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Rheumatoid arthritis (RA) is an inflammatory autoimmune disease characterized by the presence of autoantibodies against
citrullinated protein antigens and proinflammatory cytokines which cause chronic synovitis, bone erosion, and eventual
deformity; however, the precise etiology of RA is unclear. In the early stage of RA, neutrophils migrate into the articular cavity,
become activated, and exert their function in an inflammatory process, suggesting an essential role of neutrophils in the initial
events contributing to the pathogenesis of RA. Solid evidence exists that supports the contribution of neutrophil extracellular
traps (NETs) to the production of autoantibodies against citrullinated proteins which can trigger the immune reaction in RA.
Concurrently, proinflammatory cytokines regulate the neutrophil migration, apoptosis, and NET formation. As a result, the
inflammatory neutrophils produce more cytokines and influence other immune cells thereby perpetuating the inflammatory
condition in RA. In this review, we summarize the advances made in improving our understanding of neutrophil migration,
apoptosis, and NET formation in the presence of an RA inflammatory milieu. We will also discuss the most recent strategies in
modulating the inflammatory microenvironment that have an impact on neutrophil function which may provide alternative
novel therapies for RA.

1. Introduction

Rheumatoid arthritis (RA) is an autoimmune disease charac-
terized by the presence of autoantibodies against citrullinated
protein antigens (ACPAs) and proinflammatory cytokines
which cause chronic synovitis, bone erosion, and eventual
deformity. In the early stage of RA, there is a large infiltrate
of neutrophils to the articular cavity, accumulating in both
synovial tissue and fluid [1]. The presence of neutrophils in
the synovial area correlates with the early clinical manifesta-
tions of joint inflammation, suggesting that neutrophils play
a significant role in the initiation of RA [2]. Neutrophils are
the first cells attracted by chemotactic cytokines and thus
are quickly recruited into sites of infection or inflammation.
As a member of the phagocytic innate immune system,
neutrophils play an indispensable role during infection,
injury, autoimmunity, and chronic disease. Neutrophils
within circulating blood are captured by adhesion molecules
on the endothelial surface of blood vessels and migrate from
the bloodstream into pathological sites where invading

pathogens are recognized by the host [3]. Neutrophils fulfill
their protective functions through phagocytosis and release
of granular enzymes and reactive oxygen species (ROS) as
well as producing web-like structures called neutrophil
extracellular traps (NETs) [4]. The release of granular
enzymes and ROS into the extracellular space can cause
damage to host tissues during inflammation [5]. Effective
constitutive apoptosis of these cells is required for the reso-
lution of inflammation. NETosis is a special type of neutro-
phil death which can produce NETs composed of a network
of extracellular DNA fibers, histone proteins, elastase, and
myeloperoxidase. NETs help neutrophils to immobilize
and ensnare bacteria, fungi, or viruses, which results in a
more effective elimination of these pathogens. It is reported
that RA synovial fluid neutrophils show increased NETosis.
Neutrophils from patients with RA are preactivated by
immune complexes such as rheumatoid factor (RF), result-
ing in excessive ROS release, degranulation, and NETosis
ex vivo [6]. Thus, the activation of neutrophils is associated
with the initial inflammation in RA.
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In addition, NETs can serve as a potential major source of
citrullinated autoantigens which can trigger the development
of autoimmune disease such as RA [7]. In recent years, stud-
ies have found that the formation of NETs is associated with
autoantigens being detected in patients with RA. NET forma-
tion may drive ACPA production in the lung and promote
the development of the early stage of RA [8]. Furthermore,
it is reported that increased sputum NET levels are related
to several citrullinated antibody reactivities in patients with
RA [9]. Citrullinated autoantigens contained in NETs can
be taken up by fibroblast-like synoviocytes (FLS) and pre-
sented to T cells in a major histocompatibility complex
(MHC) II-dependent manner, leading to amplified antigen-
specific T and B cell responses in RA [10]. Therefore, neutro-
phils may act as a bridge connecting FLS to T cell-mediated
responses. In RA, the hallmark profile is the markedly
increased proinflammatory cytokines which may regulate
the neutrophil functions such as migration, apoptosis, and
the formation of NETs [11–13]. In addition, activated neu-
trophils in the inflamed tissue can express a wide variety of
proinflammatory cytokines and chemokines, which are also
important to RA pathogenesis and neutrophils themselves
[14]. For example, neutrophil-derived production of IL-8
(also known as CXCL8) leads to further rounds of neutrophil
migration from the circulation, which enhances the inflam-
matory process [15]. In this review, we summarize the
advances made in improving our understanding of neutro-
phil migration, apoptosis, and NET formation in the pres-
ence of an RA inflammatory milieu. We will also discuss
the most recent strategies in targeting cytokines to modulate
the function of neutrophils which may provide alternative
novel therapies for RA.

2. Neutrophil Migration in RA

Neutrophils are major components in the synovial fluid of
RA patients making up to 90% of cells. These cells are also
abundant at the junction of the pannus and cartilage, where
invasion occurs [16]. During the past decades, it has been
reported that neutrophil depletion can greatly inhibit the
development of arthritis in two different murine models,
collagen antibody-induced arthritis (AIA) and the K/BxN
models [2, 17]. Therefore, it is suggested that neutrophils
play a crucial role in initiating the inflammatory response
and the progression of arthritis in RA. It is important to
know which cytokines can affect the neutrophil migration.
By blocking or weakening the migration of neutrophil into
the inflamed tissue, one would predict that this would lead
to a decrease in disease activity of RA, thereby developing a
new strategy for the treatment of RA.

It is well accepted that factors including cytokines, che-
mokines, and immune complexes (RF and ACPA) can
contribute to the process of neutrophil migration. In this
review, we focus on the cytokines that can orchestrate
neutrophil migration in human RA and animal arthritis
models. In RA, cytokines such as tumor necrosis factor
alpha (TNF-α), interleukin-6 (IL-6), IL-17a, IL-22, IL-23,
IL-1β, IL-8, interferon-γ (IFN-γ), granulocyte/macrophage
colony-stimulating factor (GM-CSF), granulocyte colony-

stimulating factor (G-CSF), IL-15, IL-18, IL-33, and IL-37
[11, 13, 18–36] are all detected either in the serum or in the
synovial fluids of these patients. Thus, we discuss the impact
of these cytokines on neutrophil migration in RA separately
(Table 1).

2.1. TNF-α Enhances the Neutrophil Migration in RA. It is
well known that TNF-α and IL-6 are two of the most
predominant proinflammatory cytokines involved in the
pathogenesis of RA. Anti-TNF-α and anti-IL-6R agents have
been proven to be clinically useful in the disease control of
RA. It is reported that TNF-α and IL-6 can both enhance
the RA neutrophil migration in vitro [11, 21]. An additional
study also finds that treatment with an anti-TNF-α agent can
decrease the migratory capacity of neutrophils in patients
with RA [18]. However, anti-IL-6R agents do not appear
to affect neutrophil migration in vitro [21]. It indicates
that TNF-α is a strong cytokine which can enhance RA
neutrophil migration.

2.2. Th17-Related Cytokines Increase Neutrophil Migration in
RA. Th17 cells (IL-17 and IL-22) and neutrophils are fre-
quently observed in the synovial fluid of RA patients. A
crosstalk exists between Th17 cells and neutrophils. Acti-
vated Th17 cells can directly attract neutrophils via the
release of IL-8 [37]. Moreover, IL-17 and IL-23 can both
induce neutrophil migration after intra-articular injection
in a dose-dependent manner. In antigen-induced arthritis,
early release of IL-23 can stimulate IL-17 production, in turn,
causing a release of TNF-α, a variety of chemokines, and
leukotriene B4 (LTB4), which together contribute to neutro-
phil recruitment. Therefore, IL-23/IL-17-induced neutrophil
migration plays an important role in the pathogenesis of a
murine model of RA [22]. Furthermore, injection of adenovi-
ral vectors with IL-17 (AdIL-17) into the knee joints before
induction of immune complex- (IC-) mediated arthritis has
been shown to induce greater neutrophils migrating to the
cartilage surface, exacerbating inflammation and cartilage
destruction [38]. Interestingly, another Th17-related cyto-
kine IL-22 is highly expressed in the synovial tissue of
an antigen-induced arthritis mouse and human RA [25].
Furthermore, IL-22 inhibition and IL-22 genetic deficiency
can reduce neutrophil migration in arthritic mice and
improve articular pain [25]. Therefore, IL-17 and IL-22
both can promote the neutrophil migrating to the cartilage
surface, exacerbating joint inflammation of RA.

2.3. IL-8 Promotes the Neutrophil Migration in RA. IL-8, a
potent chemoattractant for neutrophils, plays a vital role in
the recruitment and activation of neutrophils. IL-8 is consid-
ered to be one of the most crucial inflammatory chemokines
involved in the development of arthritis [12]. Injection of
lipopolysaccharide (LPS) or IL-1α into joints of rabbits
induces arthritis accompanied by upregulation of IL-8.
Blockade of IL-8 by neutralizing antibody can ameliorate
arthritis and reduce the infiltration of neutrophils into the
joints in the early phase of inflammation [39]. In RA patients,
IL-8 is significantly elevated in the ACPAhigh synovial fluid.
The elevated level of IL-8 is associated with worse clinical
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manifestations of the disease. There is a positive correlation
between IL-8 and the number of neutrophils in synovial fluid
[40]. So IL-8 enhances the neutrophil migration and pro-
motes the inflammatory response in RA.

2.4. IFN-γ Biphasically Affects Neutrophil Migration, While
IL-15 Enhances the Neutrophil Migration in RA. IFN-γ has
a dual function in the regulation of neutrophil migration.
Firstly, IFN-γ is generally considered to be a proinflamma-
tory factor produced by Th1 cells and natural killer cells.
IFN-γ modulates neutrophil migration, as shown by a
decrease of neutrophil recruitment in IFN-γ-deficient mice
and recovery after reconstitution of the IFN-γ signaling path-
way [41]. IFN-γ-induced neutrophil migration in vivo may
be mediated by the release of the neutrophil chemotactic fac-
tor from resident macrophages [42]. In contrast, IFN-γ can
also exert an anti-inflammatory effect in an RA animal model
[43]. In the murine AIA model, the arthritis symptoms are
exacerbated by the absence of IFN-γ. Furthermore, CXC
chemokine receptor 2 (CXCR2)+ neutrophil recruitment is
significantly higher in the joints of IFN-γ-deficient mice.
IFN-γ receptor knockout (IFN-γR KO) mice develop
collagen-induced arthritis (CIA) more severely with an
increased neutrophil influx, while anti-IL-17 antibody
administration can ameliorate arthritis partly by reducing
the neutrophil infiltration [44]. Based on these findings, it
appears that there is a crosstalk between IFN-γ and IL-17 in
inflammation. Meanwhile, IFN-γ modulates TNF-α-driven
chemokine syntheses in RAFLS, resulting in a downregula-
tion of IL-8 production [43]. IL-15 is a proinflammatory cyto-
kine that has a wide variety of functions in autoimmune
diseases. IL-15 has been found to be highly expressed in the
synovial fluid of RA patients [34]. IL-15 can mediate blood
and synovial neutrophil migration by triggering LTB4 pro-
duction in antigen-induced arthritis models [45]. Further-
more, IL-15 can also induce NF-κB activation and IL-8
production directly in human neutrophils, thereby activating
these cells [46]. In a summary, IFN-γ bilaterally affects
neutrophil migration, while IL-15 enhances the migration of
neutrophil into joint.

2.5. GM-CSF and G-CSF Both Enhance the Neutrophil
Migration in RA.GM-CSF and G-CSF are two hematopoietic
growth factors involved in the regulation of hematopoiesis,
used to treat neutropenia and to elicit the release of the
hematopoietic stem cells from the bone marrow for trans-
plantation [47]. They are both found in human RA serum
and synovial fluid [29–31]. GM-CSF can activate and sustain
the viability of neutrophils. GM-CSF−/− mice are resistant to
K/BxN serum transfer arthritis, whereas blockade of GM-
CSF can ameliorate the severity of arthritis in the CIA mouse
model with a simultaneous reduction in synovial neutrophils
[48]. Recently, two clinical studies demonstrate that a mono-
clonal antibody targeting the GM-CSF receptor α called mav-
rilimumab is effective in the treatment of RA [49, 50].
However, the effect of this novel agent on neutrophil function
has not yet been reported. Interestingly, G-CSF and G-CSF
receptor-deficient mice are significantly protected in RA
animal models partly due to a reduction in the number of

neutrophils [47, 51]. A neutralizing antibody to the G-CSF
receptor also prevents the progression of the disease by
reducing neutrophil accumulation in the joints and inhibit-
ing STAT3 phosphorylation in collagen Ab-induced arthritis
[47]. Furthermore, the production of proinflammatory
cytokines and chemokines is decreased in anti-G-CSF
receptor-treated mice [47]. As such, targeting either GM-
CSF or G-CSF may be a promising novel approach to
treat RA via the downregulation of neutrophil migration.

2.6. IL-1 Family Cytokines Affect Neutrophil Migration in RA.
IL-1 family is a group of 11 cytokines that play a central role
in the regulation of immune responses. IL-1β is the most
studied member because it is discovered first and it has a
strongly proinflammatory effect. Importantly, IL-1β can pro-
mote neutrophil migration [25]. This is likely to contribute to
RA disease progression since the level of IL-1β in the joint
increases with the onset of arthritis and correlates highly with
arthritis scores. Moreover, recombinant IL-1β (rIL-1β)
administration into mice can induce arthritis, whereas arthri-
tis development is arrested in IL-1R−/− mice [52]. IL-18,
another member of the IL-1 family, functions by binding to
its receptor to induce IFN-γ production by T cells which
can cause a rapid activation of the monocytes and macro-
phages. Recently, IL-18 is thought to be a potent mediator
of inflammation in RA. It has been reported that IL-18 is sig-
nificantly elevated in sera, synovial tissues, and synovial fluid
of RA patients. IL-18 contributes to the inflammatory pro-
cess by recruiting monocytes, lymphocytes, and neutrophils
to the inflamed joints of RA [35]. In the CIA model, IL-18
activates neutrophils through a synthesis of LTB4 in response
to TNF-α, which in turn enhances neutrophil recruitment
[53]. IL-33 and IL-37 are both new members of the IL-1 fam-
ily of cytokines. In methylated bovine serum albumin-
(mBSA-) immunized mice, enhanced local neutrophil infil-
tration is associated with an increase in IL-33 mRNA expres-
sion. When recombinant IL-33 is injected into the joints of
mice, it induces local neutrophil infiltration which subse-
quently resulted in joint damage. Moreover, neutrophil
migration is inhibited by systemic and local administration
of soluble IL-33R [11]. IL-33-induced neutrophil migration
is dependent on increased levels of CXCL1, CCL3, TNF-α,
and IL-1β concentrations in the joint [11]. Unlike other
cytokines, IL-37 is an anti-inflammatory cytokine which
suppresses joint and systemic inflammation [54]. IL-37
has a protective effect in an arthritis mouse model by
reducing cell influx and inhibiting joint inflammation
[54]. In a short conclusion, IL-1 family members, IL-1β,
IL-18, and IL-33, all can induce local neutrophil migration,
but IL-37 has an opposite effect.

3. Neutrophil Survival in RA

As we know, neutrophils usually have a limited lifespan in
the circulation and rapidly undergo constitutive apoptosis
when exposed to a stimulator such as TNF-α or Fas [55].
Once recruited into sites of the inflammation, the activated
neutrophils can encounter with a variety of proinflammatory
cytokines in the microenvironment that may affect their
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function and longevity [56]. Many cytokines are generated
during inflammation, and these can induce a similar
“primed” phenotype in neutrophils affecting their ability
to undergo apoptosis. While proinflammatory factors such
as GM-CSF, IFN-γ, IL-9, and IL-15 can reduce the induction
of apoptosis and extend the lifespan of the neutrophils from
RA patients in vitro, both IL-8 and IL-18 show no effect
on this phenotype [27, 28, 32, 57–59]. In contrast, TNF-
α and IL-6 exert a biphasic effect on neutrophil apoptosis
[21, 27, 60–63].

3.1. GM-CSF, IFN-γ, IL-9, and IL-15 Delay Apoptosis of RA
Neutrophils, but IL-8 and IL-18 Have No Effect. There is
strong evidence that supports the role of GM-CSF in
prolonging the neutrophil survival and activity in RA
in vitro [27, 28, 57]. Both GM-CSF and IL-15 inhibit sponta-
neous apoptosis by downregulating proapoptotic proteins
Bax and caspase-3, but only GM-CSF can abolish immune
complex-induced apoptosis [64]. Importantly, IL-15 and
IFN-γ can delay the apoptosis of RA neutrophils in vitro
[27, 58]. Recently, Th9 cell frequency has been shown to be
higher in synovial fluid of RA patients. Synovial IL-9 can
decrease the apoptosis by inducing the expression of the
antiapoptotic protein, Mcl-1, and prolonging the survival of
the neutrophils [32]. IL-1β can reduce the spontaneous apo-
ptosis of neutrophils from healthy controls in vitro, but not
RA neutrophils [62, 65]. IL-8 and IL-18 do not affect the
apoptosis of RA neutrophils in vitro [27, 59]. In summary,
GM-CSF, IFN-γ, IL-9, and IL-15 can delay the apoptosis of
neutrophils and extend their lifespan which may be harmful
to inflammation resolution in RA [32].

3.2. TNF-α and IL-6 Exert a Biphasic Effect on Neutrophil
Apoptosis. TNF-α shows an opposing effect where it
enhances the rate of apoptosis in human neutrophils during
the first 6 hours of exposure, followed by delayed apoptosis
after 20 hours in culture [60, 61]. Furthermore, the regulation
of TNF-α on human neutrophil apoptosis is dependent on
the concentrations of TNF-α in vitro. Higher concentrations
of TNF-α (≥10 ng/mL) increase the rate of caspase-
dependent turnover of the antiapoptotic protein Mcl-1,
which controls neutrophil survival, thereby accelerating neu-
trophil apoptosis, whereas lower concentrations of TNF-α
(≤1ng/mL) can stimulate the expression of the antiapoptotic
protein Bfl-1 leading to enhanced neutrophil survival [61]. In
contrast, other studies show that TNF-α can reduce the
spontaneous apoptosis in neutrophils from healthy individ-
uals (at ≤1ng/mL) and RA patients (at 10 ng/mL) in vitro
[27, 62]. Actually, the concentrations of TNF-α in RA plasma
(<100 pg/mL) are far below those required to increase neu-
trophil apoptosis [57]. Meanwhile, IL-6 can inhibit apoptosis
of neutrophils from a healthy donor [62, 64, 66] and RA
patients in vitro [27]. However, others find that IL-6
enhances apoptosis in human neutrophils in vitro [63].
Recent evidence reveals that IL-6 indeed does not affect the
rate of neutrophil apoptosis in patients with RA [21]. It has
been reported that RA patients receiving the anti-IL-6 recep-
tor agent tocilizumab (TCZ) may have decreased neutrophil
counts [67]. However, TCZ in vitro does not induce

apoptosis or phagocytosis of neutrophils. Also, TCZ does
not affect neutrophil functions in RA patients receiving
TCZ treatment ex vivo [21].

The mechanisms underlying the effects of priming cyto-
kines on neutrophil apoptosis have been partially elucidated.
GM-CSF reduces the rate of neutrophil apoptosis through
activation of ERK1/2 or PI-3K/Akt pathways [68, 69]. GM-
CSF has also been shown to decrease mRNA levels of the
proapoptotic protein Bad while increasing its phosphoryla-
tion [60]. An RNAseq analysis of human neutrophils primed
by proinflammatory cytokines (GM-CSF and TNF-α)
in vitro revealed altered levels of 58 transcripts implicated
in the control of apoptosis [70]. Synovial fluid of patients
with RA contains a variety of antiapoptotic and proapoptotic
cytokines. The hypoxic environment within these joints can
have beneficial effects on neutrophil survival. Compared to
arterial blood, inflamed tissues are usually more hypoxic
and acidic. Hypoxia causes delayed apoptosis of neutrophils
in humans and mice. Additional studies have found that
hypoxia-induced neutrophil survival is mediated by HIF-
1α-dependent NF-κB activity [71]. Other studies demon-
strate neutrophils isolated from RA synovial fluid and blood
undergo delayed apoptosis as shown by increased expression
of neutrophil survival protein Mcl-1 and decreased levels of
activated caspase-9 [56, 57, 72]. The delay of neutrophil apo-
ptosis is restored to control levels after treatment with meth-
otrexate [72]. Interestingly, Janus kinase inhibitor (JAKi)
prevents GM-CSF- and IFN-γ-induced apoptosis delay in
RA and healthy control neutrophils in a dose-dependent
manner. Incubation with JAKi prevents chemotaxis of RA
neutrophils towards IL-8 but does not increase the level of
apoptosis in vitro [58]. Therefore, the RA neutrophils in
synovial fluid and blood undergo delayed apoptosis due
to the proinflammatory and hypoxic microenvironment.
GM-CSF, IFN-γ, IL-9, and IL-15 delay apoptosis of RA
neutrophils, but others have no effect or a biphasic effect
on neutrophil apoptosis.

4. The Role of NETs in the Pathogenesis of RA

Solid evidence exists that supports the important role of
NETs in the pathogenesis of RA [8, 9, 13, 20, 73]. NET for-
mation has been identified as a link between the innate and
adaptive immune responses in autoimmunity. NETs provide
the immune system with access to enriched sources of citrul-
linated proteins and thereby representing an early event
preceding epitope spreading. Enhanced NETs are observed
in both the bloodstream and synovial fluid of RA patients
compared to healthy controls and patients with osteoarthritis
[13, 73]. However, not all NETs shape the immune response
toward disease-specific autoantibodies. One hypothesis spec-
ulates that NETs triggered by smoking can be an initiating
factor in the pathogenesis of RA [74]. These NETs may drive
anti-ACPA production in the lung which can play an impor-
tant role in the early stage of RA development [8]. Increasing
NET levels in the sputum are found to be significantly corre-
lated with several citrullinated and noncitrullinated antibody
reactivities in patients with RA [9]. Sera and immunoglobu-
lin fractions from RA patients with high levels of ACPA or
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RF significantly enhanced NETosis. In vitro incubation of
neutrophils with ACPAhigh synovial fluid results in
increased ROS production and extracellular DNA release
compared to neutrophils incubated with ACPA-negative
synovial fluid [20].

The inflammatory cytokines such as TNF-α, IL-17a, IL-6,
and IL-8 can induce NETs in RA neutrophils. Subsequently,
NETs promote more cytokine production and persistent
inflammation via activating FLS or macrophages [13, 73,
75–78]. The neutralizing antibodies to TNF-α or IL-17R
can reduce RA serum-induced-NETs [13]. NETs are strong
activators of inflammatory responses in RA synovial fibro-
blasts since they can significantly augment the inflammatory
reactions of RA synovial fibroblasts by inducing the produc-
tion of IL-6, IL-8, chemokines, and adhesion molecules [13].
IL-6 can induce NET formation in neutrophils isolated from
healthy individuals [75]. In RA, IL-6 may induce B cell
maturation into plasma cells that can produce ACPA,
thereby indirectly promoting NET formation [73]. Further-
more, anti-TNF-α (Infliximab) and anti-IL6R drugs (TCZ)
can reduce the production of NETs [73, 76]. Interestingly,
IL-8 can affect neutrophils through two different mechanisms
of actions in RA. IL-8 recruits neutrophils to the inflamma-
tory site through chemotactic effects while simultaneously
triggering NET formation [13, 77].

IFN-γ and complement-5a (C5a) stimulation results in
the formation of NETs in mature but not in immature
human neutrophil populations [79]. Additional cytokines
such as IL-1β and IL-18 are both able to stimulate NETs in
human neutrophils [80–83]. CD177 is exclusively expressed
in neutrophils and can be upregulated during inflammation.
CD177+ neutrophils produce NETs through IL-22 signaling
[84]. IL-9 and IL-33 are involved in the pathogenesis of sev-
eral autoimmune diseases, such as RA [11, 32, 33]. Recently,
neutrophils isolated from patients with systemic sclerosis
(SSc) express IL-9R and exposure of these neutrophils to
rIL-9 can significantly induce NET formation [85]. IL-33
enhances noninfectious inflammation in the liver by amplify-
ing NET formation [86]. However, the role of IFN-γ, IL-9,
IL-1β, IL-18, IL-22, and IL-33 in the formation of NETs in
RA remains to be studied.

5. Parodontitis, NETs, and Anticitrulline
Response in RA

Citrullines are produced not only in the lung but also in the
oral cavity. Periodontitis, an oral bacterial infection, is very
common in RA [87]. Patients with periodontitis appear to
have increased the risk for RA and patients with RA have
increased the risk for periodontitis [62]. It has been reported
that periodontitis is associated with anti-CCP antibody and
RA disease activity [87]. Most importantly, citrullinated pro-
teins can be detected in the periodontium in RA patients with
periodontitis [88]. As we know, the formation of citrullinated
proteins is catalyzed by peptidylarginine deiminase (PAD)
enzymes. Porphyromonas gingivalis (P. gingivalis), an oral
bacteria that is a crucial factor for periodontitis and express
PAD and citrullinated enolase, can mediate citrullination of
bacterial and host protein [89]. It has been shown that

deletion of the bacterial PAD gene results in complete abro-
gation of protein citrullination [90]. Moreover, antibody
titers to P. gingivalis are correlated with ACPA titres of RA
patients [91]. Therefore, PAD from P. gingivalis may cause
citrullinated protein formation, which may elicit an antibody
response to these proteins potentially leading to ACPA
formation. Although P. gingivalis does not seem to directly
regulate NET generation in RA [92], it has been shown that
P. gingivalis could induce human neutrophils to generate
NETs in vitro [93]. Interestingly, a pilot case-control study
has found that periodontal treatment markedly reduced the
serum levels of NETs in patients with RA and periodontitis
[94]. Furthermore, Konig et al. find another periodontal
germ called Aggregatibacter actinomycetemcomitans (Aa)
can induce hypercitrullination in host neutrophils through
its leukotoxin A (LtxA). Moreover, LtxA induces neutrophil
lysis and the extracellular release of hypercitrullinated
proteins mimicking extracellular trap formation. It has been
confirmed in patients with RA that serum anti-LtxA antibod-
ies are associated with both anticitrullinated protein antibod-
ies and rheumatoid factor [95].

6. Neutrophils and Their
Anti-inflammatory Effects

NETs have not only proinflammatory effects, but also con-
tribute to the resolution of inflammation. Neutrophils can
resolve inflammatory processes via the annexin A1-
(AnxA1-) mediated pathway [96]. Microvesicles (MVs),
those extracellular particles within a size range between
50nm and 1000nm, can mediate cell to cell communication
by transferring proteins and lipids to target cells. MVs also
have a role in antigen presentation and activation of endoso-
mal receptors such as Toll-like receptors. Recently, MVs have
been considered a functional molecule with their potential
for the treatment of autoimmune disease. Neutrophil-
derived MVs are present at higher levels in synovial fluids
of RA [97]. Neutrophil-derived MVs can protect cartilage
degradation through the reduction of interleukin-8 and pros-
taglandin E2. In addition, it has been demonstrated that
synovial MVs overexpress the anti-inflammatory protein
annexin A1 (AnxA1). Furthermore, neutrophil-derived
MV-associated AnxA1 interacts with its receptor, increasing
transforming growth factor-β production by chondrocytes
ultimately leading to cartilage protection [97].

7. Conclusion and Perspectives

Neutrophils play a crucial role in initiating inflammatory
response and progression of arthritis in RA (Figure 1).
Cytokines which can regulate migration and activation of
neutrophils are highly expressed in the inflamed joint tis-
sues of RA patients. Proinflammatory factors such as GM-
CSF, IFN-γ, IL-9, and IL-15 can reduce neutrophil apopto-
sis and extend their neutrophil lifespan in RA, whereas
TNF-α and IL-6 display a biphasic effect on the apoptosis
of neutrophils. NETs can be a source of released self-
antigens found in RA. Formation of NETs is closely related
to an autoantigen-triggered immune response in patients

7Journal of Immunology Research



with RA. Furthermore, the inflammatory cytokines such as
TNF-α, IL-6, IL-8, and IL-17a can induce NETs in RA neu-
trophils. Subsequently, NETs can promote an increase in
cytokine production and enable the persistence of inflam-
mation via the licensing of FLS and/or macrophages.
Importantly, the anti-TNF-α and anti-IL-6R have been suc-
cessful in treating RA by partially acting on neutrophils.
Additional cytokines, for example, IL-22, IL-23, IL-18, G-
CSF, IL-33, and IL-37, may also play an important role in
the regulation of neutrophil functions. In addition,

neutrophils may also play a role in the resolution of inflam-
mation in RA. In the future, further studies are needed to
understand how neutrophils act in an inflammatory milieu
in patients with RA and animal models which may be crit-
ical for the development of novel treatment strategies.
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Figure 1: Role of neutrophil in the pathogenesis of RA. Proinflammatory cytokines in the joint can influence the migration of neutrophils.
Neutrophils are activated by immune complexes and inflammatory cytokines (TNF-α, IL-6, IL-8, and IL-17a) within the synovial fluid,
frequently causing enhanced NET formation in RA. In turn, NETs are served as a source of citrullinated autoantigens, further triggering
the production of ACPA. Meanwhile, neutrophils undergo delayed apoptosis in an inflammatory milieu (GM-CSF, IL-9, IL-15, IFN-γ,
and TNF-α) leading to persistent inflammation and joint damage in RA. ∗Controversial.
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