was assessed 
in several phase 2 and 3 randomized-controlled studies and their open-label extensions per-
formed on diverse patient populations comprising either bio-naive or bio-experienced RA 
with an inadequate response to TNF inhibitors (non-responders or intolerant) [2, 4, 25, 31–35]. 
Clinical efficacy parameters included standardized measures such as ACR20, ACR50, and 
ACR70 improvement criteria, DAS28-C-reactive protein (DAS28-CRP), and Health Assessment 
Questionnaire-Disability Index (HAQ-DI), while total B-cell counts or CD3-CD20 B cells and 
serum immunoglobulins were used for biological impact [2, 4, 25, 31–35]. Of interest, each 
one of the four phase 2 clinical trials (identifier NCT00308282, NCT00689728, NCT00785928, 
and NCT00837811) provided encouraging results under flexible doses of anti-BAFF and a 
background of stable methotrexate, with meaningful clinical and biological RA improvement 
as compared to placebo, regardless of prior treatment [2, 4, 25, 31–35]. However, tabalumab 
received no further validation following two phase 3 randomized, double-blind, placebo-con-
trolled studies aiming to demonstrate drug efficacy and safety in patients with moderate-to-
severe RA with inadequate response to one or more TNF inhibitors [25, 30, 34–36]. The interim 
analyses prompted the withdrawal of tabalumab due to lack of efficacy, not to safety concerns 
[2, 4, 25, 31–35].
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To summarize, although tabalumab showed clinical and biological efficacy in phase 2 clinical 
trials irrespective of prior exposure to synthetic remissive drugs (methotrexate) or biologics, 
phase 3 trials fail to promote clinical benefit in patients with moderate-to-severe RA with 
prior inadequate response to TNF antagonists. Despite demonstrating biological improve-
ment as supported by substantial change in B-cell count and decline in serum immunoglobu-
lin levels, it is obvious that targeting the BAFF pathway alone is not a feasible strategy in RA 
[2, 4, 25, 31–35].

4.3. Atacicept

Atacicept is a recombinant fusion protein between the extracellular domain of one of the BAFF 
receptors (TACI) and the Fc portion of human IgG1, able to inhibit B-cell maturation, differen-
tiation, and survival, as well as immunoglobulin synthesis by disconnecting B cells from stan-
dardized growth and development signals [2, 4, 25, 36–41]. In contrast to BAFF monoclonal 
antibodies, atacicept not only binds to and neutralizes BAFF but also targets APRIL molecule 
[2, 4, 25, 36–41] and could be an efficient target for RA treatment by inhibiting activation of 
TACI-mediated signaling [2, 4, 25, 36–42].

Preclinical and phase 1 clinical studies showed promising results as atacicept was well toler-
ated, with no increased incidence of infections, and displayed a meaningful biological activity 
with impaired levels of immunoglobulin, RF and ACPA, and a biphasic response in B-cell 
count [2, 4, 25, 36–41]. Moreover, atacicept induced substantial clinical improvement, despite 
the nonlinear pharmacokinetic profile [2, 4, 25, 36–41].

Nevertheless, AUGUST I (Clinical Trials.gov: NCT00430495) and AUGUST II (Clinical Trials.
gov: NCT00595413), two phase 2 clinical trials, failed to demonstrate the efficacy of atacicept 
in moderate-to-severe RA patients. Both studies were specifically designed to assess efficacy, 
safety, and biological activity of atacicept in RA with an inadequate response to TNF inhibi-
tors (AUGUST I) [2, 4, 25, 36–41] or biologically naive patients suboptimally controlled or 
intolerant to classic remissive agents (methotrexate) [2, 4, 25, 36–41].

Although the primary efficacy end point (ACR20 response) was not achieved in none of 
phase 2 studies, atacicept significantly reduced the immunoglobulin (IgM, IgG, and IgA) and 
rheumatoid factor levels in a dose-dependent manner. The safety profile was acceptable as 
atacicept did not show an increased susceptibility to infections, although the overall rate of 
adverse events was somewhat higher than placebo and lupus [2, 4, 25, 36–41].

To summarize, despite clinical and biological efficacy expressed in preclinical arthritis models 
and phase 1 clinical trial, phase 2 studies with atacicept fail to promote clinical benefit in 
patients with moderate-to-severe RA with inadequate response to either prior TNF antago-
nists or methotrexate [2, 4, 25, 36–41].

4.4. Other BAFF antagonists (AMG-623 and BR3-Fc)

Other BAFF-blockade agents are under development, targeting different BAFF receptor-
binding molecules. A good example is A-623, previously known as AMG-623, a polypeptide 
fusion protein containing both IgG and the ligand-binding section of the BAFF-R, able to 
block both membrane and soluble BAFF and, therefore, to impair normal B-cell functioning 
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[43]. Briobacept or BR3-Fc is another distinct BAFF-blocking molecule acting as a homodi-
meric fusion glycoprotein including the extracellular ligand-binding portion of BAFF-R and 
the Fc portion of an IgG. This new drug was typically designed to induce further B-cell apop-
tosis interfering with BAFF/BAFF-R signaling [2, 4, 43].

5. Conclusions

Abnormal BAFF signaling (throughout either overexpression of B-cell-related activation and 
survival genes, or BAFF receptors) represents an important step in the pathobiology of rheu-
matoid arthritis, particularly by promoting the development of autoreactive B cells in early 
disease, but also by supporting disease progression.

Although BAFF/APRIL/BAFF receptors targeting therapy seems to be an attractive option for 
systemic autoimmune conditions, particularly systemic lupus erythematosus, considerable 
response heterogeneity and safety concerns are reported in rheumatoid arthritis.
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Abstract

“Mutualism” is a well-defined relationship that describes a form of cooperation between 
two living organisms of different species that ends up with a beneficial outcome for each 
one. Any disruption to such a relationship by an external trigger or a potential intruder 
puts at risk the well-being of both. In humans, oral and gut microbiota provide a note-
worthy model of beneficial mutualism. Multiple recent evidences point to the possible 
pathologic consequences of a disruption to this ecosystem (altered microbiota profile 
or dysbiosis) on human well-being. The gut-joint axis found its clear way “Proof of 
Principle” in the pathogenesis of autoimmune rheumatic diseases including rheuma-
toid arthritis (RA), seronegative spondyloarthropathies, and Behcet’s disease in a num-
ber of studies. Current therapeutic trends are directed towards the diverse biologic and 
immune-pathogenic factors involved in the disease process. Addressing dysbiosis in RA 
features an attractive future therapeutic target.  In this chapter, authors aim to explore the 
recent evidences regarding the pathogenic role of “gut dysbiosis” in rheumatoid arthritis 
(RA), highlighting the spectrum of immune-pathogenic events that might contribute to 
disease evolution and inspecting future directives of research.

Keywords: Mutualism, microbiota, dysbiosis, pathogenesis, autoimmune rheumatic 
diseases, rheumatoid arthritis

1. Rheumatoid Arthritis and The Microbiome Theory “The Revival of  
an Old Hypothesis”

Rheumatoid arthritis (RA) is a systemic immune-mediated chronic inflammatory disease that 
predominantly targets diarthrodial joints contributing to synovial inflammation, joint destruc-
tion, and deformity. The disease has been initially recognized as a complex  genetically based 
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inflammatory joint disease, a concept that was redefined toward a multifactorial immune-
mediated etiology. The etiopathogenesis of rheumatoid arthritis is typically a challenge 
incorporating complex network of genetic factors (HLA genes), environmental and biologi-
cal factors (infections, a dominant pro-inflammatory profile, dysbiosis), as well as individual 
habits (smoking) interacting to shape up disease phenotype [1, 2].

An infectious etiology of RA has been proposed for decades, Banntyne and Wohlmann in 
1896 were the first to suggest a mycobacterial etiology behind the development of rheuma-
toid arthritis, a theory that awaited solid scientific evidence. The hypothesis of “molecular 
mimicry” and cross-reactivity between epitopes of microbial origin with a self-protein was 
among the proposed mechanisms to explain the role of infectious agents in the breakdown of 
immune tolerance in RA. Certain viral infections like Epstein-Barr virus (EBV), cytomegalo-
virus (CMV), and Parvovirus B19 have been additionally claimed as potential etiopathogenic 
agents in RA [3–9].

1.1. The oral sepsis hypothesis

In the 1900s, the oral sepsis hypothesis and its relation to arthritis led to the use of teeth 
extraction as a prevalent treatment of disease for several decades. The impact of polymicro-
bial phylotypes and the pro-inflammatory burden in periodontitis proved its contribution to 
the pro-inflammatory drive in RA. The Porphyromonas gingivalis, a Gram-negative anaerobe 
bacterium and part of periodontopathic microbiome, contributes to protein citrullination, 
which leads to anticitrullinated autoantibody (ACPA) formation and joint inflammation in 
RA [6–13].

The infectious profile further extended to include other pathogenic bacterial species as 
wells as cell membrane proteins of mycoplasma in RA like Proteus mirabilis (sharing sequence 
similarities to peptide sequences at amino acid position 67–74 of the HLA-shared epitope in RA 
and bacterial-specific antibodies detected in sera of RA patients) [14, 15]. The presence of spe-
cific Escherichia coli, Mycoplasma fermentans, and Klebsiella pneumonia in the gut has been 
associated with RF positivity and has been linked to inflammatory arthritis in many ethnic 
populations [16].

1.2. The infectious hypothesis and therapeutic evidences

The relationship between infections and arthritis was indirectly reinforced by the time anti-
microbials showed an observable beneficial effect in the amelioration of arthritis. In the 1940s, 
sulfasalazine was the first rationally designed drug in the field of rheumatology, where RA 
was thought to be caused by Streptococci found in milk. Sulfasalazine was designed as a 
deliberate attempt to combine a sulfonamide antibiotic with a salicylate anti-inflammatory 
agent through an azo bond. Such “combination therapy” brought up good initial responses 
in RA as well as enteropathies. The triple DMARD therapy (a combination of methotrexate, 
sulfasalazine and hydroxychloroquine) currently stands among the first few recommenda-
tions in RA patients with poor prognostic features and moderate to high levels of disease 
activity [17–21].
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Certain antibiotics like tetracycline have proven efficacy in the treatment of early seropositive 
RA which led to the approval of minocycline, as a DMARD [22, 23]. Clarithromycin is another 
example that gave observable beneficial effects in some refractory cases [24]. Treatment with 
probiotics, particularly Bifidobacterium, Lactobacillus, and Faecalibacterium prausnitzii, showed 
protective effects in NSAID-treated animal models of arthritis. Theories regarding supple-
mentations of microbiome-derived molecules with immune-modulating properties (e.g., 
Polysaccharide A, short-chain fatty acids) provide promising novel immune regulatory 
effects by possibly downregulating pro-inflammatory cytokines with upregulation of the 
anti-inflammatory profile [25–27].

2. The human gut ecosystem

Mutualism is a well-defined relationship between living organisms. The term describes a 
form of cooperation between two living organisms of different species that ends up with 
a beneficial outcome for each one. Partners in a mutualistic relationship make headway 
together with each forming a part of the other’s environment and maintaining its homeo-
stasis in a typically harmless yet useful way. A disruption to such a relationship by an 
external trigger or a potential intruder puts at risk the well-being of both. In humans, oral 
and gut microbiota provide a noteworthy model of beneficial mutualism. Multiple recent 
evidences point to the possible pathologic consequences of a disruption to this ecosystem 
(altered microbiota profile or dysbiosis) on human well-being. The gut-joint axis found 
its clear way “Proof of Principle” in the pathogenesis of autoimmune rheumatic diseases 
including RA, seronegative spondyloarthropathies, and Behcet’s disease in a number of 
studies.

The term “microbiota” is defined as the ecological community of symbiotic, commensal, and 
pathogenic microorganisms that literally inhabit the human body and effectively contribute 
to human health and might contribute to disease. According to their contributions to human 
health, they can be classified to symbiomes and pathobiomes. The symbiome microbiota are 
groups of microorganisms predominantly bacterial as well as fungal (previously recognized 
as normal flora) that get acquired at birth and inhabit every part of the human body from the 
skin to mucosa (mouth, eyes, gut, and genital tracts). The alimentary tract represents an estab-
lished microbial habitat for almost 29–30% of the overall commensal/symbiome population in 
the human body. They involve over 500 bacterial species encoding around three million dif-
ferent genes constituting a complex challenging ecosystem, difficult to differentially analyze 
or understand [28, 29].

2.1. The development of the human microbiota profile

The general composition of gut microbiota is much similar in most healthy individuals; how-
ever, the individuals’ microbiota profile retains a highly personalized pattern (fingerprint). 
This pattern helps to keep in situ homeostasis in healthy individuals; therefore triggers of 
dysbiosis are expected to offer a threat to the humans’ well-being in a variety of forms.
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At birth: The initial shape up of the different microbial colonies of the gut begins as early as child-
birth by the time the newborn gets exposed to microorganisms that inhabit the maternal genital 
tract during normal vaginal delivery (first encounter), maternal fecal bacteria, or the skin in the 
case of caesarian section. The fetal fingerprint of microbiota gets additionally shaped up by the 
skin as well as breast milk microbiota that add their signature to this microbial network [30].

Adulthood: The typical adult microbiota profile emerges by the end of the first year with more 
than 1000 different species from a dozen different divisions colonizing the gastrointestinal tract 
(4 × 1013 colonizing bacteria). The profile becomes increasingly stable with age. The acquired 
bacterial species pass through a series of modifications with colonies competing for survival, 
alternating their dominance aiming to establish phylogenetic richness and species diversity at 
the same time. Serial microbial evolutions are proven to be largely dependent on a multiplicity 
of host as well as environmental factors (the host genetics, the maternal microbiota, and mode 
of delivery as major determinants). Breast milk composition is another proven shaping factor 
of individuals’ microbiota profile (Bifidobacterium is among the dominant gut microbiota in 
breast-fed infants compared to artificially fed ones and is deficient in patients with RA). Aging; 
lifestyle patterns including diet, smoking, and obesity; and infections also contribute [31–34].

2.2. The identification and characterization of gut microbiota

The human microbiome project served as a major contributor toward better understanding of the 
human microbiome. For a sufficient period of time, the conventional culture-based methods were 
the only methods available and routinely used for identification of gut microbiota, with over 500 
bacterial species successfully isolated, cultured, and characterized from the human GI tract [35].

The majority of gut microbiota (over 80%) could not be technically cultivated ranking the cul-
ture-based methods as an investigative technique of limited value in determining the actual 
microbial diversity. The revolutionary era of the human microbiome project announced in 
2007 and the utilization of novel culture-independent molecular techniques have success-
fully contributed to the in-depth understanding of such complex human microbiome net-
work. Such culture-independent techniques target the highly conserved 16S ribosomal RNA 
(rRNA) gene sequence (a component the 30S subunit of prokaryotic ribosomes) of bacterial 
and archaeal microorganisms. Universal PCR primers targeting these conserved regions 
can be used for gene amplification to provide the complete nucleotide sequence of the 16S 
rRNA without prior knowledge of which bacterial species are present. Concomitantly, the 
16S rRNA gene also contains hypervariable regions that provide species-specific signature 
sequences and enable unbiased bacterial identification utilizing next-generation sequencing 
platforms. Examples of these molecular techniques include quantitative polymerase chain 
reaction (qPCR), temperature or denaturing gradient gel electrophoresis (TGGE or DGGE), 
terminal-restriction fragment length polymorphism (T-RFLP), and fluorescent in situ hybrid-
ization (FISH). The next-generation sequencing and phylogenetic microarrays promote the 
in-depth analysis of the complete phylogenetic diversity of the intestinal microbiota, whereas 
the whole-genome shotgun sequencing is a technique currently applied for identification of 
the metabolic and enzymatic pathways present in these microbial communities. Such tech-
niques were able to identify a portion of predominant species in the human gut [36–38].
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the whole-genome shotgun sequencing is a technique currently applied for identification of 
the metabolic and enzymatic pathways present in these microbial communities. Such tech-
niques were able to identify a portion of predominant species in the human gut [36–38].
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Genomic culture-independent techniques disclosed that the human intestine is dominated 
by two divisions of bacteria, Bacteroidetes and Firmicutes, and both contribute to more than 
two-thirds of the total gut microbiota including anaerobes such as Bacteroides, Porphyromonas, 
Bifidobacterium, Lactobacillus, and Clostridium [13, 34, 39, 40].

2.3. The human-microbiota interdependence

Microbiota are involved in a number of structural, biological, protective, and metabolic pro-
cesses including angiogenesis, postnatal intestinal maturation, and xenobiotic metabolism. They 
are additionally involved in the synthesis of vitamins, the digestion, and uptake of nutrients. 
Microbiota are capable of metabolically simplifying nutritional components through the pro-
cess of fermentation; an important example is the indigestible carbohydrates (complex starch 
and dietary fibers) as well as short-chain fatty acids (SCFA, e.g., acetate, butyrate, and propio-
nate) which constitute a critical prerequisite in a number of host physiological functions [41].

2.3.1. Microbiota and immunity

A unique harmonious and complex interplay exists between gut microbiota and the local as well 
as the systemic immune response in humans. Colonizing microbiota and their products have a 
profound effect on the development and maintenance of the immune system integrity [42–45].

2.3.1.1. The microbiota and T-cell differentiation, proliferation, and functions

Evidences support the existence of immune cross talks between the microbiota-derived prod-
ucts and the gut epithelium that involves molecular exchange of bacterial signals recognized 
by host receptors to mediate beneficial outcomes for both the microbiome and human beings 
[42–47]. The gut microbiota have the potential to effectively stimulate and direct the host 
innate and adaptive immune responses in humans by triggering instructional signals to the 
immune cells, particularly regulatory T (Treg)-cell and T-helper (Th) cell differentiation.

2.3.1.2. Short-chain fatty acids and Treg cells

SCFAs are actively produced by anaerobic microbiota in the colon as fermentation products 
of digestion-resistant dietary fibers [46, 47]. SCFAs produced locally in the colon are either 
absorbed and metabolized within the colonocytes or transported into the circulation to reach 
other organs, such as the liver and muscles. SCFAs exert direct and indirect regulatory effects 
on epithelial cells, antigen-presenting cells, and T cells via multiple mechanisms including 
metabolic regulation, histone deacetylase inhibition (HDAC inhibition), and G-protein–cou-
pled receptor (GPCR) activation.

SCFAs can be converted to Acetyl-CoA and integrated into the citric acid cycle (Krebs cycle). 
Acetyl-CoA is a central molecule that stores energy and is eventually oxidized to CO2 for 
energy production (the cellular energy [ATP/ADP] level increases). This boosts a homeostatic 
T-cell sensor mammalian target of rapamycin (mTOR) to be activated in T cells which skews 
T-cell differentiation into effector T cells such as Th1 and Th17 cells at the expense of FoxP3+ T 
cells. mTOR activation also promotes the generation of IL-10+ cells. Thus, the SCFA regulation 
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of cell metabolism and mTOR accounts for the increased generation of Th1 cells, Th17 cells, 
and IL-10+ cells.

The activation of SCFA-binding G-protein–coupled receptors (GPCRs) such as GPR41, GPR43, 
GPR109A, and Olfr78 initiates T-cell differentiation.

All major SCFAs such as C2, C3, C4, and C5 have HDAC inhibitor activity. Class I/II HDACs 
are major targets of SCFA inhibition in a concentration-dependent pattern. Treg generation 
was increased as a result of HDAC inhibition by SCFAs and histone H3 acetylation in key 
regulatory regions of the Foxp3 locus.

SCFAs can indirectly affect T cells through their effects on DCs. They suppress the develop-
ment of bone marrow progenitors into myeloid DCs and inhibit functional maturation of 
DCs in vitro. For example, C4 suppressed the maturation of bone marrow-derived DCs and 
production of IL-12 but increased the expression of IL-23p19. Valproic acid, a branched short-
chain fatty acid and potent HDAC inhibitor that suppressed the maturation of human DCs in 
vitro, inhibits the upregulation of T-cell–activating molecules such as MHC II, CD80, CD86, 
and IL-12.

These effects are combined to create the overall tolerogenic gut environment with a strong 
barrier function.

2.3.1.3. Microbiota and cytokine production

Microbiota produce stimulatory signals to gut macrophages to produce interleukin-1 (IL-1). 
IL-1 acts on type 3 innate lymphoid cells in the intestine, producing colony-stimulating fac-
tor 2 (CSF-2). CSF-2 induces myeloid cells (including dendritic cells and macrophages) to 
produce immune regulatory cytokines (retinoic acid and IL-10) which support the conver-
sion and expansion of regulatory T cells (Treg) critical for maintaining immune tolerance in 
the gut.

Microbiota have the capacity to produce a certain set of microbial products—gut microbiota–
derived butyrate and polysaccharide A PSA (e.g., Bacteroides fragilis) that mediates the con-
version of CD4+ T cells into Interleukin (IL)-10 producing Foxp3+ Treg cells offering immune 
protection. Such microbiome-derived molecule further promotes immunologic tolerance via 
TLR2 signaling pathway directly on Foxp3(+) Treg cells [47, 48].

The “segmented filamentous bacterium (SFB)” is another symbiotic gut commensal that 
is capable of inducing the appearance and activation of Th17 cells in the lamina propria, 
which secrete the pro-inflammatory cytokine (IL-17) and thereby enhance mucosal immune 
responses of the host [49].

2.3.1.4. Experimental evidences illustrated the impact of dysbiosis on the immune system and  
T-cell function

Multiple experimental evidences revealed that a germ-free environment is associated with 
a decline in neutrophil count and function [42–45]. Recognition of peptidoglycans from gut 
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microbiota by the cytosolic recognition receptor nucleotide oligomerization domain 1 (NOD1) 
is capable of enhancing the killing activity of marrow-derived neutrophils contributing to 
immune integrity. A germ-free environment was associated with impaired neutrophil phago-
cytic function, superoxide function, and nitric oxide generation, which could not be restored 
upon pathogen exposure. Germ-free rats lack the microbe-derived ATP capable of stimulating 
dendritic cells (CD70 and CX3CR1) involved in the subsequent differentiation of Th17 cells. 
Additionally, in germ-free rats, systemic, not gut macrophages, were reduced, and gut mac-
rophages lack macrophage-activation markers, such as MHC class II.
Early-life microbial exposures alter sex hormone levels and modify the progression to autoim-
munity in the nonobese diabetic (NOD) mouse model of type 1 diabetes (T1D). Colonization 
by commensal microbes elevated serum testosterone and protected NOD males from T1D. 
Furthermore, transfer of gut microbiota from adult males to immature females altered the 
recipient’s microbiota, resulting in elevated testosterone and metabolomic changes, reduced 
islet inflammation and autoantibody production, and T1D protection [45].

3. The gut-microbiome checkpoints

Under normal conditions the human body has established a number of locally protective 
mechanisms and checkpoints to maintain immune integrity. These checkpoints include:

3.1. Mucosal buffer zone: “first-line defense”

Mucosal buffer zone represents an effective physicochemical barrier which is composed of 
the thick mucus layer, a number of antimicrobial proteins, and secretory IgA antibodies. The 
components of this barrier coalesce to minimize the contact and dilute any possible patho-
logical microbial trigger between the commensal microbes in the gut lumen and intestinal 
epithelial cells that line the gut wall [50, 51].

3.2. Intestinal epithelial cells: “second-line defense”

Microbiota that escape the initial “buffer zone” encounter a second defense strategy repre-
sented by the tight junctions formed between the intestinal epithelial cells featuring a physical 
barrier.

Epithelial cells produce a variety of antimicrobial/bactericidal proteins, such as defensins, cat-
helicidins, and C-type lectins and express Toll-like receptors (TLRs) in their cell membrane. 
Toll-like receptors (TLRs) present on the surface of cells of innate immunity recognize patho-
gen-associated molecular patterns (PAMPs) with activation of the signaling adaptor mole-
cule MyD88 (myeloid differentiation primary-response protein 88) provoking a downstream 
inflammatory responses. Lipopolysaccharides (LPS) are important components of the outer 
membrane of all Gram-negative bacteria. TLR4 is a natural ligand for LPS and upon binding 
to LPS leads to activation of cell and secretion of inflammatory cytokines. Cytokines in turn 
activate cells of the adaptive immune system that generates antigen-specific response [52].
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3.3. The Innate and Adaptive Immune responses of the Lamina Propria “Third-Line 
Defense”

The composition and function of the gut microbiota play a critical role in regulating the Th17/
Treg cell balance in the lamina propria. The innate cells in lamina propria constitute an important 
local line of immune defense that constantly surveys the gut lumen tracing undesirable antigens. 
The first is the intestinal macrophage system that phagocytoses microorganisms bypassing the 
first- and second-line barriers. The second is the lamina propria dendritic cells (DCs, antigen-
presenting cells) that present foreign peptides complexed with MHC class II molecules for prim-
ing of antigen-specific B- or T-cell receptors to initiate an adaptive immune response.

T helper cells feature another key player when primed via a complex network of receptors, 
cytokines, and transcription factors enabling their differentiation into several pro-inflamma-
tory or anti-inflammatory subsets. The type 1 T helper (Th1) response develops in response 
to intracellular pathogens, while type 2 T helper (Th2) and type 17 T helper (Th17) cells are 
predominantly stimulated after identification of extracellular organisms [53, 54].

4. Dysbiosis and autoimmune inflammatory arthritis

Multiple animal models of human autoimmune diseases (AD) suggest the direct involvement 
of commensal microbiota in disease development. A change to a single bacterial species and/
or the entire community leads to an imbalance between the pathobiome and the symbiome 
immune responses with breakdown of self-immune tolerance provoking a number of ADs 
[47]. Mono-colonization with Lactobacillus bifidus in IL-1 receptor antagonist knockout mice 
resulted in rapid onset of arthritis which was dependent on Toll-like receptor activation by 
L. bifidus. The arthritis onset was preventable by promoting a germ-free environment [52]. 
Mono-colonization of germ-free mouse with single gut-microbiome “segmented filamentous 
bacterium (SFB)” is sufficient to induce fully functional TH17 cells that produce pro-inflam-
matory cytokines IL-17 and drive the onset of arthritis. The SFB upregulates the production of 
acute-phase isoforms of serum amyloid A (SAA) in the ileum, which can act on dendritic cells 
(DCs) from the small intestinal lamina propria to induce Th17 differentiation [49, 55]. Also, 
colonization of the mice gut with Prevotella copri (P. copri) can enhance experimental dex-
tran sulfate sodium-induced colitis which is capable of initiating a pro-inflammatory drive in 
human arthritis. The P. copri genome encodes phosphoadenosine phosphosulfate reductase, 
an oxidoreductase that participates in the production of thioredoxin. Thioredoxin (TRX) is a 
cellular reducing catalyst induced by oxidative stress and is involved in the redox regulation 
of transcription factors such as NF-kappa B. TRX has been widely implicated in the patho-
genesis of RA with significantly increased concentrations observed in both RA serum and 
synovial fluid [56–58].

Finally, commensal bacteria can produce and secrete large amounts of adenosine 51-triphosphate 
(ATP) that can activate a unique subset of lamina propria cells, CD70highCD11clow cells. The 
CD70highCD11clow subset cells could express Th17-inducing molecules, such as IL-6, IL-23p19, 
and transforming-growth-factor-_-activating integrin AV, and induce Th17 differentiation [59].
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The metabolome theory: The analysis of bacterial metabolites and their association with specific 
taxa unveiled significant scientific data on potential mechanistic link in RA. The abundance 
of the Collinsella genus correlated strongly with high levels of three metabolites (beta-alanine, 
alpha-aminoadipic acid, and asparagine) in RA. The immune-stimulatory role of the Collinsella 
in RA was confirmed using a human epithelial cell line and a humanized mouse model of colla-
gen-induced arthritis (CIA). Collinsella increased gut permeability by reducing the expression of 
tight junction protein in the human intestinal epithelial cell line CACO-2, induced production 
of the pro-inflammatory cytokine interleukin IL-17A. In humanized CIA, Collinsella enhanced 
disease severity. All together, these data suggest that it seems to have an essential role in alter-
ing gut permeability and disease severity as confirmed in experimental arthritis [60].

5. Altered Gut Microbiota and Inflammation in Rheumatoid Arthritis.

The Th17 pathway is one of the main inflammatory pathways. Th17 cells and its signature 
cytokine IL-17 have been involved in mediating pannus growth, osteoclastogenesis, and 
 synovial neo-angiogenesis. Circulating Th17 cells as well as the IL-17 are significantly elevated 
in patients with RA. IL-17 induces RANKL expression in human synovial fibroblasts, leading 
to the loss of the RANKL/OPG balance with subsequent enhancement of osteoclastogenesis 
and bone erosion. IL-17 also increases the production of vascular endothelial growth factor 
(VEGF) in rheumatoid fibroblast-like synoviocytes (FLS), contributing to the angiogenesis in 
rheumatoid synovium. Finally, IL-17 stimulates the expression of various pro-inflammatory 
cytokines (e.g., IL-1β, TNF-α, and IL-6) and matrix-degrading enzymes (e.g., matrix metal-
loproteinase (MMP)-1, matrix metalloproteinase-2, matrix metalloproteinase-9, and matrix 
metalloproteinase-13) in whole synovial tissue, synovial fibroblasts, and cartilage, thus pro-
moting inflammation, extracellular matrix breakdown, and cartilage destruction during RA 
development [61–65].

The gut mucosa represents a strategic landscape promoting a variety of interactions between 
the environment and the human host. They possess the potential to trigger autoimmunity in 
diverse ways. When genetic and/or environmental factors alter the balance in the microbiota 
composition, dysbiosis ensues. The metagenomics shotgun sequencing technique has revealed 
significant alterations in the microbiota profile in patients with RA. Evidences illustrated that 
changes in the symbiotic relationship between intestinal microflora and opportunistic bacteria 
as well as bacterial translocation from the gut to nasal mucosa or urinary tract may addition-
ally enhance the risk of developing RA as well as disease-related comorbid conditions. Partial 
depletion of natural gut flora by antibiotic in experimental animals aggravates CIA [53].

Potentially harmful microorganisms/pathobiomes (such as SFB or Lactobacillus) dominate and 
create a local pro-inflammatory profile with local expansion of autoreactive Th1 and Th17-cell 
compartments, via secretion of stimulatory molecules as ATP adenosine-5′-triphosphate, SAA 
serum amyloid A, or CCL5 CC-chemokine ligand 5 signaling. The autoreactive T cells migrate 
to peripheral immune compartments and activate B cells to differentiate into autoantibody-
producing plasma cells. These cells and antibodies then migrate to synovial tissue where 
the inflammatory cascade is amplified through the activation of effector components, includ-
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ing macrophages, fibroblasts, osteoclasts, cytokines, and proteinases provoking arthritis and 
pannus formation. Dysbiosis in RA is associated with clinical indices of immune-mediated 
inflammation, such as the titers of immunoglobulin, autoantibodies, anti-cyclic citrullinated 
peptide (anti-CCP), and rheumatoid factor (RF) [17, 52, 55, 66].

5.1. Microbial colonies overpresented in RA

5.1.1. The Lactobacillus species

Lactobacillus fecal microbiome communities were found to be significantly increased in 
patients with early RA with those from healthy individuals [25] (Table 1). The abundance 
of Lactobacillus salivarius was associated with an increase in disease severity associating the 
increase in bacterial load.

5.1.2. The Prevotella copri species

A strong positive correlation was illustrated between the Prevotella copri (P. copri) and new-
onset untreated RA (NORA). Prevotella was found to be overrepresented in NORA patients, 
and the relative abundance of P. copri in RA patients negatively correlates with the presence of 
HLA-DRB1-shared epitope. The relation between this specific microbiome and RA was further 
confirmed by the observation that the expansion of P. copri in RA patients could be suppressed 
to a similar state that was observed in healthy subjects after treatment with DMARDs that 
control of RA disease activity.

Study Patients vs. controls 
(number)

Sample Technique Microbiota profile

Increased (++), decreased (--)

Vaahtovuo et al. [67] Early RA (n= 51) vs. 
fibromyalgia (n= 50)

Stool 16S rRNA 
hybridization and 
DNA staining

Bifidobacteria --, Bacteroides --, 
Porphyromonas --, Prevotella --, 
Bacteroides fragilis --, Clostridium 
coccoides --

Gul’neva et al. [68] Treatment-naïve RA 
(n= 94) vs. healthy 
(n= 97)

Stool, dental, 
saliva

Metagenomic 
shotgun 
sequencing

Lactobacillus salivarius ++, 
Gordonibacter pamelaeae ++, 
Clostridium asparagiforme ++, 
Haemophilus spp. --

Liu et al. [69] Early RA (n= 15) vs. 
healthy (n= 15)

Stool Quantitative real-
time PCR

Lactobacillus ++

Scher et al. [57] New-onset RA (n= 
44) vs. healthy (n= 28)

Stool 16S rRNA 
gene and WGS 
sequencing

Prevotella copri ++, 
Bacteroidetes --

Zhang et al. [70] RA (n= 30) vs. 
healthy (n= 30)

Stool 16S rRNA 
gene and WGS 
sequencing

Enterococci ++, Clostridia ++, 
Colibacteria ++, Lactobacteria --

Table 1. Microbiota profile in RA [57, 67–70].
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5.1.3. Other forms of gut microbiota

RA patients showed a dysbiotic gut microbiota characterized by a decrease in Faecalibacterium 
and an increase in Collinsella and Eggerthella. Large microbiota clusters including Gordonibacter 
pamelaeae, Clostridium asparagiforme, Eggerthella lenta, and Lachnospiraceae bacterium as well 
as small clusters of Bifidobacterium dentium and Ruminococcus lactaris were enriched in the gut 
of RA patients.

On the other hand, RA patients have significantly less bifidobacteria and microbiome of the 
Bacteroides-Porphyromonas-Prevotella group, Bacteroides fragilis subgroup, and Eubacterium 
rectale-Clostridium coccoides group and Haemophilus spp. in comparison to patients with non-
inflammatory rheumatic diseases.

5.1.4. Protective microbiota species: Prevotella histicola “P. histicola”

Oral feeding of P. histicola in mouse models of RA led to decreased symptom frequency and 
severity and fewer signs of inflammation in diseased vs. controls. P. histicola administration is 
associated with an upregulation of the anti-inflammatory cytokine IL-10 and Treg cells in the 
lamina propria and spleen of mice with CIA with subsequent amelioration of immune inflam-
matory responses. P. histicola preserves gut epithelium integrity by lowering gut permea-
bility and increased expression of tight junction proteins (zonulin and occludin) in treated 
mice compared to control. Treatment with P. histicola had fewer side effects (such as weight 
gain, villous atrophy, and increased gut permeability) that are linked with nonsteroidal anti-
inflammatory drugs and other traditional medications used for treating RA. This microbiome 
is currently considered as potential future novel therapy in RA [71].

6. Future perspectives

Multiple lines of evidence support the potential pathogenic role of gut dysbiosis in RA which 
makes gut microbiota a possibly promising new territory for drug targeting [72]. Restoring 
balance of gut microbiota might contribute to the improvement of disease symptoms in RA. 
Experimental models demonstrated the ability of certain microbial colonies to drive inflam-
mation such as P. copri and SFB.

Thus, it is plausible to hypothesize that targeting the postulated pathobiomes might contrib-
ute to clinical improvement in RA. Despite the successful use of antimicrobials in RA, they 
lack microbial specificity in most studies.

“Mapping of the individual’s microbiota profile and tracking their metabolic signatures 
might serve in the future design of a predictive profile of the potential to develop inflam-
matory arthritis, anticipate disease course, severity and specify more therapeutic strategies.”

“Restoring balance in dysbiosis represents an advent toward novel treat to target therapeutic 
strategies in RA, a promising step toward an effective personalized medical approach.”
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Abstract

Recent advances in understanding the dynamic pathways involved in the pathogenesis
of  rheumatoid  arthritis  have  emphasized  the  pivotal  role  of  pro-inflammatory
cytokines, inflammatory cells, endothelial cell activation and matrix degradation, acting
in a genetically predisposed environment. On the other hand, there are significant
amounts of data highlighting the potential role of bacteria (leading periodonthopatic
pathogen Porfiromonas gingivalis) in promoting different types of arthritis, as well as the
influence  of  periodontis  (an  infectious-inflammatory  condition)  as  etiological  or
modulating  factor  in  different  pathologies,  including  cardio-vascular  disorders,
diabetes, respiratory disease and inflammatory rheumatic disorders (such as rheuma-
toid arthritis, ankylosing spondylitis and lupus). The present chapter deals with the
possible association between rheumatoid arthritis and periodontitis as entities with
common pathological events.

Keywords: rheumatoid arthritis, periodontitis, Porfiromonas gingivalis, citrullination,
anti-citrullinated antibodies

1. Introduction

Rheumatoid arthritis (RA) and periodontitis are chronic inflammatory disorders that share a
complex, multifaceted host-mediated pathobiology promoted by significant levels of inflam-
matory mediators that are able to induce synovium and periodontal tissues inflammation,
joint damage and alveolar bone loss, respectively [1–7].
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RA, a chronic inflammatory autoimmune disease with articular as well as systemic conse-
quences, is outlined by a dynamic pathobiology with chronic synovitis as the epicenter of
immunologic responses, inflammation and tissue destruction, occurring as a response to an
initiating event (microbial exposure) or a putative antigen in genetically predisposed host
[1–11].

On the other hand, known as a destructive, dysbiotic inflammatory condition that concerns
gums, periodontal disease or periodontitis is typically characterized by rapid tooth loss
directed by local anaerobic bacterial colonization (the “red complex” microorganisms with
leading Porphiromonas gingivalis), biofilm-related periodontal inflammation, subsequent
neutrophilic and immune activation, soft tissue destruction and alveolar bone loss [1–12].

The bidirectional relationship between periodontitis and RA is governed by common genetic
(HLA-DR) and environmental influences (smoking), chronic inflammatory events with
immunoregulatory imbalance (excessive TNF-α, IL-1β, IL-6, IL-11, IL-17 activation, prosta-
glandin E2, nitric oxide, matrix metalloproteinases), osteoclast activation (RANKL overregu-
lation) promoting active bone destruction and periodontal lesions, bacterial factors, persistence
of antigens, citrullination of endogenous proteins by the means of peptidyl arginine deiminase
as second inflammatory event [1–13].

Furthermore, the association among periodontal disease and RA has been extensively
addressed in recent years, emphasizing the role of gingival microorganisms, particularly
Porphyromonas gingivalis (P. gingivalis), as the underlying link between dental and rheumatic
pathology via citrullination [1–10].

We systematically reviewed data from literature focusing on inflammation and tissue-
damaging aspects, oral microbiota, antibodies against bacteria and autoantibodies and
treatment for both RA and periodontitis, aiming to explore the relationship between both
diseases.

2. A closer look to periodontitis

2.1. Pathobiology of periodontitis

As a chronic immuno-inflammatory disease and a consequence of an infectious trigger that
originally involves gingival soft tissue, periodontitis is classically characterized by the
destruction of periodontium and surrounding connective tissue matrix [1–11]. It is a complex,
dynamic and progressive condition, resulting from a continuing cross-talk between microbial
challenge and host inflammatory and immune response [1–7].

The extent and severity of periodontitis, as well as disease staging covers a sequence of
pathobiologic steps comprising gingivitis, plaque accumulation and chronic inflammation,
colonization by periodontopathogenic anaerobes, loss of connective tissue attachments to
teeth, bone resorption and, ultimately, tooth loss [1–10].
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The oral cavity behaves as a perpetual source of infectious, generally nonpathogenic agents;
however, subgingival microbiota may accumulate to shape this biofilm through particular
settings, and favor networking between pathogens and host tissues, with or without direct
dissemination [1–11].

The pathways underlying chronic periodontitis encompass for an intricate array of events,
starting with gingival colonization by P. gingivalis, chronic inflammation, immune-mediated
periodontal damage and alveolar bone loss, local citrullination, host immune response [1–11].

A schematic overview of the microbial and host-associated pathology in periodontal disease
is represented in Figure 1.

Figure 1. Sequence of events in chronic periodontitis.

It is widely recognized that the oral microbiota arising in a tolerant genetic background is
involved in the initiation and extension of periodontal disease [1–12]. Several bacterial species,
e.g., P. gingivalis, Treponema denticola (T. denticola), Tannerella forsythia (T. forsythia) and Aggre‐
gatibacter actinomycetemcimtans, the so-called red complex [1–12], remain of particular rele-
vance as they are true pathogens and late colonizers of the oral biofilm, act synergistically and
by co-aggregation with the support of attaching bacteria through specific adhesion molecules
[1–10].

Further, P. gingivalis is able to release pathogen-associated molecular patterns, specifically
lipopolissacharides (LPS), peptidoglycans, proteases and lytic enzymes, engaging local
immune cell trafficking and activation—neutrophils (acting to protect the host from perio-
dontal pathogens as the first-line defenders), macrophages (as potent antigen-presenting cells),
T-cells and B-cells (perpetuating and amplifying inflammatory response and antibody
synthesis) [1–11].
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However, P. gingivalis escapes the local antimicrobial defense as a result of delayed neutrophil
apoptosis and complement system manipulation with subsequent change in the gingival
bacterial composition [11].

To better understand, P. gingivalis encourages the immune subversion by several strategies
including: IL-8 inhibition, complement manipulation and toll-like receptor 4 (TLR4) antago-
nism, leading to impaired host defense. Symbiotic gingival microbiota with tissue homeostasis
swaps to dysbiotic environment, with inflammation and bone loss as main attributes of
periodontal disease [1, 8, 11, 12].

Locally recruited cells release a wide range of factors, such as pro-inflammatory cytokines
(TNF-α, IL-1β, IL-6, IL-8, IL-12, IL-11, IL-17), reactive oxygen species, prostaglandin E2, nitric
oxide, and other inflammatory mediators in the gingival tissue and gingival crevicular fluid
as well [1–5, 11–14]. Otherwise, anti–inflammatory cytokines including IL-10 and TGF-β1 are
down regulated in active periodontal lesions, demonstrating an imbalance between pro- and
anti-inflammatory systems in the periodontal microenvironment [1, 11].

Although the initial trigger of gingival inflammation is microbial, the cytokine-mediated
damage is largely host-associated [1–10]. Hence, augmented TNF-α, IL-1β, IL-6, IL-11, and,
particularly, IL-17 directly control the Receptor Activator of NF-κB/Receptor Activator of NF-
κB Ligand/osteoprotegerin (RANK/RANKL/OPG) system and stimulate osteoclastogenesis
through increasing RANKL expression reducing OPG synthesis in osteoblasts and stromal
cells [1–11, 15]. Connective tissue matrix degradation is supplementary dependent on matrix
metalloproteinases (MMPs) and other proteolytic enzymes discharged by resident activated
fibroblasts [1, 10, 11].

Of particular interest, P. gingivalis-dependent protein citrullination and the immune response
to the periodontal infective aggression involving both innate and adaptive immunity (e.g.,
anti-citrullinated immunity and IgG anti-P. gingivalis antibodies) additionally outline the
complexity of pathogenic pathways in periodontitis [1–5, 7–10, 15].

Periodontis is a multifactorial condition, where environmental factors (including oral hygiene,
gingival bacterial plaque, smoking, stress), and genetic polymorphism (HLA-DR alleles, IL-1
gene promoter, IL-6 and IL-10 genes) perform critical role in the expression of the disease [1,
4, 10, 11, 15, 16].

Recent data agreed that chronic periodontitis is a risk factor for many multisystem diseases
including rheumatoid arthritis and other auto-inflammatory rheumatic conditions, cardio and
cerebrovascular disease (atherosclerosis, myocardial infarction, stroke), diabetes, osteoporosis,
respiratory and neurodegenerative disorders, adverse pregnancy outcomes [1, 17, 18]. In fact,
locally exacerbated and ongoing systemic inflammation, specific tissue damage, mutual
triggers (smoking, iatrogenic factors) acting in a genetic vulnerable individuals (HLA-DRβ1)
uphold a modulating bidirectional relationship between periodontitis and the above men-
tioned entities [1–18].

It is obvious that chronic periodontitis remains an authentic infection of the oral cavity; biofilm-
associated specific microorganisms are essential but not sufficient, as the bacterial eradication
does not spontaneously manage to resolution of periodontitis [1–18].
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2.2. Porphyromonas gingivalis as a key player in periodontitis

Chronic periodontitis is, therefore, typically initiated by the colonization of dental plaque by
a core set of periodontal pathogens, specifically P. gingivalis, T. forsythia and T. denticola,
documented as the “red complex”, prototype of polybacterial pathogenic consortium in
periodontitis [1–5, 7–11, 19].

P. gingivalis, a leading microorganism in this dysbiotic setting, is a gram-negative anaerobic
bacteria, involved in the onset of inflammation and tissue destruction during periodontal
disease [1–11]. It is ordinarily found in small number in a healthy oral cavity [11], but the
pathology occurs when P. gingivalis binds to and accumulates on the tooth surface, leading to
the development of a mixed biofilm, the expansion of the bacteria into the gingival sulcus and
the formation of a periodontal pocket [11, 19].

P. gingivalis is an outstanding example of a bacteria able to shape the periodontal microenvir-
onment and to destabilize the homeostatic immune system endorsing chronic inflammation
and tissue damage as well [11].

At least four mechanisms currently advocate for its essential role in the pathobiology of
periodontal disease: (i) the release of specific virulence factors such as specific lipopolysac-
charide (LPS), fimbrae, hemagglutins and several enzymes, mainly cysteine proteases (gingi-
pains), but also collagenase, gelatinase, hyaluronidase promoting a chronic inflammatory
setting and local invasion [2, 3, 11, 20]; (ii) the expression of peptidyl arginine deiminase (PAD)
involved in tissue citrullination, loss of tolerance against neo-epitopes and subsequent
activation of adaptive immune response [1, 2, 3, 20]; (iii) auto-citrullination of its own PAD [1,
2, 3, 11, 20]; and (iv) enable other co-aggregating pathogenic bacteria to remain in the perio-
dontal tissue [2].

P. gingivalis expresses atypical LPS, proceeding either as a weak TLR4 agonist or even a TLR4
antagonist, enabling the colonization and invasion of periodontal pockets as it becomes
immunologically silent [1, 2, 8, 11, 21]. Furthermore, P.gingivalis invades gingival epithelial
cells via binding through its fimbriae to β1 integrin on the host epithelial cell surface [4, 5, 11]
and blocks apoptosis through the PI3K/Akt and JAK/Stat pathways, allowing intracellular
bacterial proliferation [11].

The true virulence of P. gingivalis is, however, associated with its proteolytic enzymes,
particularly extracellular arginine and lysine-specific cysteine endopeptidases (gingipain R
and gingipain K, respectively) [1–5, 11]. Gingipains are skilled to facilitate the evasion of host
defense and cause tissue injury by activation of MMPs (1, 3, 9) and further degradation of host
proteins (laminin, fibronectin and collagen) [1, 2, 8 11, 22–24]. Moreover, these enzymes are
responsible for the resistance of P. gingivalis killing by complement [1, 2, 8, 11]. Remarkably,
the degradation of microbial peptides by gingipains allows other pathogenic bacteria co-
aggregating with P. gingivalis to persist in the gingiva [2, 8, 11, 15, 20, 25]. Finally, gingipains
affect proinflammatory signaling pathways by cleavage and activation of the proteinase-
activated receptor-2 on human neutrophils [2, 11, 15, 20]. Futile attempts by the host immune
response to eliminate infection subsequently lead to connective tissue damage, including
alveolar bone resorption [22].
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P. gingivalis is a particular periodontal pathogen that expresses endogenous peptidyl-arginine
deiminase (PPAD), a citrullinating enzyme bearing potential to generate antigens driving
autoimmunity in susceptible individuals [1, 2, 8, 10, 11].

It is worth mentioning that the switching of a charged arginine residue to an uncharged
citrulline results in evident, irreversible posttranslational protein modifications, meaning
changes in the three-dimensional conformation and abnormal function [8, 10, 17]. Citrullinated
antigens as neo-epitopes in the periodontal tissues may selectively activate adaptive immune
response and break the self-tolerance leading to severe aggressive periodontitis, anti-cyclic
citrullinated peptides, anti-P. gingivalis antibodies as well, and, potentially, to the development
of RA in genetically predisposed hosts [1–3, 20, 25].

PAD-mediated citrullination is also responsible for evading host defense against P. gingivalis
by two additional mechanisms: generation of ammonia that result in a favorable microenvir-
onment for anaerobic bacteria and inactivation of certain chemokines contributing to neutro-
phil recruitment into the gingiva [8, 10, 11, 17].

Besides, P. gingivalis stimulates a true “local chemokine paralysis” by inhibiting the expression
of IL-18 on epithelial cells [8, 11], delaying the traffic of neutrophils and, therefore, permitting
its persistence and/or proliferation in the periodontal tissue with subsequent modification of
the subgingival microbiota [11, 25].

2.3. P. gingivalis peptidyl-arginine deiminase (PPAD) versus peptidyl-arginine deiminase
(PAD) biology

There is accumulating evidence to outline the citrullination status and biology of PPAD versus
human PAD, supporting the hypothesis that PPAD is a reliable challenger for inducing
autoimmunity, with particular relevance to the pathogenesis of RA [1, 2, 10, 11, 17, 20, 22, 26, 27].

This apparently distinctive bacterial enzyme is effective in generating citrullinated proteins
(bacterial and human) and, furthermore, has the ability to autocitrullinate, eliciting the loss of
immune tolerance and synthesis of autoantibodies in susceptible individuals [1–5, 7–11, 22].

To date, five isoforms of human PADs (PAD1, 2, 3, 4/5, and 6) are described, with specificities
for different tissues and different physiological functions [2, 3, 10]; however, none of them
present strict homology with bacterial PAD [1, 2, 10, 11, 17, 27], and only PAD2 and PAD4 are
expressed at the synovial level and involved in RA [1, 3, 10, 26].

The main differences between human and bacterial PAD focus on the mechanism of activation
and substrates undergoing citrullination [1, 10, 11]. Thus, PPAD is a calcium-independent
enzyme that becomes active at higher pH that PAD; its action is facilitated by the co-localization
with arginine-specific gingipains in the outer membrane of P. gingivalis [1, 2, 10, 11, 20, 25].
PPAD act specifically on C-terminal arginine residues and free arginine [1, 2], events enabled
by the proteolytic activity of gingipains. In fact, we talk about a two-step process in the
inflamed-infected periodontal sites, initiated by cysteine protease gingipains that cleave
protein chains and expose the C-terminal arginine, facilitating the secondary intervention of
PPAD [1, 2, 10, 11, 25].
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Other substrates citrullinated by PPAD include peptides resulted from fibrinogen and α-
enolase degradation by gingipains [2, 10], fibrin and vimentin, bradykinin with the potential
impairment of kinin proinflammatory activity [2, 10, 20, 25], and the C-terminal arginine
residue of the epidermal growth factor influencing its biologic activity [2, 10, 25, 27, 28].

Finally, PPAD allows, either directly or indirectly (via enhancement of inflammatory reactions
and release of host PADs), the abnormal citrullination of bacterial and human proteins with
the assembly of the so-called cryptic-epitopes and subsequent antibody production [1, 2, 10,
11, 20, 25].

2.4. PPAD and PAD autocitrullination

Although PPAD preferentially citrullinates different bacterial and/or host peptides bearing C-
terminal arginine, it becomes clear that this enzyme may undergo autocitrullination and,
hence, stimulate a specific pattern of autoimmunity and request for autoantibody response in
permissive genetic background (carriers of HLA-DRB1 shared epitope) [2, 10, 20]. There is a
heightened immune response to P. gingivalis and IgG specifically targeting autocitrullinated
PPAD in chronic periodontal disease and rheumatoid arthritis which could perpetuate the
immune response through epitope spreading and cross-reactivity with citrullinated human
proteins suggesting a potential mechanistic linkage between the two disorders [10, 11, 25, 29,
30]. Of interest, PAD4 also experiences autocitrullination, and antibodies recognizing this
isoform of human PAD embrace predictive value in RA [10, 11, 26, 27, 31].

To summarize, the infection with P. gingivalis triggers a broad spectrum of local and systemic
inflammatory, destructive and immune events in susceptible individuals. Strategic steps in the
complex pathobiology of periodontitis comprise early release of a true arsenal of specialized
virulence factors and bacteria-danger signals (LPS, fimbriae, peptidoglycan, various proteo-
lytic enzymes) exerting both direct and indirect effects (via stimulation of inflammatory and
immune pathways, release of host PAD), followed by aberrant PPAD-dependent citrullination
of different substrates such as host-derived and bacterial proteins, as well as PPAD-autoci-
trullination, with subsequent generation of criptic epitopes and autoantibody synthesis.
Finally, the immune subversion endorses loss of tolerance to structurally similar host proteins
and outcomes the induction of anti-cyclic citrullinated antibodies suggesting the relationship
between chronic periodontitis and rheumatoid arthritis [1, 2, 10, 13, 17, 19, 20, 25].

3. Role of citrullination in rheumatoid arthritis development

Citrullination is a posttranslational modification of proteins at arginine residues reported in a
wide range of tissues and settings, holding relevant physiologic as well as pathologic impli-
cations [10, 17, 27, 32]. Although considered a critical event in different inflammatory condi-
tions, currently available data emphasize the link between citrullination and autoimmune
diseases, suggesting that immunity towards citrullinated self-proteins rather than citrullina-
tion itself is a specific event in RA [10, 17, 27].
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3.1. Citrullination and inflammation

Abnormal citrullination of endogenous proteins is typically acknowledged as an initial, tactical
process in the complex pathobiology of RA, driving the induction of altered self-epitopes and
extensive autoimmune response [10, 17, 27].

Moreover, immunogenicity of these new antigens explains the presence of antibodies against
citrullinated peptides (ACPA) considered not only diagnostic biomarkers for RA and prog-
nostic factors for severe aggressive disease, but also consuming a pathogenic role [10, 17, 27].
Nevertheless, only individuals with definite HLA polymorphisms, such as the conserved
region of HLA-DRB1 alleles are at risk to recognize as “nonself” such citrullinated proteins
and to develop RA [1, 2, 10, 17, 27].

Along with glycosylation and carbamylation, citrullination is basically involved in many
physiological processes in a variety of tissues, biochemical enzymatic reactions leading to
structural and functional protein/peptide modification [2, 10, 17, 27]. Conversely, dysfunc-
tional posttranslational protein modifications are often reported during autoinflammatory
pathology, particularly RA, evading the immunological tolerance and stimulating a specific
profile of humoral response [2, 10, 17, 26, 27].

As mentioned before, citrullination or deamination strictly encompass for a change of arginine
with citrulline, meaning that an imine nitrogen of arginine-residues is replaced by an atom of
oxygen; accordingly, histone modification, genomic regulation and neutrophils extracellular
trap (NET) formation are described and engaged in development of newly citrullinated
antigens [10, 17, 27].

It is well-known that citrullination constantly requires the activation and intervention of PAD-
family enzymes at intra and/or extracellular levels in a Ca2+-dependent manner, and only two
out of the five human PAD subtypes (PAD 2 and PAD4) are relevant for RA based on their
expression in joints, immune cells, neutrophils and mast cells [1, 10, 11, 12, 17, 26, 27]. Thus,
PAD-mediated citrullination could be easily classified as a basic cellular damage but also an
inflammatory process occurring in a range of inflammatory backgrounds such as synovial
tissue, gingival and periodontal sites and lungs, challenging local immunity [10, 17, 27].

On the other hand, recent advances in understanding the pathophysiology of chronic perio-
dontal infection with P. gingivalis, and the potential connection between periodontitis and
systemic disorders including RA, have reemphasized the role of this periodonthopathic
microbe as one of the risk factors for RA in a permissive genetic context [1–11, 17, 27].

P. gingivalis is the only known periodontal bacteria in the gingival microbiota that expresses a
PPAD able to initiate and perpetuate a gradual autoimmune process through epitope-
spreading by peptide citrullination (bacterial, PPAD itself as a citrulllinated bacterial protein),
cross-reactivity with citrullinated human proteins and ACPA synthesis [1, 2, 10, 11, 25].

The break of tolerance to one citrullinated epitope predisposes to break of tolerance to
additional citrullinated epitopes; the initial mechanism might be more related to recognition
of citrullinated antigen per se than to a particular citrullinated autoantigen [10, 11, 26, 32, 33].
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dontal infection with P. gingivalis, and the potential connection between periodontitis and
systemic disorders including RA, have reemphasized the role of this periodonthopathic
microbe as one of the risk factors for RA in a permissive genetic context [1–11, 17, 27].

P. gingivalis is the only known periodontal bacteria in the gingival microbiota that expresses a
PPAD able to initiate and perpetuate a gradual autoimmune process through epitope-
spreading by peptide citrullination (bacterial, PPAD itself as a citrulllinated bacterial protein),
cross-reactivity with citrullinated human proteins and ACPA synthesis [1, 2, 10, 11, 25].

The break of tolerance to one citrullinated epitope predisposes to break of tolerance to
additional citrullinated epitopes; the initial mechanism might be more related to recognition
of citrullinated antigen per se than to a particular citrullinated autoantigen [10, 11, 26, 32, 33].
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3.2. Smoking, citrullination and rheumatoid arthritis

Environment-triggered citrullination (smoking, bacterial infections) in articular and extra-
articular locations essentially progress to specific immunity and disease in genetic predisposed
individuals [1, 2, 10, 12, 16, 32, 34, 35]. Smoking is a well-known risk factor for RA, particularly,
in ACPA-positive subsets. Cigarette smoking leads to a sequence of events responsible for local
increase in PAD enzyme expression and consequent generation of protein citrullination in the
lung [10, 12, 17, 27]. Chronic exposure to self-citrullinated epitopes could further contribute to
the loss of immune tolerance and gradual occurrence of humoral immune response towards
some of the citrullinated autoantigens (ACPA) [10, 17, 27]. However, smoking and other risk
factors might lead to breaking of immune tolerance only in the presence of genetic risk factors
for ACPA positive RA [10, 12, 17, 26, 27, 36].

3.3. Anti-citrullinated proteins/peptide antibodies (ACPA) pathobiology

ACPAs, the autoimmune signature of RA, are sensitive and specific diagnostic, prognostic and
therapeutic biomarkers in RA; they are detected from very early phases of the disease, up to
a decade prior to the RA clinical onset, and feature a dynamic correlation with RA severity,
clinical outcomes and efficacy of synthetic and biologic therapies [10, 37, 38]. In fact, ACPAs
are a family of partly cross-reactive antibodies which target citrullinated self-proteins and
peptides abundant in inflamed joints, such as fibrinogen, fibronectin, vimentin and vinculin,
β-enolase, histone, biglycan, clusterin, collagen type II, keratin. So far, 53 such citrullinated
members are identified, an assembly called “citrullinome” [10, 12, 17, 27].

According to the ACPA status, RA could be classified in two distinct clinical phenotypes with
particular genetics, risk factors, immunopathology, clinical and treatment outcomes; thus,
ACPA-positive RA is defined by a specific genetic (HLA-DRB1*0401 and *0404)- environmen-
tal interface (e.g., smoking and P. gingivalis infection), higher disease severity (erosive RA,
extra-articular involvement, comorbidities) and poor remission rates. Besides, high ACPA
titers could predict clinical response with B-cell depletive agents (rituximab) or selective co-
stimulation modulators (abatacept), independently of disease activity and, therefore, might
help to define therapeutic RA profiles [10, 11, 16, 17, 27, 28, 36].

Interestingly, ACPA specificities may also account for distinctive clinical RA subtypes: anti-
citrullinated vimentin antibodies may be better prognostic factors for radiographic progres-
sion, while anti-citrullinated enolase antibodies predict clinical outcomes [10, 17, 27].

ACPAs are detected as antibodies against cyclic citrullinated proteins (anti-CCP antibodies)
which are detectable by specific assays in RA patients, and their screening performance largely
varies with different tests: sensitivity and specificity significantly improved with third-
generation assays, as well as the ability to identify those subjects with undifferentiated arthritis
who are likely to develop RA [10, 17]. Conversely, second-generation tests are classically more
specific for longstanding, established disease [10, 17, 39].

The exact molecular pathways of anti-citrullinated immunity in RA are still obscure, but it is
clear that ACPAs encourage the perpetuation of synovial inflammation via binding to
citrullinated proteins positioned in the cellular membrane, attached to a variety of cellular

Rheumatoid Arthritis and Periodontal Disease: A Complex Interplay
http://dx.doi.org/10.5772/65863

109



receptors (such as TLR4 or FcγR) or incorporated in NETs [1–4, 10, 11, 17]. Furthermore,
complement binding and activation may enhance local inflammation [7, 12, 17, 27].

ACPAs are constantly produced in the inflamed synovial microenvironment by locally
activated B cells [17, 27] and stimulate TNFα production, as well as direct bone injury by
osteoclast activation [6, 10, 17, 27, 39, 40].

Overall, the effector functions of different well-defined ACPA may adjust according to
antibody specificities. Thus, reactivity towards citrullinated vimentin as well as anti-cartilage-
specific protein collagen II antibodies directly bind to osteoclast surface and modulate their
activation, determining subchondral bone erosive lesions and osteoporosis [10, 12, 40]. On the
other hand, antibodies to autoantigenic enolase and histones focus on local inflammation [10,
12, 17, 27], as ACPAs are able to induce NETs.

3.4. The paradigm of citrullination and ACPA in the development of ACPA positive
rheumatoid arthritis

The environmental exposure (such as smoking, silica and other nanomaterials of air pollution,
bacterial infection, e.g., P. gingivalis) and the genetic determinants (MHC class II alleles) enable
abnormal citrullination and support immunity against citrullinated proteins in certain extra-
articular sites (lung, periodontal tissue). The relationship between the emergence of local
ACPAs as the first sign of autoimmunity and RA is further supported by the documentation
of shared citrullinated peptides in the lungs, periodontal sites and joints as potential ACPA
epitope bearing proteins [10, 17, 27].

A second event might promote aberrant synovial citrullination, local impaired immunity,
generation of ACPA for several immune-dominant citrullinated peptide, chronic inflammation
and tissue-specific damage [10, 17, 27].

4. The biological link between periodontitis and rheumatoid arthritis

Continuing periodontal disease as a trigger for chronic arthritis in susceptible individuals via
dysregulation in oral microbiota and host immune barriers is a reliable, but still debatable
concept [1, 2, 8, 10–12]. The old paradigm indicates that RA could be a consistent risk factor
for chronic periodontitis: impaired periodontal health labels the multifactorial and synergistic
result of compromised joint functionality (hand as well as temporomandibular joint), oral
dryness (secondary Sjogren’s) and specific RA medications [8].

In contrast, newer theories emphasize that periodontal disease is a risk factor for RA: both are
multifaceted disorders with shared pathogenic mechanisms such as local and systemic excess
of inflammation, irreversible bone injury, aberrant activation of the immune system with an
extra dose of autoimmunity and a common genetic background [1–5, 8, 41–45].
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4.1. Evidences relating periodontitis and rheumatoid arthritis

Substantial amount of research trying to clarify the potential relationship between RA and
periodontitis was published during the last decade [1–13]. Nevertheless, the true prevalence,
causality, significance, related factors (e.g., smoking habits, oral hygiene, ACPA positivity),
together with therapeutic intervention (periodontal host modulation therapy, synthetic
remissive drugs, biologics) to mitigate both RA and periodontal disease are still controversial
[1–13, 17, 27].

Overwhelming evidence coming from cross-sectional studies [1–13, 10, 40, 46–48] showed a
statistically significant correlation between RA and periodontitis (prevalence and/or severity);
nevertheless, other cohort-based or case-control studies noticed no association between oral
health and rheumatic inflammatory pathology [1, 2, 10, 12]. The conflicting reports may be
explained by differences between study populations, sample size, adjustments for confounders
(age, gender, race/ethnicity, smoking status, RA activity and medication) and lack of uniform-
ity in disease classification criteria for periodontal disease [49].

The probability of periodontitis among RA is higher compared to healthy individuals [1–4, 8,
47], while the severity greater [1–4, 8, 15, 47], meaning that subjects diagnosed with RA
experience more periodontal disease and more periodontal destruction [1, 8, 15]. Furthermore,
moderate to severe periodontitis is characteristically described in different settings of RA [1,
8], and vice-versa, higher RA prevalence among patients with advanced periodontitis [1, 8, 15,
47, 49]. Both early and established RA are characterized by substantial periodontal disease
compared with presumably healthy non-RA controls [1–4, 6, 8, 44, 45]: higher prevalence of
self-reported periodontal symptoms [8], significant more gingival bleeding on probing [1–4,
6, 8], a greater number of missing teeth [1–4, 6, 8], deeper periodontal pockets [1–4, 6, 8], more
clinical attachment loss [1–4, 6, 8] and increased alveolar bone injury [1–4, 6, 8] versus healthy
controls with comparable oral hygiene [1–4, 6, 8, 44, 45].

More specifically, a meaningful positive correlation between measures of RA activity and
extent and severity of periodontitis was reported: high disease activity (DAS28 scores) is
generally demonstrated in RA with aggressive periodontitis as compared to RA without or
with moderate periodontitis, even after adjusting for multiple confounders [4, 8, 47].

A systematic review of cross-sectional trials further strengthens the evidence addressing
periodontitis in relation to autoimmunity damage in RA. Overall, significantly higher ACPA,
rheumatoid factor and antibodies to P. gingivalis were described among RA with periodontitis
than those without periodontal disease [4, 8, 11, 47], whereas increased alveolar bone loss was
significantly associated with ACPA positivity in the same patient population [4]. Similarly,
detailed analysis of ACPA specificities (citrullinated vimentin and histone) showed increased
levels in RA associated with both moderate and high alveolar loss, without differences based
on smoking status [4, 15, 16, 26, 48–50]. It seems that periodontitis is a strong predictor of ACPA
positivity in RA [8], whereas IgG and IgM ACPA subtypes are highly associated with anti-
bodies against P. gingivalis [2, 3, 8, 29]. Additionally, in refractory RA with periodontitis the
most powerful anaerobes identified in synovial fluid are P. intermedia, P. gingivalis and T.
denticola [1, 40, 41]. However, no difference in ACPA or rheumatoid factor levels for RA
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participants with mild periodontal lesions as compared to moderate or severe periodontitis
were found among other studies, suggesting that ACPA status might not influence the
prevalence and severity of periodontal disease [1, 8, 11, 49].

Regarding smoking as a risk factor for both conditions, subgroup analysis showed an associ-
ation between RA and periodontitis irrespective to smoking behavior [4, 6, 8, 15, 16, 48, 49];
increased risk of periodontitis was demonstrated in nonsmoking RA [1, 6, 8, 11].

In particular, only a small number of studies focused on periodontitis as a primary event,
occurring before clinical onset of RA versus periodontitis as comorbidity, described after the
diagnosis of rheumatic condition [1, 8, 11].

Finally, effective treatment strategies for periodontal disease (e.g., nonsurgical treatment) on
RA activity and systemic inflammation are commonly reported [1, 3, 4, 50, 51].

4.2. A parallel between chronic periodontal disease and rheumatoid arthritis

Exploring the association between chronic periodontal disease and RA has demonstrated
striking similar immunological, biological and genetic underlying processes [1, 2, 4, 12, 22],
although apparently totally different etiologies (autoimmune RA, infective periodontitis
respectively) [10]. Figure 2 offers a detailed synopsis of similarities between RA and perio-
dontitis.

Figure 2. Similarities between PD and RA pathobiology.

Both are complex multifactorial disorders, characterized not only by a dysfunction of basic
inflammatory and tissue destructive mechanisms, but also by an altered adaptive and innate
immune response in individuals at risk (genetic traits) [1, 2, 8, 10, 12, 22].

The excess of local (periodontal tissue and gingival crevicular fluid in periodontitis, synovial
microenvironment in RA) along with systemic chronic inflammation is driven by an imbalance

New Developments in the Pathogenesis of Rheumatoid Arthritis112



participants with mild periodontal lesions as compared to moderate or severe periodontitis
were found among other studies, suggesting that ACPA status might not influence the
prevalence and severity of periodontal disease [1, 8, 11, 49].

Regarding smoking as a risk factor for both conditions, subgroup analysis showed an associ-
ation between RA and periodontitis irrespective to smoking behavior [4, 6, 8, 15, 16, 48, 49];
increased risk of periodontitis was demonstrated in nonsmoking RA [1, 6, 8, 11].

In particular, only a small number of studies focused on periodontitis as a primary event,
occurring before clinical onset of RA versus periodontitis as comorbidity, described after the
diagnosis of rheumatic condition [1, 8, 11].

Finally, effective treatment strategies for periodontal disease (e.g., nonsurgical treatment) on
RA activity and systemic inflammation are commonly reported [1, 3, 4, 50, 51].

4.2. A parallel between chronic periodontal disease and rheumatoid arthritis

Exploring the association between chronic periodontal disease and RA has demonstrated
striking similar immunological, biological and genetic underlying processes [1, 2, 4, 12, 22],
although apparently totally different etiologies (autoimmune RA, infective periodontitis
respectively) [10]. Figure 2 offers a detailed synopsis of similarities between RA and perio-
dontitis.

Figure 2. Similarities between PD and RA pathobiology.

Both are complex multifactorial disorders, characterized not only by a dysfunction of basic
inflammatory and tissue destructive mechanisms, but also by an altered adaptive and innate
immune response in individuals at risk (genetic traits) [1, 2, 8, 10, 12, 22].

The excess of local (periodontal tissue and gingival crevicular fluid in periodontitis, synovial
microenvironment in RA) along with systemic chronic inflammation is driven by an imbalance

New Developments in the Pathogenesis of Rheumatoid Arthritis112

between pro-inflammatory and anti-inflammatory cytokines, with persistent up-regulated
pro-inflammatory signaling pathways (mainly IL-1, IL-6, TNFα, NF-kB) and higher amounts
of inflammatory mediators including reactive oxygen species, nitric oxide and lipid mediators
[1–3, 8, 10–12, 22]. In addition, altered connective tissue and bone homeostasis with irreversible
damage of collagen-rich structures (gingiva, periodontal ligament and alveolar bone in
periodontitis, subchondral bone and cartilage in RA) is essentially related to augmented
activity of collagenolytic matrix metalloproteinases and other enzymes (elastase, bacterial
cysteine proteases, neutrophil associated enzymes), but also to overexpression of the RANK/
RANKL/OPG system [1–3, 8, 10, 12, 13, 45].

The validity of the relationship between periodontitis and RA is, furthermore, supported by a
particular genetic predisposition and related environmental risk factors (e.g., smoking) [1, 8,
10, 12]; both entities share a common genetic profile (shared epitope HLA-DRB1 alleles) [1, 10,
12], while polymorphism of genes encoding inflammatory cytokines as well as IL-1 combined
risk alleles which may cause a synergistic effect on bone destruction in joints and the perio-
dontium might also confer susceptibility for RA and periodontitis [1, 8, 10, 12, 15, 16].

Finally, abnormal PAD and PPAD-mediated citrullination of the synovial and host periodon-
tium peptides/proteins (vimentin, keratin, α-enolase), respectively, with sequential loss of
tolerance against neo-epitopes account for altered local and systemic immune reactions in
susceptible patients with either periodontitis or RA; the generation of citrullinated new
autoantigens and patterns of antibody response by ACPA, anti-autocitrullinated PPAD, anti-
autocitrullinated PAD4 and anti-heat shock proteins of P. gingivalis (anti-hsp70) antibodies are
frequently encountered in both RA and periodontitis [1, 10, 12, 15, 25, 30, 45].

Overall, gingival citrullination and local induction of ACPA, as well as cross-reactivity between
antibodies to P. gingivalis and ACPA may explain the link periodontitis—RA [1, 10, 12, 27].

4.3. Hypothetical model of biological link Between rheumatoid arthritis and periodontitis

A potential scenario exploring the relation between periodontitis and RA could be depicted
as follows:

• oral infection with P. gingivalis may induce a Th17 polarization with subsequent activation
of Th17 signaling pathway, synthesis of pro-inflammatory cytokines (preferentially IL-1β,
IL-6, IL-22, TNF-α, TGFβ and IL-23), expression of PPAD with atypical PPAD- and PAD-
dependent citrullination of gingival proteins, bacterial peptides and PPAD as well, synthesis
of specific antibodies such as ACPA, anti-citrullinated PPAD and anti-P. gingivalis antibod-
ies [1, 4, 8, 10–13, 19, 52];

• periodontopathic microbial biofilm and its metabolic products (lipopolysaccharides, matrix
degrading enzymes and endotoxins) originally stimulate a localized inflammatory-
destructive response branded by augmented levels of tissue destructive proteinases (MMP
8, 9, 13 and neutrophil elastase) and RANK/RANKL/OPG system, as well as resident cells
activation (osteoclasts, fibroblasts) [1, 4, 8, 12];
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• systemic inflammation and immune dysregulation particularly autoimmunity targeting
self-citrullinated synovial peptides delineate one of the first events in RA [1, 4, 8, 10, 12].

Figure 3 presents the paradigm of RA—periodontitis pathogenic link.

Figure 3. The paradigm of RA—periodontitis pathogenic link.

A ‘two-hit’ model for the link between periodontitis and systemic diseases including RA have
already been proposed by Gloub et al. [4] and recently modified, evoking a sharp cascade of
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events: induction of severe chronic periodontitis by local and systemic factors in relation to
RA (‘first hit’), and their mitigation by periodontal host modulating therapy (‘second hit’) [4].

4.4. Therapeutic interferences in rheumatoid arthritis and chronic periodontitis

Current evidences suggests that periodontal treatment may influence clinical outcomes of RA
and vice-versa, stipulating the potential advantage of host-modulating therapy to concomi-
tantly control both disorders [1, 4, 8, 48, 50, 53–57].

4.4.1. Effects of therapy for periodontitis on rheumatoid arthritis disease activity and systemic
inflammation

It was advocated that specific therapies for periodontitis not only improve disease activity and
severity in RA by removing periodontal infection and gingival inflammation, but also improve
patient response to therapeutic drugs [1, 8, 50, 53, 54].

Thus, nonsurgical periodontal therapy was directed to improve both signs and symptoms of
active RA as well as periodontal status [1, 8, 12]. Similarly, advanced periodontal treatment
with scaling and root planning significantly ameliorated gingival infection and severity of
periodontitis, while promoting consistent reduction in acute phase reactants, mainly erythro-
cyte sedimentation rate, in the RA population [1, 8, 12, 53, 54]. The impact of periodontal
treatment on RA seems to be greater in patients with substantial amount of systemic inflam-
mation, particularly if periodontitis intervention therapy combined with adjunctive perio-
dontal host-modulating therapy [4, 12, 53, 54].

Furthermore, a positive influence on RA activity scores, rheumatoid factor and ACPA levels,
but also on anti-P. gingivalis antibodies was reported following supportive periodontal therapy
in patients having concomitant RA and chronic periodontitis [1, 12, 52, 54–56].

The consequences of therapy for periodontal disease on RA status actually reflect on the
decrease in systemic inflammation, removal of joint exposure to the infectious trigger and the
decline in microbial immune subversion [1, 8, 12].

4.4.2. Effects of conventional therapy for rheumatoid arthritis on periodontal status

On the other hand, different authors concluded that early aggressive RA management with
synthetic disease modifying anti-rheumatic drugs (DMARDs) and/or biologic agents aiming
to achieve and maintain disease remission according to treat-to-target strategies might also
restrict periodontal damage in active periodontitis [1, 8, 12, 54].

It is widely accepted that systematic DMARDs ameliorate periodontal disease burden in RA
patients with periodontitis, i.e., they decrease gingival inflammation and periodontal destruc-
tion [1, 8, 12, 54]. Moreover, glucocorticoids and TNF antagonists are able to clinically improve
periodontal disease in RA patients [1, 8, 12, 54]. Anti-cytokine therapy, specifically anti-TNF
agents, may play dual role on synovitis as well as periodontal disease [1, 8, 12, 54, 55], reducing
inflammation and mitigating both conditions [1, 4, 8, 12]. However, the role of TNF inhibition
on periodontitis outcomes in the absence of periodontal treatment is still controversial [1, 8, 12].
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5. Conclusions

There is a significant interplay between periodontitis and rheumatoid arthritis as supported
by emerging evidences. Despite common T cell activation, the imbalance between pro-
inflammatory and anti-inflammatory cytokine profile, citrullination of endogenous proteins
and the resultant bone destruction in specific environments (synovium and gingival tissue),
further research is required to assess the exact mechanisms and causative link, as well as to
define top therapy.
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Abstract

Inflammation is classical pathogenic concept, but still very crucial for understanding
many disorders even in twenty-first century. The purpose of inflammation is to eliminate
the damaged tissues and to initiate tissue repair. By contrast, chronic inflammation leads
to intractable diseases,  including rheumatoid arthritis  (RA),  atherosclerosis,  cancer,
diabetes mellitus, and obesity. We recently cloned synoviolin, an E3 ubiquitin ligase, as
an overexpressing molecule in rheumatoid synovium and has been verifying its critical
roles in RA, inflammatory cytokine signaling, and fibrosis. Moreover, synoviolin-deficient
mice exhibited severe anemia caused by defective nursing activity of erythrocytes in the
fetal liver. This phenomenon resembles of RA that accelerates nursing activity. Our data
indicate a close relationship between embryogenesis and RA. We successfully discovered
synoviolin inhibitors, LS-101 and LS-102. These drugs have inhibitory effects to synoviolin
in vitro and in vivo. We are now proceeding with the optimization of small compounds,
and we hope our research will lead to the development of a new therapy for RA and
fibrosis and other synoviolin-related diseases.

Keywords: synoviolin, synoviocyte, ubiquitin ligase, ERAD

1. Introduction

Rheumatoid arthritis (RA) has a tremendous negative impact on quality of life and affects nearly
1% of the adult population worldwide [1, 2].
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Clinically, RA is characterized by multiple joint pain, stiffness, and swelling due to synovial
inflammation and effusion [3–6]. The pathological features of RA result from multiple
processes including chronic inflammation, overgrowth of synovial cells, bone and joint
destruction, and as terminal phase tissue fibrosis.

2. Synoviolin is a causative factor for arthropathy

We cloned “synoviolin” by immunoscreening using anti-rheumatoid synovial cell antibody
[7]. Synoviolin is a RING-type E3 ubiquitin ligase and is highly expressed in rheumatoid
synovial cells [7]. Synoviolin is a mammalian homolog of Hrd1p/Der3p [8–10] and is involved
in endoplasmic reticulum(ER)-associated degradation (ERAD) [7].

In eukaryotic cells, the balance of protein synthesis and degradation is strictly regulated, and
the selective degradation of protein is carried out via the ubiquitin-proteasome system (UPS)
[11, 12]. The proteins targeted for proteasomal degradation are ubiquitinated by three
enzymes: ubiquitin-activating enzyme E1, ubiquitin-conjugated enzyme E2, and E3 ubiquitin
ligases [11, 12]. Newly synthesized proteins are correctly folded in the ER and transported to
the secretory pathway. When the amount of misfolded protein exceeds the protein folded
capacity, result from ER stresses, it is eliminated by UPS-dependent degradation process of
ERAD [13]. Synoviolin plays an important role in ERAD as an E3 ubiquitin ligase and involved
in quality control of proteins.

Figure 1. Synoviolin is a causative factor for arthropathy. “Gain-of-function” of synoviolin results in the development
of spontaneous arthropathy through the anti-apoptotic effects of synoviolin. On the other hand, syno+/− mice are resist-
ant to CIA model. Therefore, synoviolin is a novel causative factor for RA.
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Synoviolin is ubiquitously expressed in whole body, especially highly expressed in synovio-
cytes of patients with RA. Approximately 30% of overexpression of synoviolin in transgenic
mice leads to advanced arthropathy caused by reduced apoptosis of synoviocytes (Figure 1)
[7]. On the other hand, synoviolin-heterozygous mice demonstrate resistance to the develop-
ment of collagen-induced arthritis (CIA) because of enhanced apoptosis of synovial cells
(Figure 1) [7]. We postulate that the overexpression of synoviolin leads to hyperactivation of
the ERAD and results in synovial hyperplasia. In addition, synoviolin negatively regulates the
tumor suppressor p53 in the cytoplasm by ubiquitinating p53 [14]. Therefore, synoviolin
regulates both apoptosis in response to ER stress and a p53-dependent apoptotic pathway.
These studies indicate that synoviolin is a novel pathogenic factor of arthropathy through its
anti-apoptotic effects [15].

3. The reason for death of syno−/− mice in utero

To gain insight into the function of synoviolin in vivo, we generated synoviolin-deficient
(syno−/−) mice by gene-targeted disruption. Strikingly, all fetuses lacking synoviolin died in
utero by embryonic day 13.5 (E13.5) [16]. It is surprising that loss of synoviolin only can
cause embryonic lethality, since Hrd1p/Del3p, a yeast homolog of synoviolin, is nonessen-
tial for survival [8]. Then, why is synoviolin deficiency associated with embryonic death?
Morphologically, there was no remarkable difference between E13.5 wild-type and syno−/−

embryos; however, the syno−/− fetal liver looked pale, suggesting an abnormal hematologi-
cal status in syno−/− embryos, since the liver becomes the main hematopoietic organ by
E12.5 [17–20]. Indeed, the number of peripheral blood cells was decreased in syno−/− em-
bryos, and the level of β-major globin, which first appears in the fetal liver during defini-
tive erythropoiesis, was markedly reduced in syno−/− embryos [16]. Subsequently, we
examined erythropoiesis in syno−/− in vitro by colony-forming assay. Unexpectedly, we
found that erythrocyte progenitors of syno−/− could differentiate in vitro to produce hemo-
globin. Definitive erythropoiesis in embryos is controlled by cell autonomous and non-cell
autonomous mechanisms. Therefore, it is expected that the abnormal cell morphology in
syno−/− erythroid is secondary to changes in the local environment, that is, liver. Conse-
quently, we analyzed the syno−/− fetal liver and found reduced number of hepatocytes and
their augmented apoptotic cell death in syno−/− embryos compared to wild-type embryos
[16]. Considered together, the above results indicate that the death in utero of syno−/−

around E13.5 is caused by abnormal erythropoiesis in a non-cell autonomous manner,
which depends on aberrant apoptosis in the liver.

4. Symmetric features of synoviolin in RA and embryogenesis

At a glance, embryogenesis and RA are non-related events. However, when considered
through synoviolin, commonness becomes apparent. What is the common feature between
these two processes? One answer could be the nurse-like cells. Nurse cells were first recog-
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nized in a cell suspension from the thymus [21, 22]. Wekere and Ketelsen concluded that thy-
mic nurse cells played an important role in the differentiation of thymocytes [23–25]. They
referred to this phenomenon as pseudoemperipolesis. Pseudoemperipolesis has been ob-
served also in the interaction between murine lymphocytes and murine bone marrow (BM)
stromal cells [23–25]. Iwagami et al. [26] and Shimaoka et al. [27] reported cloning of nurse
cells from synovial tissue of patients with RA. Moreover, BM stromal cells migrated from the
BM into the affected joint cavity and contribute to synovial proliferation [28]. Clinically, BM
stromal cells derived from donors show very little pseudoemperipoletic activity, and thus,
nurse cell activity is considered a unique feature of BM stromal cells derived from RA [29].
That is, RA is a disease with accelerated nurse cell activity of BM stromal cells. In other words,
increased nursing cell activity would enhance the cooperation between surrounding cells, BM
stromal cells, and synovial cells.

When one compares RA with syno−/−, these processes are symmetrical. In syno−/− fetal liver, there
is a complete loss of nurse activity to erythrocytes. The excessive amount of synoviolin in RA
and the lack of synoviolin in syno−/− are quite a symmetrical feature. These observations suggest
the possible involvement of synoviolin in promoting the nursing activity in RA, a topic for
future research. A more thorough analysis of syno−/− indicates that RA and embryogenesis are
closely related processes (Figure 2).

Figure 2. RA and embryogenesis have shared features. RA is a disease with accelerated nursing activity of bone mar-
row stromal cells. On the other hand, syno−/− fetal liver shows loss of nursing cell activity of erythrocytes. In this regard,
RA and syno−/− demonstrate a symmetrical feature. The study of syno−/− has allowed the elucidation of new etiological
factors of RA.

5. Impact of synoviolin on RA and embryogenesis

Embryogenesis, in which a single fertilized egg forms an individual consisting of millions of
cells, is the most complicated process in higher eukaryote. That synoviolin shoulders this
process highlights the importance of this protein. On the other hand, RA is a complex disease,
in which all the details of its pathology are not yet understood. That this fundamental molecule

New Developments in the Pathogenesis of Rheumatoid Arthritis126



nized in a cell suspension from the thymus [21, 22]. Wekere and Ketelsen concluded that thy-
mic nurse cells played an important role in the differentiation of thymocytes [23–25]. They
referred to this phenomenon as pseudoemperipolesis. Pseudoemperipolesis has been ob-
served also in the interaction between murine lymphocytes and murine bone marrow (BM)
stromal cells [23–25]. Iwagami et al. [26] and Shimaoka et al. [27] reported cloning of nurse
cells from synovial tissue of patients with RA. Moreover, BM stromal cells migrated from the
BM into the affected joint cavity and contribute to synovial proliferation [28]. Clinically, BM
stromal cells derived from donors show very little pseudoemperipoletic activity, and thus,
nurse cell activity is considered a unique feature of BM stromal cells derived from RA [29].
That is, RA is a disease with accelerated nurse cell activity of BM stromal cells. In other words,
increased nursing cell activity would enhance the cooperation between surrounding cells, BM
stromal cells, and synovial cells.

When one compares RA with syno−/−, these processes are symmetrical. In syno−/− fetal liver, there
is a complete loss of nurse activity to erythrocytes. The excessive amount of synoviolin in RA
and the lack of synoviolin in syno−/− are quite a symmetrical feature. These observations suggest
the possible involvement of synoviolin in promoting the nursing activity in RA, a topic for
future research. A more thorough analysis of syno−/− indicates that RA and embryogenesis are
closely related processes (Figure 2).

Figure 2. RA and embryogenesis have shared features. RA is a disease with accelerated nursing activity of bone mar-
row stromal cells. On the other hand, syno−/− fetal liver shows loss of nursing cell activity of erythrocytes. In this regard,
RA and syno−/− demonstrate a symmetrical feature. The study of syno−/− has allowed the elucidation of new etiological
factors of RA.

5. Impact of synoviolin on RA and embryogenesis

Embryogenesis, in which a single fertilized egg forms an individual consisting of millions of
cells, is the most complicated process in higher eukaryote. That synoviolin shoulders this
process highlights the importance of this protein. On the other hand, RA is a complex disease,
in which all the details of its pathology are not yet understood. That this fundamental molecule

New Developments in the Pathogenesis of Rheumatoid Arthritis126

is involved in the crisis of RA makes it conceivable that synoviolin is implicated in the intricacy
of this disease. Furthermore, the joint cavity, representing the nidus of RA, is a complex space;
it is formed of several types of cells, such as synovial cells, chondrocytes, osteoblasts, osteo-
clasts, and bone marrow cells. Just as there are many contacts with all sorts of cells in embryo-
genesis, the same is true for contacts between these numerous types of cells in the RA joint
cavity. Except for the joint and eye, there is no space in our body formed by so many types of
cells. In this regard, RA is a disorder of this complex space which needs to connect with the
periphery, and the crisis of RA requires making sense of synoviolin function. Therefore,
analysis of syno−/− has indicated that synoviolin is a molecule that connects embryogenesis and
RA, and studies involving both processes would be the cutting edge in elucidating the
pathogenesis of RA.

6. Synoviolin is participated in multiple processes of RA

RA consists of multiple processes including chronic inflammation, overgrowth of synovial
cells, bone and joint destruction, and tissue fibrosis. Synoviolin plays an important role in over
growth of synovial cells through hyperactivation of ERAD.

Inflammation is the most important process of RA. The synovial cells, macrophages, T cells,
and B cells produce many kinds of cytokines, such as interleukin (IL)-1, IL-6, IL-10, tumor
necrosis factor (TNF), and transforming growth factor β (TGF-β), and these cytokines stimulate
the overgrowth of synovial cells [3–6]. Because it forms pannus, a mass of synovial tissue,
inflammation leads to destruction of the bone and cartilage [3–6].

Figure 3. Synoviolin and its related disorders. The scientific summary of synoviolin function. Synoviolin is involved
in a lot of disorders and would be a potential candidate for new drug of these disorders. Our compounds which inhibit
the activity of synoviolin would be useful for these disorders. TM: transmembrane domain; SyU: SyU domain (amino
acids, aa 236–270 of synoviolin); pro: prolin-rich region.
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With regard to the relationship between synoviolin and inflammation, it was reported that
IL-17 induction of synoviolin may contribute to RA chronicity [30], and synoviolin targets
misfolded MHC class I heavy chains [31] and is a positive regulator of T-cell immunity [32].
Toh et al. demonstrated that synoviolin levels are elevated in circulating monocytes of RA
patients [33]. It was reported that dual blockade of TNF and IL-17 decreased disease progres-
sion more effectively than when only one cytokine was blocked [34]. Therefore, it was sug-
gested that synoviolin would be a potential candidate for new drug of chronic inflammation
(Figure 3).

7. Synoviolin is also involved in fibrosis

Fibrosis is the terminal pathological feature of RA and results from excessive accumulation of
the extracellular matrix (ECM) such as collagen and fibronectin [35]. Fibrosis is also major a
pathological feature of chronic inflammatory disease. We previously demonstrated that
synoviolin is upregulated in hepatic stellate cells (HSCs) of human cirrhosis, and synoviolin-
heterozygous mice are resistant to CCl4-induced hepatic injury [36]. Moreover, procollagen
was abnormally accumulated in the ER of synoviolin-deficient mouse embryonic fibroblasts,
suggesting the involvement of synoviolin in collagen secretion [36]. We also demonstrated that
synoviolin expression and collagen secretion are enhanced in lung fibrosis using in vitro
model, in which A549 human lung adenocarcinoma cells were transfected with exon-4 deleted
surfactant protein C [37], which has been reported to induce ER stress [38, 39]. Li et al.
demonstrated that synoviolin is involved in the renal fibrosis using the unilateral ureteral
obstruction (UUO) model and plays an important role in the maturation of collagen [40]. These
reports indicated that synoviolin plays an important role in fibrosis through the collagen
expression and secretion (Figure 3).

8. Synoviolin as a therapeutic target for RA

During the past decade, biological agents have been approved for clinical use and dramatically
have changed the treatment of RA. However, in some cases, patients fail to respond to the
biologic treatment. It was reported that synoviolin overexpression of RA patients was associ-
ated with nonresponse to infliximab treatment (a monoclonal antibody against TNFα) [33].
Moreover, these agents are associated with high costs and discomfort arising from subcuta-
neous or intravenous administration. Thus, there is a clear need for the development of
cheaper, orally administrated therapies with fewer side effects.

Since synoviolin is a pathogenic factor for chronic inflammation including RA and fibrosis
(Figure 3), inhibition of synoviolin activity may be a useful therapeutic approach for the
treatment of RA. Then, synoviolin is a drug-able molecule because: (1) synoviolin is an enzyme;
(2) synoviolin localizes in cytoplasm; (3) the structure of synoviolin has been determined
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(Nakajima T, unpublished data); and (4) specific substrates of synoviolin have been identified
such as p53 [14]. Moreover, synoviolin may be a disease-modifying molecule because syno-
violin may be involved in RA and fibrosis and may be implicated in some severe diseases such
as interstitial pneumonia and systemic sclerosis. In making synoviolin a therapeutic target,
downregulation of synoviolin and/or inhibition of its activity might be useful.

In order to reduce the amount of synoviolin, it is important to elucidate the transcriptional
regulation of synoviolin. Establishing the mechanisms of transcriptional regulation of syno-
violin should allow suppression of synoviolin transcription. We identified Ets binding site in
the synoviolin proximal promoter as for crucial site of synoviolin expression. Moreover, the
GA-binding protein (GABP) α/β complex is essential for its transcriptional regulation [41].

9. Development of synoviolin inhibitors

Next, in order to block the enzymatic activity of synoviolin, we performed high-throughput
screening that inhibits the auto-ubiquitination activity of synoviolin. Over four million
compounds from Pharmacopeia’s compound collection were screened, and we found two
unique compounds, termed LS-101 and LS-102 [42]. LS-101 and LS-102 demonstrated an
inhibition of synoviolin auto-ubiquitination with IC50 of ~15 and 20 μM, respectively. LS-101
demonstrates stronger efficacy than LS-102, but less selectivity to synoviolin among other
RING-type E3 ubiquitin ligases. Administration of either LS-101 or LS-102 also suppressed the
clinical severity scores in mice collagen-induced arthritis (CIA) model. There was no difference
in the protective effect between high dose of LS-101 and LS-102.

Moreover, it was also reported that LS-102 was able to suppress CCl4-induced elevation of
alanine aminotransferase (ALT) and restored normal liver morphology in CCl4-induced liver
cirrhosis mice model [43]. We also demonstrated that collagen secretion is suppressed by
LS-102 in lung fibrosis using in vitro model [37]. Therefore, LS-102 is a novel potential drug
for synoviolin inhibition. Thus, we proceed toward the optimization of LS-101 and LS-102 and
get the derivative compounds from these compounds named LS-302 (Nakajima T, unpublished
data). The arthritis scores of mice injected with LS-302 were also decreased. We hope our
research will lead to the development of a new therapy for synoviolin-related diseases and
serve as an example for the therapeutic benefit from E3 ligase inhibitors.

According to the UPS, a proteasome inhibitor has been developed. Bortezomib (BTZ) is the
first proteasome inhibitor to gain the U.S. Food and Drug Administration (FDA) approval [44,
45]. BTZ induces apoptosis of a wide variety of cancer cells, and however, there are some
patients who do not respond to therapy [44, 46]. There are second-generation proteasome
inhibitors: carfilzomib [44, 47–49], ixazomib [44, 47, 48, 50], delanzomib [44, 47, 48, 51],
oprozomib [44, 47, 48, 52], and marizomib [44, 48, 53]. These drugs are global inhibitors of the
proteasome, and therefore, the associated toxicities prevent their use for the treatment of
chronic disease such as RA. It is important to develop inhibitors of the UPS enzymatic cascade,
and E3 ubiquitin ligase is suitable target given their large number and substrate specificity [54].
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There is HDM2, the E3 ubiquitin ligase that regulates the degradation of p53 [55, 56], inhibitor
currently in clinical trials [57, 58]. Then, synoviolin inhibitor would be a drug that follows a
HDM.
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Abstract

There is a need for biomarkers to detect early joint inflammation and destruction of carti-
lage in different types of arthritis. YKL‐40, a 39 kDa heparin‐ and chitin‐binding secreted 
glycoprotein (also known as human cartilage gp39), has been recently discovered. Its 
exact biological function is still unclear. Specific receptors for YKL‐40 have not been iden-
tified yet. The clinical significance of YKL‐40 as a biomarker is discussed in different 
aspects. High level of YKL‐40 is found in various human i`nflammatory and neoplastic 
diseases. We present a review highlighting the information available on YKL‐40 and its 
significance in inflammatory joint diseases, like rheumatoid arthritis (RA). We also report 
original personal data on the topic concerning YKL‐40 levels in serum and synovial fluid 
of patients with RA in comparison with ultrasonographic parameters and cytokine lev-
els. The findings suggest that YKL‐40 might be implicated in the pathogenesis of the 
disease and could indicate the level of joint inflammation.

Keywords: YKL‐40, biomarkers, ultrasonography, cytokines, chitinases

1. Introduction

Identification of new biomarkers would be beneficial for improving biomedical research and 
drug development. Understanding the relationship between biological processes and clinical 
outcomes is significant for choosing optimal therapy [1].

A “biomarker” is “a characteristic that is objectively measured and evaluated as an indica-
tor of normal biological processes, pathogenic processes, or pharmacological responses to a 
therapeutic intervention” [2]. The acceptance of novel biomarkers in clinical settings requires 
detailed validation process before they could be used in routine clinical practice.

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



Utility of new biomarkers depends on several aspects: whether the method for detection of 
the biomarker is a specific, sensitive, fast, and affordable, if the level of the biomarker pro-
vides new information about the disease, if the concentration of the biomarker could help the 
patient's treatment [3].

The current review summarizes our investigations and presents evidences for the role of 
YKL‐40 in the diagnosis and prognosis monitoring of rheumatoid arthritis (RA).

2. YKL‐40: gene, protein, regulation, and proposed functions

2.1. YKL‐40: protein and gene

YKL‐40 is a glycoprotein that is encoded by the CHI3L1 gene and belongs to the mammalian 
chitinase‐like proteins [4].

Chitinases are enzymes that digest chitin, providing cellular and tissue remodeling during 
homeostasis in fungi, helminths, insects, and crustaceans [5]. Mammals express both enzy-
matically active chitinases and enzymatically inactive chitinase‐like proteins. The exact bio-
logic role of chitinase‐like proteins, such as human YKL‐40 protein, is still unclear.

YKL‐40 was found out in 1989 as the most abundant protein secreted by MG63 human osteo-
sarcoma cell line [6]. It is also known as human cartilage glycoprotein‐39 [4], chitinase 3‐like‐1 
protein [7], chondrex [8], and breast regression protein 39 kDa [9].

The human YKL‐40 gene is located on chromosome 1q32.1 and consists of 10 exons [7]. The 
promoter sequence contains binding sites for several known factors. The Sp1‐family tran-
scription factor had a dominant role in controlling YKL‐40 promoter activity [10]. It contains 
a single polypeptide chain, comprising 383 amino acids, where the three N‐terminal amino 
acids are Y (tyrosine), K (lysine), and L (leucine) and had a molecular mass of 40 kDa [4]. Two 
mutations of the catalytic glutamic and aspartic acids to leucine and to alanine, respectively, 
are responsible for the lack of hydrolase activity of YKL‐40 [10]. The crystallographic struc-
ture of human YKL‐40 exhibits two globular domains, forming a groove which corresponds 
to the active cite of the protein [10].

2.2. YKL‐40 ligands

Recent studies suggested different ligands for YKL‐40. It was determined that the glyco-
protein could facilitate the cross‐link between syndecan‐1 and integrin [11]. Syndecan‐1 is 
a heparan sulfate proteoglycan acting as a transmembrane receptor. Its coupling with other 
receptors such as integrins might induce cell adhesion and angiogenesis [12]. It was suggested 
that YKL‐40 could activate key signaling cascades—PI3K/AKT and MAPK/ERK resulting in 
high rate of cell proliferation and tumor cell survival [13, 14].

These signaling pathways could promote proliferation of synoviocytes and altered innate 
immunity in inflammatory arthritis [15, 16]. Kjaergaard et al. [17] suggested that another hepa-
ran sulfate proteoglycan, perlecan, might be a possible ligand for YKL‐40. It was revealed that 
perlecan comprised distinct effects on angiogenesis dependent on integrin coupling [17, 18].
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It was shown that lectin‐glycan associations determined the organization of plasma mem-
brane and modulated interactions between surface glycoproteins and receptors [19]. Recently, 
He et al. [20] identified the interleukin‐13 subunit α2 (IL‐13Raα2) as a possible receptor for 
YKL‐40. They found that the activation of YKL‐40 was not dependent on interaction with 
IL‐13Raα2, suggesting that a coreceptor should be considered. The authors supposed that 
IL‐13, IL‐13Raα2, and Chi3l1/YKL‐40/formed a multimeric complex, but they did not provide 
details [20].

Still unanswered questions are as follows: how YKL‐40 interacts with perlecan? how IL‐13, 
YKL‐40, and IL‐13Rα2 cooperate? whether the glycoprotein binds to other receptors?

2.3. YKL‐40 regulation

Studies focused on YKL‐40 regulation revealed controversial data and diverse effects.

Insulin growth factor‐I (IGF‐I) and insulin growth factor‐II (IGF‐II) were shown to trigger 
YKL‐40 secretion in guinea pig chondrocytes but not in human chondrocytes [21, 22]. The 
results might be due to differences in the investigated species.

Proinflammatory interleukins, such as IL‐2, IL‐6, IL‐12, IL‐13, IL‐17, and IL‐18, did not induce 
YKL‐40 transcription in astrocytes [23], while IL‐6 and IL‐17 showed enhanced production in 
human primary chondrocyte culture [22, 24].

Different kinds of stressors (hypoxia, ionizating radiation, treatment with TNF‐α, bFGF, p53 
inhibition, serum depletion) were shown to influence YKL‐40 induction on three human 
malignant glioma cell lines:U87, U118, and U373 [25]. It was found that corticosteroids inhib-
ited YKL‐40 protein and mRNA levels in subsets of macrophages (proinflammatory or classi-
cally activated macrophages) [26]. Zhang et al. determined that resveratrol inhibited YKL‐40 
expression by influencing its promoter activity and mRNA transcription levels in U87 cells in 
vitro [27].

Alterations in the extracellular microenvironment also alter YKL‐40 synthesis. Microarray 
gene expression analysis showed that the gene was overexpressed in dedifferentiated human 
fetal chondrocytes in comparison with differentiated chondrocytes [28].

YKL‐40 secretion is activated by cartilage resection or by replacement of chondrocytes from 
their native environment. The level of YKL‐40 secreted by normal cartilage explants is low 
during the first day of culture and increases significantly after a few days [22].

A study on the expression of YKL‐40 in normal mouse mammary gland development found 
that YKL‐40 was upregulated in ductal epithelial cells. The glycoprotein had the ability to 
inhibit epithelial secretion and differentiation and to facilitate cell migration under hormone 
stimulation [29].

The available data regarding the regulation of YKL‐40 are quite controversial. These results 
emphasize the differences in in vitro and in vivo effects of YKL‐40 on cellular and systemic 
response. We could suggest that YKL‐40 might play various roles depending on the cell type 
it is expressed by.
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2.4. Proposed functions for YKL‐40

Little is known about the functions of YKL‐40 in normal conditions. The glycoprotein is 
detected during early human embryonic development which is related to rapid proliferation 
and morphogenetic changes [30].

There is no fixed reference value for YKL‐40 in healthy people. It was determined that the 
level of the glycoprotein increased with age, and it was assumed to be used with an age‐
matched control group [31]. Johansen proposed serum YKL‐40 concentration higher than 20% 
to be considered as elevated [32]. Published levels of YKL‐40 in healthy individuals differ 
among populations [33–35] and are shown in Table 1. We could speculate that divergent 
YKL‐40 levels could be explained with differences in sample collection and assays, genetic 
polymorphisms, or even epigenetics.

Researchers suggest that YKL‐40 protects the extracellular matrix during tissue remodeling 
via suppression of different types of metalloproteinases [40]. Another study showed that the 
glycoprotein defined which cells to survive during mammary involution [41] and provided 
protection against apoptosis [42].

YKL‐40 was supposed to induce signaling cascades in connective tissue and functioned as 
a growth factor for synovial cells and chondrocytes [32]. It was found that YKL‐40 worked 
synergistically with insulin growth factor‐1 (IGF‐1) to induce fibroblasts growth [21]. YKL‐40 
was discussed as a differentiation marker for monocytes [7], mesenchymal stem cells [43], and 
chondrocytes [44].

YKL‐40 functions as a migration and adhesion factor for vascular cells and helps the forma-
tion of branching tubules. Thus, the glycoprotein could play a role in angiogenesis [11].

A variety of independent investigations demonstrated that high levels of YKL‐40 were 
related to metastasis and poor survival in different human carcinomas, such as breast  cancer 
[11], colorectal cancer [45], ovarian cancer [46], high‐grade glioma [47], and lymphoma [48], 
s uggesting that YKL‐40 might serve as a diagnostic, risk assessment, and prognostic bio-
marker. Other studies indicated that YKL‐40 increased also in inflammatory disorders associ-
ated with tissue remodeling and destruction [24, 49].

Population Serum YKL‐40 levels References

1. Danish 43 [33]

2. French 59 [36]

3. Chinese 61.1 [37]

4. Bulgarian 84.19 [35]

5. Japanese 101.7 [38]

6. Turkish 114 [34]

Table 1. Mean serum YKL‐40 levels (ng/ml) in healthy individuals from different populations [39].
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YKL‐40 is a member of an evolutionary highly conserved protein family, described not only 
in humans [9, 30], proposing important biological role in normal and pathological conditions. 
The summarized functions of YKL‐40 are presented in Figure 1.

3. YKL‐40 and rheumatoid arthritis

It is believed that genetic and environmental factors are implicated in the etiology of RA. It is 
a chronic inflammatory disease which affects about 0.5–1% of the population. Patients suffer 
from chronic synovial inflammation, joint degradation, and functional disability [50]. Even 
though some clinical laboratory parameters are related to the risk of radiographic progres-
sion, they do not illustrate individual features in the pathogenesis of disease [51].

There is a lack of specific markers for early diagnosis, prognosis, and monitoring of effective 
treatment. Reliable biomarkers of joint inflammation and destruction in RA should be pro-
teins produced by cells in the synovial fluid and leading to pathological alterations. YKL‐40 
is expressed and secreted by activated macrophages and neutrophils, fibroblast‐like synovial 
cells, chondrocytes, and vascular smooth muscle cells [32]. Our immunocytochemical study 
also found that YKL‐40 was present in polymorphonuclear cells in the synovial fluid of RA 
patients [52]. We suppose that it might reflect more precisely the local inflammatory process.

Figure 1. Biological functions of YKL‐40. Involvement in cell growth and differentiation, cell survival, inflammatory 
disorders and tumor development; participation in two basic cell signaling cascades.
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The investigations on the significance of serum YKL‐40 as a novel inflammatory biomarker are 
polar. Some researchers show that it could be useful as an informative parameter in disease diag-
nosis and monitoring [53], and others state that it is merely a marker of joint inflammation [54].

3.1. YKL‐40 in serum and synovial fluid

Johansen detected a 10‐fold increase in the concentration of YKL‐40 in synovial fluid com-
pared to serum levels in RA patients and proposed that the level of YKL‐40 might reflect carti-
lage degradation and synovial inflammation in RA [32]. These findings are in agreement with 
other studies, suggesting that YKL‐40 is associated with the development of osteoarthritis and 
should be considered as a potential target for treatment [55].

Our observations focused on YKL‐40 in RA patients also found significantly higher glyco-
protein concentrations in the synovial fluid in comparison with serum levels [35]. However, 
we determined the same pattern of expression in other inflammatory joint diseases such as 
osteoarthritis, gout, and psoriatic arthritis [56].

Huber et al. established synovial antigen microarray technology to analyze antibody profile in 
RA patients. The synovial glycoprotein YKL‐40 was one of the 225 peptides and proteins stud-
ied, and it was proved to generate autoantibody production [57]. YKl‐40 was also detected as a 
target of T cells and as a specific and independent histologic marker in arthritic synovitis [58, 59].

There are a number of studies in which a multi‐biomarker disease activity (MBDA) score is 
used to evaluate disease activity, prediction of radiographic progression, and prognosis in RA 
patients. MBDA score is estimated by measuring the concentrations of 12 serum biomarkers. 
YKL‐40 is a part of the established panel of parameters [60, 61]. This fact confirms the poten-
tial significance of YKL‐40 in the pathogenic route of RA.

The role of YKL‐40 in inflammation still remains to be resolved. The question is whether 
YKL‐40 is an active participant in the process of inflammation or is a result of the body 
response to it.

3.2. YKL‐40 and conventional laboratory parameters

C‐reactive protein (CRP) and erythrocyte sedimentation rate (ESR) are the best known and 
frequently used conventional parameters at the time of diagnosis of RA, but they are not con-
sidered as predictors of poor prognosis. Radiological progression of joint destruction could 
often appear despite normal values. This is a common event in early RA stages [62].

Several studies investigated the significance of YKL‐40 in relation to CRP and ESR [53]. We also 
determined a strong association between YKL‐40 levels in serum and synovial fluid and CRP 
and ESR [35]. Thus, YKL‐40 could be regarded as an informative proinflammatory biomarker.

3.3. YKL‐40 and ultrasonography

Angiogenesis is a major result of synovial inflammation and maintenance of the pannus in 
RA [63]. Conventional radiology and tomography could not provide direct visualization of 
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the joint cartilage. The decreased in joint space is only an indirect evidence for joint destruc-
tion. Some authors use ultrasonograhy to measure and register early arthritic changes in joint 
thickness and to figure joint surfaces before they could be detected by routine radiologic 
methods [64]. We also applied ultrasonography as a sensitive technique for detecting syno-
vial alteration. A relationship between ultrasonographic findings and YKL‐40 was detected. 
Analysis of the data confirmed that the sonographic inflammation correlated with angiogen-
esis of the synovial membrane [35].

3.4. YKL‐40 and angiogenesis

Vascular epidermal growth factor (VEGF) is a key factor in the pathogenesis of RA, serving 
both as a cell mitogen for endothelial cells and as a factor defining vascular permeability [65]. 
Several research groups revealed that secreted and expressed VEGF was related to the inflam-
matory response, to changes in the synovium, and to other conventional markers [65, 66].

YKL‐40 also promotes attachment and migration of vascular endothelial cells, which indi-
cates that the protein participates in angiogenesis [11]. Francescone et al. showed that YKL‐40 
induced VEGF expression in the U87 glioblastoma cell line and supposed that both molecules 
synergistically promoted endothelial cell angiogenesis [67].

VEGF was influenced by hypoxia, which contributed to RA development and altered response 
in arthritic synovium [64]. Similarly, YKL‐40 was also upregulated by hypoxia in tumor cells 
[25]. It is assumed that the pathogenic features of arthritic synovium share the same charac-
teristics with tumor cells.

3.5. YKL‐40 and cytokines

Recent studies defined proinflammatory cytokines as major participants in RA pathogenesis 
resulting in identification of new molecular targets. It was shown that the production of tumor 
necrosis factor‐alpha (TNF‐α) is involved in the pathogenesis of RA [68], and biological inhibi-
tors of this cytokine were approved for clinical use [69]. It was proved that levels of proinflam-
matory cytokines such as IL‐1α, TNF‐α, IL‐6, and IFN‐γ in the serum and synovial fluid of RA 
patients correlated with disease activity and progression [70]. Our investigations determined 
a strong link between serum and synovial levels of YKL‐40 and serum TNF‐α and IL‐1β in 
patients with RA [71]. The cellular sources of TNF‐α and IL‐1β are circulating monocytes and 
macrophages [72]. It was shown that YKL‐40 originated from the same cell types [32].

4. Conclusion

Investigations published so far determine YKL‐40 as an important molecule in RA patho-
genesis. It is assumed that circulating YKL‐40 might reflect precisely the activity of local and 
systemic inflammation. The clinical utility of YKL‐40 as diagnostic or prognostic marker in 
RA remains to be further clarified, but still it gives rise to serious expectations in the search of 
new promising biomarkers.
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be autoantigens that initiate the inflammatory immune response in RA. MicroRNAs, 

part of epigenetic mechanisms, which also include DNA methylation, and histone 
modification, as well as microbiota, the composition of microbes in body cavities, also 

appear to influence arthritis and are discussed in this book.
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