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ARTICLE INFO ABSTRACT
Article history: Rheumatoid arthritis (RA) is an autoimmune disease affecting ~1% of the general popula-
Received 3 June 2020 tion. This disease is characterized by persistent articular inflammation and joint damage
Accepted 29 June 2020 driven by the proliferating synovial tissue fibroblasts as well as neutrophil, monocyte and
Available online 8 July 2020 lymphocyte trafficking into the synovium. The factors leading to RA pathogenesis remain
poorly elucidated although genetic and environmental factors have been proposed to be
Keywords: the main contributors to RA. The majority of the early studies focused on the role of
Innate immune system lymphocytes and adaptive immune responses in RA. However, in the past two decades,
Rheumatoid arthritis emerging studies showed that the innate immune system plays a critical role in the onset
Inflammation and progression of RA pathogenesis. Various innate immune cells including monocytes,
Cytokines macrophages and dendritic cells are involved in inflammatory responses seen in RA pa-
Toll-like receptors tients as well as in driving the activation of the adaptive immune system, which plays a
Inflammasomes major role in the later stages of the disease. Here we focus the discussion on the role of

different innate immune cells and components in initiation and progression of RA. New
therapeutic approaches targeting different inflammatory pathways and innate immune
cells will be highlighted here. Recent emergence and the significant roles of innate
lymphoid cells and inflammasomes will be also discussed.

Rheumatoid arthritis (RA) is a common autoimmune disorder damage driven by the proliferating synovial tissue fibroblasts
that affects 1% of the population worldwide [1]. The incidence as well as T and B lymphocytes, neutrophils and monocytes
of RA is higher in females compared to males with an inci- trafficking into the synovium [3]. Inflammation also causes
dence ratio of 2:1 and 3:1, respectively [2]. The disease is synovium to hypertrophy, resulting in an abnormal tissue

characterized by persistent articular inflammation and joint called pannus, which invades and destroys local articular
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Monocytes/Macrophages

+ Secrete pro-inflammatory cytokines

+ Release matrix metalloproteinases leading to joint destruction
+ Induce apoptosis of parenchymal and stromal cells

+ Clear up these dead cells by phagocytosis

Dendritic Cells (DC)

- cDCs present autoantigens that activate autoreactive T and B
lymphocytes

+ cDCs and pDCs release pro-inflammatory cytokines

+ cDCs can be tolerigenic by inducing Treg differentiation

Neutrophils

+ Generate ROS that cause tissue damage

+ Express PADI4 enzyme that leads to citrullinated proteins
+ Release pro-inflammatory mediators and cytokines

+ Exude NETSs that contain autoantigens

Natura!ﬂﬁ!ler Cells (NK)

+CD56 =~ promote TNF production by neaby moncytes and
contribute to bone destruction

+ Release Granzyme B that may generate new autoantigens and
cause direct cartilage damage

Innate Lymphoid Cells (ILC)

+ ILCT and ILC3 cell numbers increase in LN of RA patients

+ ILC2 have protective effects and their numbers are lower in RA
+ ILC3 produce excessive IL-17 & IL-22 - inflammation

Fig. 1 Contribution of various innate immune cells to RA pathogenesis. Monocytes, macrophages, dendritic cells, neutrophils,
natural killer cells and innate lymphoid cells play a key role in the early stages as well as in the progression of rheumatoid

arthritis. Figure was reated with BioRender.com.

structures. Cells in the RA pannus express pro-inflammatory
cytokines, chemokines and matrix metalloproteinases that
contribute to progressive cartilage and bone destruction [3,4].
The etiopathology of RA is not fully understood; however,
several genetic and environmental factors have been impli-
cated [5]. It was established decades ago that certain HLA-
DRB1 alleles are associated with susceptibility to RA [6].
Large genome-wide association studies (GWAS) have now
identified over 100 loci involved in RA pathogenesis [7].
Phosphatase protein tyrosine phosphatase non-receptor type
22 (PTPN22) shows the second strongest association with RA
and encodes lymphoid tyrosine phosphatase, or Lyp, an
important negative regulator of T-cell receptor signaling.
Other relevant non-HLA gene single nucleotide poly-
morphisms (SNPs) associated with RA include CTLA4, tumor
necrosis factor receptor family (TNFR) associated factor
TRAF1, transcription factor STAT4, chemokine receptor CCR6,
interferon regulatory factor 5 (IRF5), and PADI4, an enzyme
that mediates the citrullination of proteins (reviewed in
Ref. [8]). All these genes are important for immune regulation.
PTPN22, CTLA4 and STAT4 are involved in T-cell stimulation,
activation, and functional differentiation, while others like
TRAF1 and IRF5 are implicated in nuclear factor-«B (NF-«kB)-
dependent signaling [8,9].

Two clinically useful diagnostic markers have been iden-
tified for RA: anti-cyclic citrullinated peptide antibodies
(ACPA) and rheumatoid factor (RF) [10]. RF is a high-affinity
autoantibody against the Fc portion of immunoglobulin,
while ACPA are antibodies to autoantigens modified by cit-
rullination through deamination of arginine to citrulline.

ACPA are present in about two-thirds of all RA patients but
occur in less than 2% of healthy individuals [11].

In addition to genetic factors, environmental factors play a
significant role in the development of RA (reviewed in Ref. [12]).
Smoking and other forms of lung stress, such as exposure to
silica, may trigger the development of ACPA seropositive RA. A
smoking history has an especially strong influence on the risk
of developing RA in HLA-DRB1 patients [12]. Other environ-
mental and lifestyle-related factors including exposure to in-
fectious agents (e.g. Eptein-Barr virus, cytomegalovirus,
Porphyromonas gingivalis), and birthweight have been linked
with rheumatoid arthritis (reviewed in Refs. [10,13].

Activation of innate immunity in the synovium by TLR
agonists or Fc receptor engagement occurs early in RA and
serves as a key pathogenic mechanism that leads to inflam-
mation. Cells of the innate immune system such as mono-
cytes, macrophages and dendritic cells (DCs) have a critical
place in innate immunity through their function as phago-
cytes, antigen-presenting cells and cytokine producers and
play a significant role in initiating and perpetuating the dis-
ease [4,14,15]. Synovial dendritic cells activated by TLR ligands
can migrate to lymph nodes where primed T cells can be
biased towards the Tyl phenotype, and through chemokine
receptors like CCR5, home to inflamed synovial tissue [16,17].
Production of cytokines and expression of adhesion molecules
after activation of innate immunity in the joint then permits
the continued ingress of immune cells. Many of the cytokines
and chemokines produced by innate cells are directly impli-
cated in many of the immune processes that are associated
with the pathogenesis of rheumatoid arthritis [4]. (see Figs. 1
and 2).
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« Prime or directly activate leukocytes,
endothelial cells, stromal cells,
chondrocytes and osteoclasts

+ Induce chemokine expression

- Activate target cells (SF macrophages, NK cells, neutrophils)
- release pro-inflammatory cytokines & chemokines

+ Induce neutrophil recruitment

+ Promote systemic/local fever

« Induce acute-phase protein response
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Fig. 2 Innate immune signaling during in RA. Upon ligand binding, Toll-like receptors (TLR) and Interleukin-1 receptor (IL-1R)
activate a series of intracellular signaling events that lead to the activation of distinct transcription factors, which culminate in
the induction of gene transcription and subsequent secretion of various pro-inflammatory cytokines (e.g. TNF, IL-6, type I
interferons (IFN)) and growth factors (e.g. GM-CSF). However, one of these cytokines, IL-1p, cannot be secreted unless it gets
processed first by caspase-1. Caspase-1 itself is a zymogen and its activity requires the assembly of a molecular complex, called
the inflammasome, which is activated when a danger signal has been sensed. Caspase-1 also cleaves gasdermin D (GSDMD)
into two fragments (N and C terminus). The N-terminal fragment of GSDMD then oligomerize and form a pore in the plasma
membrane, which allows for the release of active IL-1f and other cellular components. All these cytokines then act locally or
systemically to promote an inflammatory status in the synovium and activate/attract various immune cells that initiate and
contribute to RA pathogenesis. Figure was created with BioRender.com

This review summarizes the current state of our knowl-
edge as well as recent advances regarding the role of innate
immune cells and signaling in RA pathogenesis. We will also
provide some insight into how therapeutic strategies that
target innate immunity can be utilized to treat RA.

The role of monocytes and macrophages in RA
pathogenesis

Macrophages play a central role in initiating and driving the
pathogenesis of rheumatoid arthritis [18—20]. These cells are
major sources of cytokines, chemokines and degradative en-
zymes that drive joint inflammation and ultimately lead to the
destruction of cartilage and bone. In addition, macrophages

and their products are thought to be involved in synovial
angiogenesis, which, in turn, plays a key role in pathogenesis
of RA (reviewed in Refs. [21]). The number of synovial tissue
macrophages is clinically important as it is the most reliable
marker for assessing disease severity and response to therapy
as the number of myeloid cells correlates with RA synovial
inflammation, radiographic progression and disease activity
[22,23].

Recruited, short-lived populations of mononuclear phago-
cytes that patrol different tissues are characterized by high
surface expression of Ly6C, CCR2 and CD11b, and are signifi-
cantly increased during disease course [24]. However, long-
lived, self-renewing tissue-resident macrophages that origi-
nate primarily from embryonic progenitors can be found in
the joint as well [24,25]. Circulating monocytes infiltrate from
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the blood into the inflamed RA joint where they differentiate
into macrophages. Macrophages, whether recruited or tissue
resident, are known for their phenotypic heterogeneity and
plasticity. They can be polarized to become classically acti-
vate, “M1-like” macrophages, which are considered to be pro-
inflammatory, or alternatively activated, “M2-like” macro-
phages, which possess anti-inflammatory properties and can
initiate tissue repair [26]. Generally, In RA tissues, M1-like
macrophages overexpress MHC class II molecules, which
indicate their activation and promotion of inflammation and
tissue damage (Kinne et al., 2000). They secrete a variety of
pro-inflammatory cytokines in the joints of patients affected
by RA, such as TNF, IL-1B, IL-8, IL-15, IL-18 and macrophage
migration inhibitory factor (MIF) (reviewed in (McInnes et al.,
2016)). In addition, macrophages are responsible for inflam-
mation damage through the release of matrix metal-
loproteinases (Blom et al., 2007). On the other hand, M2-like
macrophages release anti-inflammatory cytokines, such as
IL-4, IL-10, PGE2 and TGF-B, which initiate tissue repair and
remodeling and contribute to vasculogenesis [27]. Moreover,
IL-4 and TGF-p may induce macrophages to favor matrix
deposition [28]. However, it is important to note that in the
context of a complicated disease like RA, macrophages exist
on a wide spectrum between the M1- and M2-like phenotypes
[19,27]. Future studies that employ single-cell RNA seq anal-
ysis should be able to accurately identify the various synovial
macrophage subsets in RA patients, which may lead to novel
therapeutic approaches that target specific macrophage sub-
sets in RA.

To summarize, the pathogenic roles of monocytes and
macrophages in RA are mainly due to the production of pro-
inflammatory cytokines, chemokines, growth factors and
free radicals, and the release of matrix metalloproteinases
that lead to joint inflammation and destruction.

The complex roles of dendritic cells in RA

The involvement of dendritic cells (DCs) in tolerance and
autoimmunity is complex and bidirectional. Indeed, DCs
might promote tolerance through multiple mechanisms,
including through the generation and maintenance of Tgeg
cells, as well as through the induction of T cell unrespon-
siveness [29]. Conversely, the antigen presentation capacity of
DCs might promote the priming and/or the effector differen-
tiation of self-reactive T cells. In inflamed RA synovial tissue,
most antigen presenting cells (APCs) are fully differentiated
DCs expressing high levels of class I and II MHC and T cell co-
stimulatory molecules [30,31]. Flow cytometry and histologic
analyses of DC subsets have shown a trend toward a reduced
number of circulating DCs in RA patients associated with a
concomitant increase in the inflamed tissue [31]. DC subsets
differ considerably in localization, cytokine secretion, and
immunological function. There are two main DC subsets
involved in RA pathogenesis: conventional DCs (cDCs), also
known as classical DCs, and plasmacytoid DCs (pDCs). cDCs
can be broadly subdivided into two subsets, cDC1 and c¢DC2,
which are specialized in presenting endogenous and exoge-
nous antigen on both MHC-I and II, to CD8 and CD4 T cells,
respectively [32]. Conversely, pDCs are found circulating in the

blood and in peripheral organs and are uniquely able to
rapidly produce large amounts of type I interferons upon viral
infection [32]. The accumulation of cDCs in autoimmune sites
can be a consequence of the increased expression of chemo-
kine receptors or their specific ligands in the tissue. For
example, cDCs express the CCL20 receptor, CCR6, which me-
diates the attraction of DC and Th17 cells to the tissues and
allows mature cDCs to accumulate in the perivascular region
of RA patients' synovium [33]. Alternatively, defective migra-
tion to the draining lymph nodes from the inflamed tissue
may be the cause of accumulation. It is believed that a local
maturation process mediates the sequestration of DCs in the
leukocyte aggregates in the inflamed tissue of RA patients [34].
In addition, cell-free RA synovial fluid facilitated DC matura-
tion from myeloid progenitors, providing direct evidence that
the inflamed RA joint environment instructs DC growth
[30,31]. Mature cDCs can then polarize naive T lymphocytes
into Th1, Th2, Tgreg, or Ty17 through the secretion of different
sets of cytokines [35].

The accumulation of danger signals in the inflamed tis-
sue stimulates and drives the cDCs to immunogenic or tol-
erogenic profiles. The release of cytokines that prime an
improper autoantigen presentation leads to dysregulated
autoreactive T and B lymphocytes that contribute to the
physiopathology of autoimmune disorders. Both cDCs and
pDCs contribute to RA pathogenesis and disease progression
by secreting a large number of cytokines, including TNF, IL-
1, IL-12, IL-6, Interferons (IFNs) as well as differentiation
factors, including macrophage colony stimulating factor (M-
CSF) and fibroblast growth factor (FGF) [14]. Mature cDCs
that produce high amounts of IL-12 and IL-23 have been
reported in the infiltrates of synovial tissues of RA patients,
suggesting that these cells have a role in the polarization of
pathogenic T lymphocytes [31]. Inflammatory DCs, which
are recruited to sites of inflammation or infection, induce
the secretion of IL-17 in naive CD4 T cells through the
secretion of TGFB, IL-1B, IL-6, and IL- 23 [31,36]. Activated
cDCs also produce high levels of B lymphocyte activation
and survival factors, such as BAFF and APRIL, which have a
key role in B lymphocyte differentiation and antibody pro-
duction (reviewed in Ref. [37]). On the other hand, cDCs can
play a tolerogenic role by controlling Tgeg differentiation
[14]. In mouse models of RA, injection of fully mature DCs
loaded with collagen prevents collagen-induced arthritis
(CIA) after the induction of a Ty2 shift [38]. In addition,
immature DCs can expand and activate a novel regulatory
population of CD49b™ T cells, with high immunosuppressive
potential able to mediate protection against a systemic
autoimmune disease [39].

In summary DC-driven events have the ability to either
induce tolerance or autoimmunity depending on the various
cues they receive in the joint microenvironment. The pheno-
typic and functional plasticity of DCs highlight the complex
and dichotomous role they might play in pathogenesis of RA.

The role of neutrophils in RA

Neutrophils are the first cells to reach the synovium and the
most abundant leukocytes in inflamed joints [40]. The
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importance of these cells in the initiation and progression of
RA in patients as well as in murine models has been well
documented. Neutrophils bind immune complexes on the
synovium via their Fcy receptors on the neutrophil mem-
brane, triggering their degranulation and reactive oxygen
species (ROS) production [40,41]. In RA pathology, this
enhanced ROS generation by neutrophils at the site of
inflammation causes endothelial dysfunction and tissue
injury. Oxygen radicals cause DNA damage and oxidation of
lipids, proteins, and lipoproteins and may be involved in
immunoglobulin mutations that lead to formation of auto-
antibodies [42]. Neutrophils also express the PADI4 enzyme
responsible for the citrullination of arginine [43], and PADI4
deletion led to reduced disease severity as well as lower levels
of autoantibodies and inflammatory cytokines in CIA mouse
model [44]. Normally, these cells have a short lifespan and
undergo apoptosis after 6—18 h in circulation. However, a
defect in neutrophil clearance causes apoptotic neutrophils to
undergo secondary necrosis [45]. The ingestion of this debris
by macrophages then induces production of pro-
inflammatory cytokines, consequently amplifying inflamma-
tion. In patients with early RA, synovial neutrophils show
significantly decreased levels of apoptosis compared to pa-
tients with persistent forms of arthritis [46]. A number of
stimuli, including IL-8, TNF and GM-CSF can activate neutro-
phils [47]. Activated neutrophils have been shown to secrete
immune mediators including IL-1, IL-6, IL-12, TGF-B, TNF,
oncostatin M and BLyS, triggering positive regulatory feed-
backs, which lead to acute and persistent inflammation [40].
Neutrophil extracellular traps (NETs), which consist of chro-
matin and contents of neutrophil granules, are typically
released by neutrophils upon interaction with a pathogen. In
RA, citrullinated histones released in NETs can be recognized
by ACPAs and thereby serve as autoantigens [48]. Further-
more, synovial neutrophils of RA patients have a higher pro-
pensity to form NETs when induced with LPS or with certain
ACPAs [49].

To diminish the effects of neutrophils in RA pathogenesis,
current pharmacological therapies targeting neutrophils in RA
are aimed at minimizing its inflammatory status in the sy-
novial fluid. There are a number of different agents used to
treat RA including non-steroidal anti-inflammatory drugs
(NSAIDs), and of disease-modifying anti-rheumatic drugs
(DMARDs), anti-TNF and anti-IL6 blocker [40]. TNF has pleio-
tropic effects on inflammation and neutrophil functions, such
as priming the neutrophil respiratory burst, increasing the
expression levels of other cytokines, chemokines and adhe-
sion molecules, and stimulating ROS production. Blocking
TNF activity, therefore, has the effect of blocking downstream
function of neutrophil activation [50]. Several studies have
demonstrated that NETs and their components are elevated in
RA patients and can therefore be used as biomarkers and
potential therapeutic targets [49]. Indeed, a recent report
showed that inhibiting NETs by a therapeutic anti-
citrullinated protein antibody (tACPA) leads to enhanced
clearance of NETs by macrophages, which then attenuated
tissue damage in the joints of a CIA mouse model [51]. Neu-
trophils play an integral role in RA and our ability to control its
function will greatly diminish its ‘destructive’ features within
the synovial space.

The role of NK cells in RA

Through their cytolytic capacity and generation of cytokines
and chemokines, natural killer (NK) cells are a type of innate
lymphoid cells (ILCs; see below) that play a critical role in
tumour surveillance and early host defense against viruses
[52]. A subset of NK cells accumulates in the inflamed RA sy-
novial membrane and contributes to bone destruction. These
cells are CD56""8" and can promote TNF production by CD14"
monocytes in a contact-dependent manner when activated
with IL-12, IL-15, or IL-18 [53]. Other studies have shown
increased expression of granzyme positive NK cells in early RA
synovial fluid (Sf) compared with osteoarthritis [54]. Gran-
zyme B plays a role in promoting autoimmunity, generating
new epitopes, and inducing direct cartilage damage. As such,
high serum levels of granzyme B have been shown to act as an
independent predictor of early erosion in RF-positive in-
dividuals [55].

Recent studies began exploring differences in NK cell
numbers, function and subsets between healthy donors and
RA patients. Lin et al. characterized function and phenotypes
of NK cells from peripheral blood of RA patients [56]. They
showed that NK cell percentage in PBMCs of RA patients is
higher than that of controls. This may be due to the higher
serum levels of IL-15 they observed in RA patients. They also
found decreased expression of NKp46 and CD62L, but
increased CD158b and CD158e expression on NK cells ob-
tained from RA patients versus controls [56]. Another study
identified differentially expressed genes in NK cells obtained
from RA patients versus healthy controls. NK cells isolated
from patients with RA expressed higher mRNA levels of CD56,
CXCL16, PECAM-1, ITGB7, BTK, TLR10, and IL-1B, but lower
levels of CCL2, CCR4, RELA and IBTK [57]. Yamin et al. showed
that subpopulations of NK cells can vary depending on the
severity of RA [58]. Activated synovial fluid (Sf)-NK cells in
patients with advanced RA constituted around 25% of all
lymphocytes, a much higher proportion than those in patients
with milder non-deformative disease [58]. Together, these
studies demonstrate that certain NK cell populations and
genes can be used as biomarkers for RA progression or
diagnosis.

Overall, NK cells play an important role in RA pathogenesis
and current investigations deciphering specific subtypes of
these cells along with their function in relation to RA mani-
festation may reveal novel therapy targets.

The role of innate lymphoid cells (ILCs) in RA

Innate lymphoid cells (ILCs) play an important role in in-
flammatory diseases including Crohn's disease, colorectal
cancer, psoriasis and arthritis [59,60]. These cells function as a
bridge between the innate and adaptive immune system and
are characterized by the absence of recombination activating
gene (RAG)-dependent rearranged antigen-specific receptors
[59]. ILCs are mainly found at barrier surfaces in the body
where they quickly respond to environmental stress signals,
and play a role in tissue remodelling, protection against
pathogens and tissue homeostasis [59,60]. There are three
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different groups of innate lymphocytes (ILCs): ILC1, ILC2, ILC3
[59]. NK cells, discussed above, belong to the first group.
Abnormal activation of ILCs (other than NKs) have been
shown to be the contributing factor to RA pathogenesis. So far,
there has been a limited number of studies supporting a role
for other ILCs in RA pathogenesis. A recent report examined
lymph node (LN) biopsy specimens from patients in the
earliest phases of RA. No difference was found in the fre-
quency of total ILCs, but patients with RA had greater
numbers of ILC1s and ILC3s in their LNs than the healthy
controls, and patients at risk of developing rheumatoid
arthritis had higher levels of ILC1. The findings indicate that
prior to the development and during the earliest phases of RA,
ILC distribution in LNs changes from a homeostatic profile
toward a more inflammatory one [61]. A more recent study,
however, demonstrated that ILC3 CCR6" cells contribute to RA
inflammation via excessive IL-17 and IL-22 production. Sam-
ples taken from a CIA mouse model (compared to control
mice) along with samples taken from the synovium of RA
patients (compared to healthy controls) indicated increased
levels of chemokine ligand 20 (CCL20), IL-17A, and IL-22 [62].
The significance of IL-17 in the synovium of RA and juvenile
idiopathic arthritis patients emphasizes a greater role for IL-17
in the overall manifestation of RA [63]. In contrast to ILC1 and
ILC3, ILC2 levels decrease in the synovium of RA patients,
while their number is higher in the joints/circulation when RA
patients are in remission. Further investigation showed that
ILC2 control Tgeg activity. In mice, in the absence of ILC2
proliferation, Tgreg Were inactive resulting in enhanced
inflammation and bone erosion. ILC2-induced Treg activity led
to resolution of inflammation and bone protection [64]. This
trend was consistent between mice and RA patients.

In summary both NK cells and ILCs are major contributing
cells to RA pathogenesis. Deviations from normal NK and ILCs
functions and composition may influence the severity of RA
manifestation.

Innate immune signaling drives RA
pathogenesis

Toll-like receptors (TLRs)

TLRs play a central role in regulating innate immunity and in
recent years their role in autoimmune diseases such as RA is
becoming clearer. TLRs represent a family of pattern recog-
nition receptors (PRRs) and are the front-line sensors of
danger signals that are released following injury or infection
[14]. It is postulated that harmful stimuli triggered by injury,
infection, stress, hypoxia or cell death, ignite tissue damage
and release of endogenous TLR ligands in the periphery. TLR2,
TLR4, TLR5, TLR7 and TLR8 are highly expressed by RA pe-
ripheral blood monocytes and synovial macrophages, and
ligation by their exogenous and endogenous ligands promotes
inflammatory responses [65]. The functions of TLR2 and TLR4
have been extensively studied in RA through the use of in vitro
systems and experimental models. Several Pathogen-
Associated Molecular Patterns (PAMPs), such as lip-
oarabinomannan (LAM), lipopolysaccharide (LPS), lipoteichoic
acid (LTA), peptidoglycan (PGN), and other glycolipids,

glycoproteins and lipoproteins, are activators of TLR2, while
TLR4 is activated by LPS, as well as fungal mannan and glu-
curonoxylmannan [65]. TLR2 expression is increased on pe-
ripheral blood CD16" monocytes as well as on synovial fluid
(SF)-macrophages of RA patients compared with health con-
trols [66]. Similarly, another group showed that TLR2 and TLR4
expression was higher on CD14+ SF macrophages of RA pa-
tients compared with healthy controls, and that TLR2 and
TLR4 ligation led to increased activation of SF macrophages
in vitro [67]. A study investigating blood taken from RA pa-
tients showed significantly increased expression levels of
TLR2 and IL-6 compared to healthy controls. However, TLR4
expression was not significantly different between RA and
healthy controls [68] indicating a more critical role for TLR2
than TLR4 in RA pathogenesis. Indeed, the importance of TLR2
in RA pathogenesis was highlighted by its ability to induce
synovial fibroblast migration, invasion and MMPs production
in vitro [69]. Although TLR2 and TLR4 function has been
implicated in RA pathogenesis, there is conflicting informa-
tion regarding association of SNPs of TLR2 and TLR4 with
severity of RA [70,71].

TLR5, which recognizes bacterial flagellin components,
correlates with TNF levels and RA disease activity as
measured by the DAS28, a clinical assessment of joint
inflammation and other factors [72]. Endosomal TLR3 is acti-
vated by viral double stranded (ds) RNA and can be activated
by dsRNA coming from necrotic cells in the RA synovium [73].
Altogether, the literature suggests that the pathogenic effect
of TLR3 is due to its differential expression in RA compared to
normal fibroblasts and its presence on myeloid cells is less
significant for disease progression [74,75]. Both TLR7 and TLR8
recognize ssRNA [76]. While expression of TLR7 is enhanced
by IL-17 and IL-8, LPS and IL-1 are responsible for increasing
the TLR8 levels in RA monocytes and macrophages [76]. TLR9
recognizes internalized bacterial DNA and non-methylated
CpG oligonucleotides [77]. Inhibition of TLR9 expression in a
rat model of RA along with studies involving TLR9 deficient
mice have shown delayed onset of arthritis and an overall
reduced level of bone erosion [78].

Regulation of TLR signaling pathways is very important for
disease outcomes [30,65]. TRAF1in the TRAF1-C5 region is the
third most strongly RA-associated locus in ACPA positive RA
according to GWAS data [79]. A follow up study showed that
monocytes from healthy donors with disease associated
TRAF1 SNPs were over-responsive to TLR4 stimulation and
produced more pro-inflammatory cytokines. Mechanistically,
the study revealed an unexpected role for TRAF1 in its nega-
tive regulation TLR signaling by interfering with linear ubiq-
uitination of IKKy (NEMO) [80].

TLR2 and TLR4 expression levels can be regulated by
microRNAs (miR), thereby affecting disease outcome. In RA
patients, fibroblast-like synoviocytes (FLS), which play a
central role in osteoarticular destruction, express several
TLRs but strongly upregulate TLR2 expression. Transfection
of this key effector cell with miR-19a/b led to reduced TLR2
expression and thus an overall reduction in the production
of IL-6 and matrix metalloproteinase 3 [81]. Similarly, Jian
et al. showed that miR-26a directly targets TLR3 leading to
reduced inflammation and bone erosion in animal models of
RA [82].
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In conclusion, binding of TLR ligands to responsive cells
can lead to chronic inflammation that results in cartilage and
bone destruction in RA. Novel approaches are currently being
tested to target TLR expression and signaling as potential
treatments for RA.

Inflammasomes

IL-1B and IL-18 are two potent cytokines that are released as a
part of the innate defense mechanism to invading pathogens.
However, excessive release of these cytokines, particularly IL-
1B, is associated with autoimmune disorders and septic shock
[83]. Therefore, it's not surprising that its secretion is tightly
regulated, where it requires a second independent signal to be
secreted. As with other cytokines, the first signal entails
transcription of the IL-1B gene, but the gene product, pro-IL1p
is not active. The second signal entails activation of the
inflammasome, a multimeric protein complex typically
comprised of a danger sensing receptor (NLR), an ASC adaptor
protein and the zymogen pro-caspase-1 [84]. Following
inflammasome assembly, caspase-1 is activated and directs
the cleavage of pro-IL1f and pro-IL18 into active and secreted
IL-1B and IL-18, respectively. Due to the various complexities
of danger signals, many different types of inflammasomes
have evolved — each with its own danger receptor. The ca-
nonical inflammasome can be nucleated by the NLR members
NLRP1, NLRP3 and NLRC4 or by the ALR member AIM2. Of the
inflammasomes that have been described, the NLRP3 inflam-
masome stands out for the large number of “molecular pat-
terns” it responds to and the large number of human diseases
in which it has been implicated [85]. Malfunctioning of the
NLRP3 inflammasome is a driver of autoimmune diseases like
gout, RA and lupus [86]. Moreover, IL-1B has long been impli-
cated in cartilage erosion and the prevention of chondrocyte
matrix formation (reviewed in (Abramson and Amin, 2002)).
Dysregulated activity of the NLRP3 inflammasome has
been associated with inflammatory joint diseases like osteo-
arthritis and gout as well (reviewed in Ref. [87,88]). However,
the relationship between the NLRP3 inflammasome and RA is
not conclusive. Various mouse models of RA have been
employed to study the pathogenesis of RA and the efficacy of
RA suppressive drugs. Zhang et al. employed a collagen
induced arthritis (CIA) model and showed that increased sy-
novial and serum NLRP3 expression increased in the early
onset of CIA and directly correlated with disease severity [89].
This conclusion was recently confirmed by another group
indicating increased inflammasome activity in the synovia of
RA patients and CIA mice. Increased inflammasome activity
led to increased inflammatory signature associated with RA,
whereas inhibition of inflammasome activity by MCC950 led
to significantly lower inflammation [90]. This is likely due to
the local inflammatory nature of this model compared to CIA.
Moreover, in the spontaneous RA model, A20MY¢!-X° myeloid-
cell specific deletion of the RA susceptibility gene A20/Tnfaip3,
led to increased NLRP3 mediated caspase-1 activation and IL-
1B secretion, which positively correlated with increased
arthritis pathology in these mice. This phenotype was rescued
by NLRP3, caspase-1 or IL-1 receptor (IL-1R) deletion [91].
Choulaki et al. demonstrated that the NLRP3 inflammasome
was overexpressed and overactivated in whole blood cell

samples of human RA patients when compared to healthy
controls [92]. On the other hand, a previous study utilizing
antigen induced arthritis (AIA) model showed that RA patho-
genesis is dependent on ASC but independent of other
inflammasome components such as NLRP3, NLRC4 and
caspase-1 [93]. This discrepancy might be due to a context
dependent role for NLRP3 inflammasome or because other
inflammasome, like NLRP1, play a more important or consis-
tent role in RA pathogenesis (reviewed in Ref. [88]).

In addition to innate immune cells, Ty17 cells of RA pa-
tients exhibited enhanced NLRP3 activation, which correlated
with increased IL-1B and IL-17 levels in RA sera. Inhibition of
NLRP3, caspase-1 and IL-1R led to decreased Ty17 differenti-
ation [94].

These studies showcase the possibility of inflammasomes
as a therapeutic target in RA patients. However, important
mechanistic insights and key intracellular signaling pathways
leading to inflammasome activation must be elucidated prior
to this becoming a reality.

Innate immune system as a treatment target for
RA

Over the past two decades, the treatment of RA has been
revolutionized by advances in the understanding of its path-
ologic mechanisms and the development of drugs that target
them. Biological agents that have been approved for RA ther-
apy include antibodies that target TNF, IL-6 or IL-1p activity as
well as therapeutics that block T cell function or deplete B
cells. We have already discussed some of these potential
therapies that target monocytes, macrophages and neutro-
phils above. However, more recent advances in the field of RA
treatment enables novel therapeutic approaches that target
TLRs, NLRP3 inflammasomes, ILCs and DCs. In spite of all this,
there are subsets of RA patients that do not respond to the
aforementioned strategies. RA is a complicated disease
caused by many genetic and environmental factors. There-
fore, the need persists for novel therapeutic approaches that
are more tailored, effective and less expensive.

A number of strategies can be utilized to abrogate TLR
driven inflammatory responses. These strategies include: 1)
use of soluble decoy receptors or neutralizing antibodies that
abolish the ligand and receptor binding, 2) suppressing the
production of endogenous ligands or TLR expression levels, 3)
inhibiting TLR linked downstream pathways and 4) inhibiting
TLR expression, in part through mi-RNAs. As TLRs play an
integral role in the innate immune response, ‘controlling’ the
overall contribution of these receptors can have major impact
on RA manifestation. Specific receptor targeting can lead to
diminished inflammation in RA patients.

Given the complex roles that DCs play in RA pathogenesis,
therapies targeting them are being developed to either block
the immunogenic or enhance tolerogenic functions of DCs
[95]. In a recent study involving a collagen-induced arthritis
(CIA) mouse model, treatment of bone marrow-derived DCs
(BMDCs) with the TNF blocker, etanercept, led to delayed
onset of arthritis and reduced arthritis symptoms [96].
Following LPS stimulation, etanercept-treated BMDCs failed to
mature and migrate to local lymph nodes resulting in overall
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reduced inflammatory cytokine production [96]. On the other
hand, therapies exploiting the tolerogenic abilities of DCs are
currently under development. Autologous ‘Tolerogenic’ DCs
(TolDC) are derived from RA patient's own myeloid precursors
ex vivo, loaded with antigen, and manipulated to suppress
autoreactive T cells and then injected back into the patient's
synovial joints. A Phase I clinical trial employing TolDCs
showed the feasibility of this approach [97]. Additional
research is exploring how to optimize this process. For
instance, maturation of TolDC in vitro after stimulation with
PAMPs (Monophosphoryl Lipid A (MPLA) or lipopolysaccharide
(LPS)) leads to enhanced stability of the tolerant phenotype as
well as the ability to suppress CD4 T cell responses in an
experimental arthritis model [98]. Another group showed that
preloading TolDC with heat shock proteins (HSP40-, HSP60-
and HSP70-derived peptides) may be a promising tool to
restore immune tolerance in RA patients by converting HSP-
specific CD4 T cells into anti-inflammatory Tgeg [99].

Future perspectives

Recent studies discussed here demonstrate that major ad-
vances have been made towards our understanding of how
innate immune cells and signaling drive RA pathogenesis and
showcase the complexity of this disease. Specific therapeutic
targeting the innate immune system as well as its effectors
and components can lead to reduced incidence and may
improve quality of life for RA patients. This, however, requires
additional mechanistic studies that investigate how metabolic
and epigenetic reprogramming of innate immune cells shape
their role in RA pathogenesis. This can potentially shed some
light into how environmental factors like smoking, physical
activity and infections alter the susceptibility to RA.

Given the heterogenous nature of innate immune cells,
especially monocytes, macrophages and dendritic cells, major
advances in single cell RNA sequencing (scRNAseq) technol-
ogy may be instrumental in identifying the contribution of the
various innate immune cell subsets to RA pathogenesis. Such
studies can potentially delineate the evolving role of these
subsets throughout the course of the disease. Finally, studies
examining how macrophage polarization in the inflamed
joints as the disease progresses can offer significant insights
into the complex and central role of these cells in RA.

Funding

This work was support by grants STAR-18-0276 from the
Arthritis Society and by FRN-162106 and FRN-163885 from the
Canadian Institute for Health Research (CIHR) to AA-S, and by
grant TPF-19-0507 to AA.

Conflicts of interest

The authors have declared that no competing interests exist.

REFERENCES

[1] Firestein GS. Evolving concepts of rheumatoid arthritis.
Nature 2003;423:356—61.

[2] Alamanos Y, Drosos AA. Epidemiology of adult rheumatoid

arthritis. Autoimmun Rev 2005;4:130—6.

Miiller-Ladner U, Pap T, Gay RE, Neidhart M, Gay S.

Mechanisms of Disease: the molecular and cellular basis of

joint destruction in rheumatoid arthritis. Nat Rev Rheumatol

2005;1:102—10.

McInnes IB, Buckley CD, Isaacs JD. Cytokines in rheumatoid

arthritis — shaping the immunological landscape. Nat Rev

Rheumatol 2016;12:63—8.

Klareskog L, Padyukov L, Ronnelid ], Alfredsson L. Genes,

environment and immunity in the development of

rheumatoid arthritis. Curr Opin Immunol 2006;18:650—5.

Deighton CM, Walker D], Griffiths ID, Roberts DF. The

contribution of HLA to rheumatoid arthritis. Clin Genet

1989;36:178—82.

Okada Y, Wu D, Trynka G, Raj T, Terao C, Ikari K, et al.

Genetics of rheumatoid arthritis contributes to biology and

drug discovery. Nature 2014;506:376—81.

[8] Kim K, Bang SY, Lee HS, Bae SC. Update on the genetic

architecture of rheumatoid arthritis. Nat Rev Rheumatol

2017;13:13—-24.

Karami J, Aslani S, Jamshidi A, Garshasbi M, Mahmoudi M.

Genetic implications in the pathogenesis of rheumatoid

arthritis; an updated review. Gene 2019;702:8—16.

[10] van Delft MAM, Huizinga TW]. An overview of
autoantibodies in rheumatoid arthritis. ] Autoimmun
2020:102392.

[11] Alivernini S, Galeazzi M, Peleg H, Tolusso B, Gremese E,
Ferraccioli G, et al. Is ACPA positivity the main driver for
rheumatoid arthritis treatment? Pros and cons. Autoimmun
Rev 2017;16:1096—102.

[12] Alpizar-Rodriguez D, Finckh A. Environmental factors and
hormones in the development of rheumatoid arthritis.
Semin Immunopathol 2017;39:461-8.

[13] Mathew AJ, Ravindran V. Infections and arthritis. Best Pract
Res Clin Rheumatol 2014;28:935—59.

[14] Saferding V, Bliiml S. Innate immunity as the trigger of
systemic autoimmune diseases. ] Autoimmun 2019:102382.

[15] Narasimhan PB, Marcovecchio P, Hamers AAJ, Hedrick CC.
Nonclassical monocytes in health and disease. Annu Rev
Immunol 2019;37:439-56.

[16] Lambrou GI, Hatziagapiou K, Vlahopoulos S. Inflammation
and tissue homeostasis: the NF-«kB system in physiology and
malignant progression. Mol Biol Rep 2020;47:4047—63.

[17] Patel DD, Zachariah JP, Whichard LP. CXCR3 and CCR5
ligands in rheumatoid arthritis synovium. Clin Immunol
2001,98:39—45.

[18] Ardura JA, Rackov G, Izquierdo E, Alonso V, Gortazar AR,
Escribese MM. Targeting macrophages: friends or foes in
disease? Front Pharmacol 2019;10:1255.

[19] Siouti E, Andreakos E. The many facets of macrophages in
rheumatoid arthritis. Biochem Pharmacol 2019;165:152—69.

[20] Udalova IA, Mantovani A, Feldmann M. Macrophage
heterogeneity in the context of rheumatoid arthritis. Nat Rev
Rheumatol 2016;12:472—85.

[21] Elshabrawy HA, Chen Z, Volin MV, Ravella S, Virupannavar S,
Shahrara S. The pathogenic role of angiogenesis in
rheumatoid arthritis. Angiogenesis 2015;18:433—48.

[22] Van Raemdonck K, Umar S, Palasiewicz K, Volkov S,

Volin MV, Arami S, et al. CCL21/CCR?7 signaling in
macrophages promotes joint inflammation and Th17-
mediated osteoclast formation in rheumatoid arthritis. Cell
Mol Life Sci 2020;77:1387—99.

3

4

[5

6

[7

[9


http://refhub.elsevier.com/S2319-4170(20)30098-6/sref1
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref1
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref1
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref2
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref2
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref2
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref3
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref3
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref3
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref3
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref3
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref4
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref4
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref4
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref4
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref4
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref5
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref5
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref5
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref5
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref5
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref6
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref6
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref6
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref6
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref7
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref7
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref7
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref7
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref8
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref8
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref8
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref8
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref9
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref9
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref9
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref9
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref10
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref10
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref10
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref11
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref11
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref11
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref11
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref11
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref12
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref12
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref12
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref12
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref13
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref13
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref13
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref14
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref14
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref15
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref15
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref15
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref15
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref16
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref16
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref16
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref16
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref17
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref17
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref17
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref17
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref18
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref18
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref18
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref19
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref19
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref19
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref20
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref20
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref20
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref20
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref21
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref21
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref21
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref21
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref22
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref22
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref22
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref22
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref22
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref22
https://doi.org/10.1016/j.bj.2020.06.010
https://doi.org/10.1016/j.bj.2020.06.010

180

BIOMEDICAL JOURNAL 44 (2021) 172—182

(23]

(24]
(23]

[26]

(27]

(28]

(29]
(30]
(31]

(32]

(331

(34]

(33]

(36]

(37]

(38]

(39]

40]

(41]

(42]

Tak PP, Bresnihan B. The pathogenesis and prevention of
joint damage in rheumatoid arthritis: advances from
synovial biopsy and tissue analysis. Arthritis Rheum
2000;43:2619—-33.

Epelman S, Lavine KJ, Randolph GJ. Origin and functions of
tissue macrophages. Immunity 2014;41:21—-35.

Davies LC, Jenkins SJ, Allen JE, Taylor PR. Tissue-resident
macrophages. Nat Immunol 2013;14:986—95.

Locati M, Mantovani A, Sica A. Chapter six - macrophage
activation and polarization as an adaptive component of
innate immunity. In: Murphy KM, Merad M, editors.
Advances in immunology, vol. 120. Academic Press; 2013.
p. 163—84.

Tardito S, Martinelli G, Soldano S, Paolino S, Pacini G,
Patane M, et al. Macrophage M1/M2 polarization and
rheumatoid arthritis: a systematic review. Autoimmun Rev
2019;18:102397.

Gratchev A, Guillot P, Hakiy N, Politz O, Orfanos CE,
Schledzewski K, et al. Alternatively activated macrophages
differentially express fibronectin and its splice variants and
the extracellular matrix protein betalG-H3. Scand J Immunol
2001;53:386—92.

Iberg CA, Jones A, Hawiger D. Dendritic cells as inducers of
peripheral tolerance. Trends Immunol 2017;38:793—-804.
Iwasaki A, Medzhitov R. Control of adaptive immunity by the
innate immune system. Nat Immunol 2015;16:343—53.

Yu MB, Langridge WHR. The function of myeloid dendritic
cells in rheumatoid arthritis. Rheumatol Int 2017;37:1043—51.
Eisenbarth SC. Dendritic cell subsets in T cell programming:
location dictates function. Nat Rev Immunol
2019;19:89—103.

Page G, Miossec P. Paired synovium and lymph nodes from
rheumatoid arthritis patients differ in dendritic cell and
chemokine expression. J Pathol 2004;204:28—38.

Lutzky V, Hannawi S, Thomas R. Cells of the synovium in
rheumatoid arthritis. Dendritic cells. Arthritis Res Ther
2007;9:219.

Reynolds G, Gibbon JR, Pratt AG, Wood M]J, Coady D,
Raftery G, et al. Synovial CD4+ T-cell-derived GM-CSF
supports the differentiation of an inflammatory dendritic
cell population in rheumatoid arthritis. Ann Rheum Dis
2016;75:899—-907.

Segura E, Amigorena S. [Inflammatory dendritic cells]. Med
Sci 2014;30:64—8.

Shabgah AG, Shariati-Sarabi Z, Tavakkol-Afshari J,
Mohammadi M. The role of BAFF and APRIL in rheumatoid
arthritis. J Cell Physiol 2019;234:17050—63.

van Duivenvoorde LM, Louis-Plence P, Apparailly F, van der
Voort EIH, Huizinga TWJ, Jorgensen C, et al. Antigen-specific
immunomodulation of collagen-induced arthritis with
tumor necrosis factor-stimulated dendritic cells. Arthritis
Rheum 2004;50:3354—64.

Charbonnier L-M, van Duivenvoorde LM, Apparailly F,
Cantos C, Han WGH, Noél D, et al. Immature dendritic cells
suppress collagen-induced arthritis by in vivo expansion of
CD49b+ regulatory T cells. ] Immunol 2006;177:3806—13.
Cecchi I, Arias de la Rosa I, Menegatti E, Roccatello D,
Collantes-Estevez E, Lopez-Pedrera C, et al. Neutrophils:
novel key players in Rheumatoid Arthritis. Current

and future therapeutic targets. Autoimmun Rev
2018;17:1138—49.

Cedergren J, Forslund T, Sundqgvist T, Skogh T. Intracellular
oxidative activation in synovial fluid neutrophils from
patients with rheumatoid arthritis but not from other
arthritis patients. ] Rheumatol 2007;34:2162—70.

Cascao R, Rosario HS, Souto-Carneiro MM, Fonseca JE.
Neutrophils in rheumatoid arthritis: more than simple final
effectors. Autoimmun Rev 2010;9:531—5.

(43]

[44

(45]

[46]

(47]

(48]

(49]

(0]

(51]

(52]

(53]

(54]

[55]

[56]

(571

(58]

(591

(60]

Vossenaar ER, Nijenhuis S, Helsen MMA, van der Heijden A,
Senshu T, van den Berg WB, et al. Citrullination of synovial
proteins in murine models of rheumatoid arthritis. Arthritis
Rheum 2003;48:2489—500.

Suzuki A, Kochi Y, Shoda H, Seri Y, Fujio K, Sawada T, et al.
Decreased severity of experimental autoimmune arthritis in
peptidylarginine deiminase type 4 knockout mice. BMC
Muscoskel Disord 2016;17:205.

Greenlee-Wacker MC. Clearance of apoptotic neutrophils
and resolution of inflammation. Immunol Rev
2016;273:357—70.

Weinmann P, Moura RA, Caetano-Lopes JR, Pereira PA,
Canhao H, Queiroz MV, et al. Delayed neutrophil
apoptosis in very early rheumatoid arthritis patients is
abrogated by methotrexate therapy. Clin Exp Rheumatol
2007;25:885—7.

Kolaczkowska E, Kubes P. Neutrophil recruitment and
function in health and inflammation. Nat Rev Immunol
2013;13:159—-75.

Fousert E, Toes R, Desai J. Neutrophil extracellular traps
(NETs) take the central stage in driving autoimmune
responses. Cells 2020;9:915.

Zhang L, Yuan Y, Xu Q, Jiang Z, Chu CQ. Contribution of
neutrophils in the pathogenesis of rheumatoid arthritis. J
Biomed Res 2019;34:86—93.

Taylor PC, Peters AM, Paleolog E, Chapman PT, Elliott MJ,
McCloskey R, et al. Reduction of chemokine levels and
leukocyte traffic to joints by tumor necrosis factor « blockade
in patients with rheumatoid arthritis. Arthritis Rheum
2000;43:38—47.

Chirivi RGS, van Rosmalen JWG, van der Linden M, Euler M,
Schmets G, Bogatkevich G, et al. Therapeutic ACPA inhibits
NET formation: a potential therapy for neutrophil-mediated
inflammatory diseases. Cell Mol Immunol Forthcoming 2020.
Cerwenka A, Lanier LL. Natural killer cell memory in
infection, inflammation and cancer. Nat Rev Immunol
2016;16:112—-23.

Dalbeth N, Gundle R, Davies RJO, Lee YCG, McMichael AJ,
Callan MFC. CD56bright NK cells are enriched at
inflammatory sites and can engage with monocytes in a
reciprocal program of activation. ] Immunol
2004;173:6418—26.

Tak PP, Kummer JA, Hack CE, Daha MR, Smeets TJ,
Erkelens GW, et al. Granzyme-positive cytotoxic cells are
specifically increased in early rheumatoid synovial tissue.
Arthritis Rheum 1994;37:1735—43.

Goldbach-Mansky R, Suson S, Wesley R, Hack C, El-
Gabalawy H, Tak P. Raised granzyme B levels are associated
with erosions in patients with early rheumatoid factor
positive rheumatoid arthritis. Ann Rheum Dis
2005;64:715-21.

Lin SJ, Hsu CY, Kuo ML, Lee PT, Hsiao HS, Chen JY.
Phenotypic and functional characterization of natural killer
cells in rheumatoid arthritis-regulation with interleukin-15.
Sci Rep 2020;10:5858.

Elemam NM, Hachim MY, Hannawi S, Maghazachi AA.
Differentially expressed genes of natural killer cells can
distinguish rheumatoid arthritis patients from healthy
controls. Genes (Basel) 2020;11:492.

Yamin R, Berhani O, Peleg H, Aamar S, Stein N, Gamliel M,
et al. High percentages and activity of synovial fluid NK cells
present in patients with advanced stage active Rheumatoid
Arthritis. Sci Rep 2019;9:1351.

Vivier E, Artis D, Colonna M, Diefenbach A, Di Santo JP,
Eberl G, et al. Innate lymphoid cells: 10 Years on. Cell
2018;174:1054—66.

Fang W, Zhang Y, Chen Z. Innate lymphoid cells in
inflammatory arthritis. Arthritis Res Ther 2020;22:25.


http://refhub.elsevier.com/S2319-4170(20)30098-6/sref23
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref23
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref23
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref23
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref23
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref24
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref24
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref24
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref25
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref25
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref25
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref26
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref26
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref26
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref26
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref26
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref26
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref27
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref27
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref27
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref27
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref28
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref28
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref28
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref28
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref28
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref28
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref29
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref29
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref29
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref30
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref30
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref30
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref31
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref31
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref31
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref32
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref32
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref32
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref32
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref33
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref33
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref33
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref33
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref34
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref34
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref34
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref35
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref35
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref35
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref35
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref35
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref35
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref35
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref36
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref36
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref36
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref37
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref37
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref37
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref37
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref38
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref38
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref38
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref38
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref38
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref38
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref39
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref39
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref39
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref39
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref39
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref39
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref39
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref40
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref40
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref40
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref40
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref40
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref40
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref41
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref41
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref41
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref41
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref41
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref42
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref42
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref42
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref42
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref42
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref42
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref43
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref43
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref43
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref43
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref43
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref44
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref44
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref44
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref44
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref45
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref45
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref45
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref45
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref46
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref46
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref46
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref46
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref46
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref46
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref46
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref47
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref47
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref47
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref47
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref48
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref48
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref48
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref49
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref49
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref49
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref49
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref50
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref50
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref50
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref50
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref50
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref50
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref51
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref51
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref51
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref51
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref52
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref52
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref52
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref52
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref53
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref53
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref53
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref53
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref53
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref53
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref54
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref54
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref54
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref54
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref54
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref55
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref55
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref55
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref55
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref55
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref55
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref56
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref56
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref56
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref56
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref57
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref57
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref57
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref57
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref58
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref58
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref58
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref58
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref59
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref59
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref59
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref59
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref60
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref60
https://doi.org/10.1016/j.bj.2020.06.010
https://doi.org/10.1016/j.bj.2020.06.010

BIOMEDIGAL JOURNAL 44 (2021) 172-182 181

(61]

(62]

(63]

(64]

(6]

(66]

(671

(68]

(6]

[70]

(71]

(72]

(73]

(74]

(75]

[76]

(771

Rodriguez-Carrio ], Hahnlein JS, Ramwadhdoebe TH,
Semmelink JF, Choi 1Y, van Lienden KP, et al. Brief report:
altered innate lymphoid cell subsets in human lymph
node biopsy specimens obtained during the at-risk and
earliest phases of rheumatoid arthritis. Arthritis
Rheumatol 2017;69:70—6.

Takaki-Kuwahara A, Arinobu Y, Miyawaki K, Yamada H,
Tsuzuki H, Irino K, et al. CCR6+ group 3 innate lymphoid
cells accumulate in inflamed joints in rheumatoid arthritis
and produce Th17 cytokines. Arthritis Res Ther 2019;21:198.
Rosser EC, Lom H, Bending D, Duurland CL, Bajaj-Elliott M,
Wedderburn LR. Innate lymphoid cells and T cells contribute
to the interleukin-17a signature detected in the synovial fluid
of patients with juvenile idiopathic arthritis. Arthritis
Rheumatol 2019;71:460—7.

Rauber S, Luber M, Weber S, Maul L, Soare A, Wohlfahrt T,
et al. Resolution of inflammation by interleukin-9-producing
type 2 innate lymphoid cells. Nat Med 2017;23:938—44.
Kawai T, Akira S. Toll-like receptors and their crosstalk with
other innate receptors in infection and immunity. Immunity
2011,;34:637-50.

Iwahashi M, Yamamura M, Aita T, Okamoto A, Ueno A,
Ogawa N, et al. Expression of Toll-like receptor 2 on CD16+
blood monocytes and synovial tissue macrophages in
rheumatoid arthritis. Arthritis Rheum 2004;50:1457—67.
Huang Q, Ma Y, Adebayo A, Pope RM. Increased macrophage
activation mediated through toll-like receptors in
rheumatoid arthritis. Arthritis Rheum 2007;56:2192—201.
Eser B, Sahin N. Evaluation of tool-like receptor-2 and 4 and
interleukin-6 gene expressions in Turkish rheumatoid
arthritis patients. Clin Rheumatol 2016;35:2693—7.

McGarry T, Veale DJ, Gao W, Orr C, Fearon U, Connolly M.
Toll-like receptor 2 (TLR2) induces migration and invasive
mechanisms in rheumatoid arthritis. Arthritis Res Ther
2015;17:153.

Jaen O, Petit-Teixeira E, Kirsten H, Ahnert P, Semerano L,
Pierlot C, et al. No evidence of major effects in several Toll-
like receptor gene polymorphisms in rheumatoid arthritis.
Arthritis Res Ther 2009;11:R5.

Davis MLR, LeVan TD, Yu F, Sayles H, Sokolove J,

Robinson W, et al. Associations of toll-like receptor (TLR)-4
single nucleotide polymorphisms and rheumatoid arthritis
disease progression: an observational cohort study. Int
Immunopharm 2015;24:346—52.

Chamberlain ND, Vila OM, Volin MV, Volkov S, Pope RM,
Swedler W, et al. TLR5, a novel and unidentified
inflammatory mediator in rheumatoid arthritis that
correlates with disease activity score and joint TNF-« levels. |
Immunol 2012;189:475—83.

Brentano F, Schorr O, Gay RE, Gay S, Kyburz D. RNA released
from necrotic synovial fluid cells activates rheumatoid
arthritis synovial fibroblasts via Toll-like receptor 3. Arthritis
Rheum 2005;52:2656—65.

Li X, Xu T, Wang Y, Huang C, LiJ. Toll-like receptor (TLR)-3: a
potent driving force behind rheumatoid arthritis. Clin
Rheumatol 2014;33:291—2.

Roelofs MF, Wenink MH, Brentano F, Abdollahi-Roodsaz S,
Oppers-Walgreen B, Barrera P, et al. Type I interferons might
form the link between Toll-like receptor (TLR) 3/7 and TLR4-
mediated synovial inflammation in rheumatoid arthritis
(RA). Ann Rheum Dis 2009;68:1486—93.

Chamberlain ND, Kim S, Vila OM, Volin MV, Volkov S,

Pope RM, et al. Ligation of TLR7 by rheumatoid arthritis
synovial fluid single strand RNA induces transcription of
TNFa in monocytes. Ann Rheum Dis 2013;72:418-26.

Veiko NN, Shubaeva NO, Ivanova SM, Speranskii Al,
Lyapunova NA, Spitkovskii DM. Blood serum DNA in patients
with rheumatoid arthritis is considerably enriched with

fragments of ribosomal repeats containing
immunostimulatory CpG-motifs. Bull Exp Biol Med
2006;142:313—6.

[78] Fischer A, Abdollahi-Roodsaz S, Bohm C, Niederreiter B,
Meyer B, Yau ACY, et al. The involvement of Toll-like
receptor 9 in the pathogenesis of erosive autoimmune
arthritis. J Cell Mol Med 2018;22:4399—409.

[79] Plenge RM, Seielstad M, Padyukov L, Lee AT, Remmers EF,
Ding B, et al. TRAF1-C5 as a risk locus for rheumatoid
arthritis-a genomewide study. N Engl ] Med
2007;357:1199—209.

[80] Abdul-Sater AA, Edilova MI, Clouthier DL, Mbanwi A,
Kremmer E, Watts TH. The signaling adaptor TRAF1
negatively regulates Toll-like receptor signaling and this
underlies its role in rheumatic disease. Nat Immunol
2017;18:26—35.

[81] Philippe L, Alsaleh G, Suffert G, Meyer A, Georgel P, Sibilia J,
et al. TLR2 expression is regulated by microRNA miR-19 in
rheumatoid fibroblast-like synoviocytes. ] Immunol
2012;188:454—61.

[82] Jiang C, Zhu W, Xu ], Wang B, Hou W, Zhang R,
et al. MicroRNA-26a negatively regulates toll-like
receptor 3 expression of rat macrophages and
ameliorates pristane induced arthritis in rats. Arthritis
Res Ther 2014;16:R9.

[83] Dinarello CA. Interleukin-1 beta, interleukin-18, and the
interleukin-1 beta converting enzyme. Ann N Y Acad Sci
1998;856:1—11.

[84] Abdul Sater A, Philpott D. Inflammasomes. In:

Ratcliffe Michael JH, editor. Encyclopedia of Immunobiology.
Cambridge: Academic Press; 2016. p. 447—53.

[85] Broz P, Dixit VM. Inflammasomes: mechanism of assembly,
regulation and signalling. Nat Rev Immunol 2016;16:407—20.

[86] Zhong Z, Sanchez-Lopez E, Karin M. Autophagy, NLRP3
inflammasome and auto-inflammatory/immune diseases.
Clin Exp Rheumatol 2016;34:12—6.

[87] Shin JI, Lee KH, Joo YH, Lee JM, Jeon J, Jung HJ, et al.
Inflammasomes and autoimmune and rheumatic diseases: a
comprehensive review. ] Autoimmun 2019;103:102299.

[88] Spel L, Martinon F. Inflammasomes contributing to
inflammation in arthritis. Immunol Rev 2020;294:48—62.

[89] Zhang Y, Zheng Y, Li H. NLRP3 inflammasome plays an
important role in the pathogenesis of collagen-induced
arthritis. Mediat Inflamm 2016;2016:9656270.

[90] Guo C, Fu R, Wang S, Huang Y, Li X, Zhou M, et al. NLRP3
inflammasome activation contributes to the pathogenesis
of rheumatoid arthritis. Clin Exp Immunol
2018;194:231—-43.

[91] Vande Walle L, Van Opdenbosch N, Jacques P, Fossoul A,
Verheugen E, Vogel P, et al. Negative regulation of the NLRP3
inflammasome by A20 protects against arthritis. Nature
2014,512:69—73.

[92] Choulaki C, Papadaki G, Repa A, Kampouraki E, Kambas K,
Ritis K, et al. Enhanced activity of NLRP3 inflammasome in
peripheral blood cells of patients with active rheumatoid
arthritis. Arthritis Res Ther 2015;17:257.

[93] Kolly L, Karababa M, Joosten LAB, Narayan S, Salvi R,
pétrilli V, et al. Inflammatory role of ASC in antigen-induced
arthritis is independent of caspase-1, NALP-3, and IPAF. ]
Immunol 2009;183:4003—12.

[94] Zhao C, Gu 'Y, Zeng X, Wang J. NLRP3 inflammasome
regulates Th17 differentiation in rheumatoid arthritis. Clin
Immunol 2018;197:154—60.

[95] Khan S, Greenberg JD, Bhardwaj N. Dendritic cells as targets
for therapy in rheumatoid arthritis. Nat Rev Rheumatol
2009;5:566—71.

[96] Huang X, He Y, Han J, Zhuang J, He ], Sun E. Not only anti-
inflammation, etanercept abrogates collagen-induced


http://refhub.elsevier.com/S2319-4170(20)30098-6/sref61
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref61
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref61
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref61
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref61
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref61
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref61
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref61
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref62
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref62
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref62
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref62
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref62
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref63
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref63
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref63
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref63
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref63
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref63
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref64
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref64
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref64
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref64
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref65
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref65
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref65
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref65
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref66
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref66
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref66
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref66
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref66
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref67
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref67
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref67
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref67
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref68
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref68
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref68
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref68
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref69
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref69
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref69
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref69
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref70
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref70
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref70
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref70
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref71
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref71
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref71
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref71
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref71
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref71
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref72
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref72
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref72
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref72
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref72
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref72
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref73
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref73
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref73
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref73
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref73
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref74
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref74
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref74
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref74
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref75
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref75
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref75
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref75
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref75
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref75
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref76
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref76
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref76
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref76
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref76
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref77
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref77
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref77
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref77
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref77
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref77
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref77
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref78
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref78
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref78
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref78
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref78
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref78
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref79
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref79
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref79
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref79
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref79
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref80
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref80
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref80
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref80
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref80
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref80
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref81
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref81
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref81
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref81
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref81
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref82
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref82
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref82
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref82
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref82
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref83
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref83
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref83
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref83
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref84
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref84
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref84
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref84
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref85
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref85
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref85
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref86
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref86
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref86
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref86
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref87
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref87
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref87
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref88
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref88
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref88
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref89
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref89
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref89
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref90
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref90
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref90
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref90
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref90
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref91
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref91
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref91
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref91
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref91
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref92
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref92
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref92
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref92
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref93
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref93
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref93
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref93
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref93
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref93
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref94
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref94
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref94
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref94
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref95
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref95
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref95
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref95
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref96
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref96
https://doi.org/10.1016/j.bj.2020.06.010
https://doi.org/10.1016/j.bj.2020.06.010

182 BIOMEDICAL JOURNAL 44 (2021) 172—182

arthritis by inhibiting dendritic cell migration and
maturation. Cent Eur ] Immunol 2019;44:237—45.

[97] Bell GM, Anderson AE, Diboll ], Reece R, Eltherington O, Harry RA,
et al. Autologous tolerogenic dendritic cells for rheumatoid and
inflammatory arthritis. Ann Rheum Dis 2017;76:227—34.

[98] Jansen MAA, Spiering R, Ludwig IS, van Eden W,

Hilkens CMU, Broere F. Matured tolerogenic dendritic cells

[99]

effectively inhibit autoantigen specific CD4+ T cells in a
murine arthritis model. Front Immunol 2019;10:2068.
Spiering R, Jansen MAA, Wood MJ, Fath AA,
Eltherington O, Anderson AE, et al. Targeting of
tolerogenic dendritic cells to heat-shock proteins in
inflammatory arthritis. ] Transl Med 2019;17:375.


http://refhub.elsevier.com/S2319-4170(20)30098-6/sref96
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref96
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref96
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref97
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref97
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref97
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref97
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref98
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref98
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref98
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref98
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref98
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref99
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref99
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref99
http://refhub.elsevier.com/S2319-4170(20)30098-6/sref99
https://doi.org/10.1016/j.bj.2020.06.010
https://doi.org/10.1016/j.bj.2020.06.010

	Innate immunity drives pathogenesis of rheumatoid arthritis
	The role of monocytes and macrophages in RA pathogenesis
	The complex roles of dendritic cells in RA
	The role of neutrophils in RA
	The role of NK cells in RA
	The role of innate lymphoid cells (ILCs) in RA
	Innate immune signaling drives RA pathogenesis
	Toll-like receptors (TLRs)
	Inflammasomes

	Innate immune system as a treatment target for RA
	Future perspectives
	Funding
	Conflicts of interest
	References


