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Rheumatic diseases, including rheumatoid arthritis (RA), systemic lupus erythematosus (SLE), and anti-neutrophil 
cytoplasmic antibody (ANCA)-associated vasculitis (AAV), are a group of auto-inflammatory disorders associated 
with substantial morbidity and mortality. One unifying feature of these diseases is the presence of abnormal neutro-
phils exhibiting dysregulated neutrophil extracellular trap (NET) release, reactive oxygen species (ROS) production, 
 degranulation, and pro-inflammatory cytokines secretion. Moreover, the release of autoantigens associated with NETs 
promotes the generation of autoantibodies and a breakdown of self-tolerance, thereby perpetuating inflammation and 
tissue injury in these patients. In recent years, targeted therapies directed at neutrophilic effector functions have shown 
promising results in the management of rheumatic diseases. In this review, we will highlight the emerging roles of 
neutrophils in the onset and progression of rheumatic diseases, and further discuss current and future therapeutic 
approaches  targeting the pathogenic functions of neutrophils, which can modulate inflammation and hence improve 
patients’  survival and quality of life.
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Introduction

Rheumatic diseases comprise a set of heterogeneous 
autoimmune disorders affecting predominantly the joints,
tissues, and organs. Among them, the most common 
pathologiesincluderheumatoidarthritis(RA),systemiclupus
erythematosus(SLE),andvasculitides.[1] Over the past few 
decades, accumulating evidence points to the involvement 
of aberrant and abnormal neutrophils in the initiation and 
 perpetuation of rheumatic diseases. In this review, we will 
provide an overview of the emerging roles of neutrophils in 
rheumatic diseases. We will discuss current knowledge on 
how neutrophils contribute to disease pathogenesis, and 
 further highlight emerging neutrophil-based strategies for 
effectivediseasemanagement.

Neutrophil Development

Neutrophils are short-lived cells, with an estimated  circulating 
half-lifeof<24h.Duringsteadystate,theyarecontinuously

being replenished tomaintain constant and sufficient num-
bers in the bloodstream for the containment of invad-
ing pathogens. Development of neutrophils begins from 
self- renewing hematopoietic stem cell (HSC) in the bone 
marrow, which differentiates into multipotent progenitor
(MPP) and subsequently, granulocyte-monocyte progenitor
(GMP). Within the GMP population, neutrophil-committed 
CD34hiCD106-CD11blo proNeu1subsetprogressivelydifferen-
tiates into a transitional CD34loCD106+CD11bhi proNeu2 stage 
in transcriptional factor C/EBPε-dependent manner, before 
giving rise to the committed proliferative neutrophil precur-
sor (preNeus).The preNeus (Ly6Glo/+CXCR2-c-kit+CXCR4+) 
then forms an intermediate non-proliferating immature neu-
trophil population (Ly6GloCXCR2-CD101-) before terminally
differentiatingintofunctionallymatureLy6G+CXCR2+CD101+ 
neutrophils.[2–4]

While mature neutrophils are released into circulation to sup-
port their daily turnover, a largeproportionof themare re-
tainedinthebonemarrowasareserve.Underinflammatory
and diverse autoimmune conditions when large amounts of 
matureneutrophilsaremobilized,signalingbythechemokine
receptor CXCR2 facilitates the rapid egress of this neutrophil 
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reserve within hours. However, during severe systemically
disseminated infection or pathological conditions (for in-
stance,myeloablationinducedbychemotherapy)whenneu-
trophilsareconsumedinlargequantities,emergencygranu-
lopoiesiscanbeinitiatedasacompensatorymechanismto
re-establish neutrophil homeostasis. This process is charac-
terizedbytheselectiveexpansionofproNeu1andpreNeus,
as well as the release of immature and mature neutrophils 
from the bone marrow into circulation.[5]

Effector Functions of Neutrophils

Neutrophilsexpressavarietyofpatternrecognitionrecep-
tors (PRRs) involved in the direct sensing of pathogen- 
and danger-associated molecular patterns (PAMPs and 
DAMPs),includingToll-likereceptors(TLRs),C-typelectin
receptors (CLRs), Nod-like receptors (NLRs), and RIG-like 
receptors (RLRs). These receptors enable them to respond 
almostinstantlytopathogeninvasionanddiverseinflamma-
torystimuliinthetissueenvironment.Uponreceptoractiva-
tion, a series of complex and diverse signal transduction
pathwayswillbetriggered,whichculminateinthemounting
ofantimicrobialimmuneresponses,suchasphagocytosis,
reactiveoxygenspecies (ROS)production,degranulation,
andneutrophilextracellular trap (NET) release.[6] Although 
these processes are pertinent for the elimination of invad-
ingmicroorganisms,prolongedandexaggeratedactivation
of neutrophils could lead to hyperinflammation and tissue
damage, indicating the importance of tight regulation to en-
sure a delicate balance between protective and pathologi-
cal immune responses.

Phagocytosis

Phagocytosisisoneofthekeymicrobicidalactivitiesofneu-
trophils which helps eliminate microbes and foreign particles 
fromthehost.Phagocytosiscanbeinitiatedupontheinterac-
tionofinvadingmicrobeswithnon-opsonicphagocyticrecep-
torssuchasDectin-1andMincleexpressedontheneutrophil
cellsurface.However,itismostefficientwhenpathogensare
coatedbyhost-derivedopsoninssuchasimmunoglobulin(Ig)
Gandcomplements,whichfacilitatetheirrecognitionbyFc
receptors (FcR) and complement receptors (CRs), respec-
tively.DuringFcR-mediatedphagocytosis,neutrophilsextend
their ruffle-like pseudopods to envelope the IgG-opsonized
target in a zippering process.[7] On the other hand, rapid pro-
trusionofaphagocyticcupisnecessaryfortheengulfment
of a complement-coated target.[8,9] These led to the formation 
of a nascent phagosome, which matures upon fusion with 
preformedgranulesinthecytoplasminacalcium-dependent
manner.[10] These granules are required to deliver a plethora 
of effectormolecules, such as lytic enzymes,Nicotinamide
adeninedinucleotidephosphate (NADPH)oxidase (NOX2),
and antimicrobial peptides, to the phagosome to mediate 
pathogen killing and removal of apoptotic cells.

Degranulation

Neutrophilscansecreteanarrayofeffectormoleculesen-
capsulated in granules into the extracellular environment
andphagosomestodestroy invadingpathogens.Fourdis-
tinct granule subsets, namely the primary or azurophilic
granules,thesecondaryorspecificgranules,thetertiaryor
gelatinasegranules,and thesecretoryvesicles,are found
in neutrophils. Azurophilic granules are packed with pep-
tidesandproteinswhichconferpotentanti-microbialactivity
throughoxidativeaswellasnon-oxidativemeans,including
myeloperoxidase(MPO),defensins,bactericidal/permeabili-
ty-increasingprotein(BPI),cathepsinG,elastaseandserine
proteases.Granule-derivedMPOcatalyzestheformationof
hypochlorousacid(HOCl)andothercytotoxicoxidants,while
BPI targetsGram-negativebacteriabybinding to lipopoly-
saccharide (LPS) toneutralize theirproinflammatoryprop-
ertiesandpromotephagocytosis.Thesegranulesprimarily
release their contents into the phagosome for the elimina-
tionof internalizedpathogens.On theotherhand,specific
granulesfusepredominantlywiththeplasmamembraneto
deliver their cargo extracellularly. These granules contain
high levels of iron-binding protein lactoferrin, as well as anti-
microbial peptides cathelicidin and LL-37. These peptides 
and proteins are usually stored in an inactive form in the
granulesandareactivatedbyproteolyticcleavageuponse-
cretion. Tertiary granules containmatrixmetalloproteinase
9 (MMP9), beta-2 microglobulin, and various receptors and 
adhesion proteins to mediate the adhesion and penetration 
of neutrophils as they extravasate from the endothelium
into the inflamedtissue.Secretorygranulesareendocytic
vesicles containing membrane-associated receptors such 
asCR1/CR3,formylmethionyl-leucyl-phenylalanine(fMLP)
receptors,andFcRswhichplaycritical rolesduringearly
inflammation. During degranulation, receptor-mediated
signaling triggers an elevated calcium signaling, which in-
duces the granules to translocate to the phagosomal or 
plasmamembranethroughactincytoskeletonremodeling
andmicrotubuleassembly.Followingthis,thegranuleswill
tether,dock,and fusewith the lipidbilayermembrane to
releasetheircontentsintothephagosomeorextracellular
environment.Among thegranules,secretoryvesiclesare
mostreadilyreleasedfromneutrophils,followedbytertiary
granules,secondarygranules,andfinallyazurophilicgran-
ules.[11]

ROS Release

Neutrophils generate a strong oxidative burst in response
to variousstimuli suchasphagocytosisandbacterial com-
ponentsforeffectiveantimicrobialdefense.Uponactivation,
NOX2complexassemblesitselfoncellularmembranessuch
as plasma membrane and membranes of the phagosomes 
and secretory vesicles to produce largeamounts of super-
oxide. Upon release into the extracellular environment or
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phagolysosome following phagocytosis, the superoxidewill
bespontaneouslyorenzymaticallydismutated tohydrogen
peroxide,andMPOcanfurtherconvertitintoothersecond-
aryoxidantssuchasHOCl.AlthoughROScaninducedirect
oxidative killing, most of their bactericidal properties stem
fromtheirability toaugmentpro-inflammatorycytokinepro-
duction,degranulation,andNETosis.[12]

NETosis

NETsarelarge,extracellular,web-likestructurescomposed
of decondensed chromatin and granule proteins (including 
neutrophil elastase, MPO, calprotectin, and defensins) which 
areextrudedfromtheneutrophilsinresponsetolargepatho-
gens that cannot be phagocytosed.[13](Figure 1) However,
smallbacteriawhichevadephagocytosisthroughthefor-
mation of large aggregates or interfering with phagosome 
maturationcanalsoinduceNETsrelease.DuringNETosis,
MPO activates neutrophil elastase in a ROS-dependent 
manner, and this promotes their release from the azuro-
philicgranulesintothecytoplasmtofacilitatedegradation
of theactin cytoskeleton, therebyblockingphagocytosis.
NEisthentranslocatedtothenucleus,whereitdegrades
histones and lamin to disrupt the chromatin packaging 
and nuclear envelope. In addition, protein-arginine deimi-
nasetype4(PAD4) isrequiredforhistonecitrullinationby
converting amine groups on arginine to ketones, thereby
leading to chromatin decondensation. The decondensed 
chromatin, together with the damaged nuclear lamina, 
contributes to the destruction of nuclear envelope and the 
subsequent release of chromatin into the cytoplasm.[14] 
Activation of pore-forming protein gasdermin D protein 
(GSDMD)bycaspase-11hasalsobeenreportedtoinduce
nuclear delobulation,DNA expansion, and plasmamem-
brane rupture toelicitNETosis.[15]AlthoughNETs release
is a potent mechanism to combat invading pathogens, 
excessiveproductionofNETscan lead to tissuedamage
and occlusion of vasculature. NETs can also serve as a
source of autoantigens in various autoimmune rheumatic 
diseases,suchasRAandSLE,whichwillbediscussedin
detail below. 

Role of Neutrophils in Rheumatic Diseases

While neutrophils play a cardinal role in anti-microbial
defense,prolongedandexcessiveactivationofneutrophils
can lead todevastatingconsequences, suchascell lysis,
tissuedamage,andexacerbated inflammatory responses.
Inrecentyears,agrowingbodyofevidencehasimplicated
neutrophils in the onset and progression of various rheu-
matic diseases, including RA, SLE, and anti-neutrophil
cytoplasmic antibody (ANCA)-associated vasculitis (AAV).
In this section, we will outline current knowledge on the 
role of neutrophils in the pathogenesis of these rheumatic 
diseases.

Rheumatoid Arthritis

Activated neutrophils are detected in the circulation of RA pa-
tientsascomparedtohealthyindividuals,andtheycanper-
sistforseveraldaysandaccumulateinlargenumberswithin
theRAsynovialfluidandpannus,thuscontributingtoRAin-
flammationandjointdestruction.Inlinewiththis,neutrophil
depletion has been shown to inhibit the onset and ameliorate 
disease severity of experimental arthritis in mice, demon-
strating their importance in the initiation and progression of 
RA.[16,17]Recognitionofimmunecomplexessuchasrheuma-
toidfactor(RF)withinthesynovialfluidandonthearticular
cartilagesurfacebyFcRstriggeredtheactivationofneutro-
phils,leadingtotheproductionofpro-inflammatorycytokines
suchasBcell-activatingfactor(BAFF)andreceptoractiva-
torofnuclearfactorkappaBligand(RANKL)whichpromote 
Bcellactivationandautoantibodiesproduction,aswellasthe
differentiationofosteoclast, respectively.Moreover,chemo-
kinesecretionbytheactivatedneutrophilsfurtherenhances
neutrophilinfiltrationintotheRAjoint,therebyamplifyingthe
inflammatoryimmuneresponse.IntheRAjoint,neutrophils
havebeenreportedtoexpressmajorhistocompatibilitycom-
plexII(MHCII)tofacilitateantigenpresentationtoandpro-
liferationofTlymphocytes.[18] The activated neutrophils also 
undergodegranulationinresponsetoimmunecomplexesto
release contents like neutrophil elastase and collagenase 
which mediate cleavage of collagen, elastin and lubricin, re-
sulting in cartilage damage.[19] Abundant MPO has also been 
detectedintheinflamedsynoviumofRApatients,leadingto
neutrophilrecruitment,amplificationofinflammation,andex-
pansionofsynovialfibroblasts.[20] In addition, ROS produc-
tionbyneutrophilsinRApatientscanalterIgGtogenerate
neo-epitopeswhichmayinducecirculatingRAautoantibod-
ies.[21] Furthermore, neutrophils isolated from RA patients
showenhancedNETs formation.[22] Their sera  contain high 
levelsofanticitrullinatedproteinantibodies (ACPA)andRF
which can induce NETosis, and this promotes the further
generation of autoantigens in the form of citrullinated pro-
teins (e.g, histones and vimentin present in NETs), hence
perpetuatinginflammationandtissuedamage.[22]Collectively,
thesemechanisms can fuel inflammatory arthritis and joint

Figure 1: Release of NETs by human neutrophils in response to PMA. 
NETs are identified by DAPI (blue) and citrullinated  histone 3 
(R2/8/17) (green) staining. Scale bar, 50 µm. NETs, neutrophil 
extracellular traps. PMA, Phorbol-12-myristate-13-acetate.
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destruction,therebydrivingdiseasepathogenesisandmani-
festations of RA.

Systemic Lupus Erythematosus

WhileSLE is longknowntobeassociatedwithdysregulat-
ed B andT cell responses, the pathogenic role of neutro-
philsinSLEhasbeenincreasinglyrecognizedoverthepast
decade.SLEpatientshavea characteristic increase in the
numbers of immature, low-density neutrophils (LDNs) in
their peripheral blood,[23]andtheseSLE-derivedLDNsadopt
anactivatedphenotypewithaugmentedproductionof type
I interferon (IFN),Tumornecrosis factor alpha (TNFα) and 
IFNγwhichcontributetodiseasepathogenesis. Inaddition,
enhanced apoptosis, together with the  impaired clearance of 
these neutrophils, led to the release of autoantigens and the 
generation of  autoantibodies such as ANCAs in the patients, 
therebypromoting  auto-inflammation.NeutrophilsfromSLE
patientsalsotendtoundergospontaneousNETosis,result-
ing in the release of LL-37, citrullinated histones, neutrophil 
elastase,andMPOwhichareattachedtotheNETchroma-
tin fibers.[24,25] These further serve as autoantigens which 
can in turn activate plasmacytoid dendritic cells (pDCs) to
produce large amounts of IFNα, thereby triggering a self-
amplifyingpathogenic loop.[26]Moreover,NETscanmediate
cardiovascularatheroscleroticcomplicationsinSLEpatients
by promoting endothelial damage through activation of the
endothelialMMP-2.MPOandnitricoxidesynthasepresent
inNETscanfurtheroxidizehigh-densitylipoproteintomake
it proatherogenic. In the vasculature, platelets can aggre-
gateonandcooperatewithNETstoenhancethrombosis.As
such,theaberrantfunctionsofneutrophilsplayan important 
part in promoting chronic inflammation and cardiovascular
morbidity in SLE patients. Recently, neutrophil ferroptosis,
an iron- and lipid-peroxidation-dependent programmed cell
death, has been shown to drive neutropenia during SLE.
In thiscase,autoantibodiesand IFNα in theserumofSLE
patientssuppressglutathioneperoxidase4(GPX4)expres-
sion through the calcium/calmodulin kinase IV (CaMKIV)/
cAMPresponseelementmodulator(CREM)αsignalingaxis,
therebyenhancingtheproductionoflipid-ROStoinducefer-
roptosis,amajorformofneutrophilcelldeathduringSLE.[26]

Anti-neutrophil Cytoplasmic Antibody-Associated  Vasculitis

AAV refers toagroupofdiseasescharacterizedby the in-
flammationofsmallbloodvesselsassociatedwithnecrotiz-
ingneutrophils.PathogenesisofAAV isdrivenprimarilyby
ANCAs targeting proteinase 3 (PR3) or MPO of neutrophils, 
and disease onset can be attributed to various genetic and 
environmental factors, including increased expression of
PRTN3gene or exposure to infectious pathogens such as
Staphylococcus aureus. Upon priming by pro-inflammatory
mediatorslikeTNF,IL-1β and complement C5a, neutrophils 
expressANCA target antigensMPOandPR3 on their cell

surfacestofacilitateANCAbinding.Concurrently,FcγRs on 
neutrophils engage theFcportionofANCAs to completely
activate the neutrophils. Together, these series of events pro-
moteROSproduction by anddegranulation of neutrophils,
whichcandirectlydamagevascularendothelialcells.ANCAs
alsoactivateneutrophilstoundergoNETosis,releasingMPO
and PR3 autoantigens which further amplify inflammation.
Moreover,NETs canmediate endothelial injury and vascu-
lar inflammation in thesepatientsby triggering thealterna-
tivecomplementpathwaytoproducecomplementfactor5a
(C5a), a powerful chemoattractant for neutrophils. In addition, 
the presence of anti-NETs autoantibodies in AAV patients
impairsthedegradationandclearanceofNETs,furthercon-
tributingtothedamagetosmallbloodvessels.Collectively,
these phenomena demonstrate the pathogenic role of neu-
trophils inAAVdevelopmentandtheirassociatedlong-term
cardiovascular risk.[27–29]

Neutrophil-Associated Therapies for Rheumatic Diseases

Despite our growing knowledge of the pathophysiology of
rheumatic diseases as well as the availability of specific
biologic therapies, broad-spectrum anti-inflammatory
glucocorticoids continue to be the first-line treatment for
rheumaticpatients.Eventhoughglucocorticoidsplayapivotal
roleinthemanagementofinflammatoryautoimmunediseases,
theadversesideeffectsassociatedwith their prolongedus-
age are common and well-established.[30] Since accumulating 
evidencesuggeststhatneutrophilsarethemajororchestrator
ofinflammationandtissuedamageinrheumaticdiseases,it
maybeanattractivestrategytotargetneutrophilsandtheir
effector functions for disease management (Figure 2 and
Table 1).

Inhibition of NETosis

NETsplayanimportantpathogenicroleintheinitiationand
progression of several rheumatic diseases as outlined above. 
Hence,potentialcandidatesthatcanblockNETosisarecur-
rently being explored in various preclinical studies. PAD4
is an enzyme crucial forNET formation through catalyzing
histone citrullination. Indeed, PAD4 inhibition using pan-PAD 
inhibitors like Cl-amidine or PAD4-specific inhibitors such
asGSK199candisruptNETosisandhenceamelioratedis-
ease severity inmousemodels ofSLE,RA, andAAV.[31–33] 
Moreover,recentstudiesrevealedthatPAD4-specificinhibitors
have the advantage of few off-target effects, further support-
ing their utility as treatment options for rheumatic patients.[43] 
However,theefficacyofPAD4inhibitorsinthetreatmentof
rheumatic diseases remains to be determined in clinical trials.

Inhibition of ROS Production

Sinceoxidativeburstbyneutrophilscantriggertissueinjury
anddamageinrheumaticdiseases,managementofoxidative
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Table 1: Existing and potential drugs targeting neutrophils in rheumatic diseases

Neutrophil mechanism Molecular target Agent Disease Current stage of  
development

Ref

NETosis PAD Cl amidine
BB-Cl amidine

AAV, SLE, RA Preclinical [31–32]

PAD4 GSK199 RA Preclinical [32,33]

ROS production p38MAPK AR-447 AAV Preclinical [34]

Pro-inflammatory cytokines 
production

JAK Tofacitinib
Baricitinib
Upadacitinib

RA FDA approved [35,36]

Filgotinib RA Phase III [37,38]

Survival and migration GM-CSF Otilimab RA Phase II [39]

GM-CSF receptor Mavrilimumab RA Phase II [40,41]

Activation and recruitment C5a receptor Avacopan AAV FDA approved [42]

Ferroptosis unknown LPX-1 SLE Preclinical [26]

AAV, anti-associated vasculitis; GM-CSF, Granulocyte-macrophage colony-stimulating factor; LPX-1, liproxstatin-1; PAD4, protein-arginine deiminase type 4; RA, rheu-
matoid arthritis; ROS, reactive oxygen species; SLE, systemic lupus erythematosus.

Figure 2: Overview of current and future therapies targeting neutrophil functions and survival. Biologics are shown in blue, and small molecule 
inhibitors are shown in red.

stress has been explored as a potential therapy. Inhibition
of p38 mitogen-activated protein kinase (p38MAPK) was 
previously shown to suppress neutrophil respiratory burst
and hence prevent neutrophil activation by ANCAs in a
mousemodelofAAV.[34]

Inhibition of Pro-inflammatory Cytokines Production

Given that neutrophil activation leads to pro-inflammatory
cytokinessecretion,targetingthesemediatorsrepresentsa

waytotreatrheumaticdiseases.Althoughbiologicstarget-
ing pro-inflammatory cytokines (eg.Anti-TNFα) are highly
efficacious in the treatment of rheumatic diseases, their
development has been greatly hampered by their cost of
production, route of administration, aswell as safety pro-
file due to the immunogenic nature of these biologics.[35]  
Assuch, targetingsignalingpathways that functiondown-
streamofcytokinereceptorshasbeenexploredasalterna-
tiveimmunotherapeuticstrategies.TheJAK-STATpathway
playsamajor role in transducingsignals fromamyriadof
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cytokines.Currently, three clinically approved smallmole-
culeJAKinhibitors,Tofacitinib,Baricitinib,andUpadacitinib,
are in the market for RA treatment.[34,35] In addition, 
next-generationJAKinhibitorFilgotinibisbeingevaluatedin
 several phase III clinical trials for RA, and the results have 
been encouraging.[37,40,44]

Inhibition of Neutrophil Survival

Granulocyte-macrophagecolony-stimulatingfactor(GM-CSF)
is an important growth factor that promotes neutrophil survival. 
TargetingtheeffectsofGM-CSFwithotilimabormavrilimum-
ab has shown promising results in clinical trials for RA.[38,39]

Inhibition of Neutrophil Activation and Recruitment

C5a is a product of the alternative complement pathway
which mediates neutrophil recruitment and activation upon 
receptor binding. Avacopan, a small molecule inhibitor of the 
C5areceptor,hasrecentlybeenapprovedbyU.S.Foodand
DrugAdministration(FDA)forthetreatmentofAAV.[42]

Inhibition of Neutrophil Ferroptosis

Neutrophil ferroptosis plays a critical role in the pathogen-
esisofSLE.Indeed,inhibitionofferroptosisbyliproxstatin-1
(LPX-1) has been shown to rescue neutrophil cell death and 
alleviatediseaseseverityinamousemodelofSLE.[26]

Outlook

Advancementinthefieldofrheumatologyhasledtoconsid-
erable progress in disease management over the past few 
decades. With appropriate treatment, clinical remission has 
become a realistic therapeutic goal for most rheumatic pa-
tients.However,thecurrenttreatmentstrategyreliesmainly
on the usage of glucocorticoids to suppress inflammation,
and long-term immunosuppression iscommonlyassociated
withseriousadversesideeffectslikeinfectionandcancer.As
such,abetterunderstandingofthemolecularpathwaysun-
derlyingeachdisease’sonsetandprogressionisnecessary
for the development of next-generation targeted therapies.
In this review, we have discussed the role of neutrophils in 
driving rheumatic diseases and highlighted several promis-
ingpathwaysandsignalingmolecules thatcanbe targeted
to suppress their deleterious functions. However, this is a 
challenging endeavor since neutrophils are the first line of

defenseagainstinfectionandhenceplayafundamentalrole
in host immune responses. Ideally, their effector functions
need to be targeted specifically under pathological condi-
tions. Recently, our laboratory has identifiedDok3 to be a
keynegative regulatorofneutrophiliceffectormechanisms,
anditfunctionsinacontext-dependentmannerdownstream
ofdifferentimmunoreceptorsviainteractionwithadistinctset
of signal transducing molecules.[45–47] Thus, it is tempting to 
speculatethatDok3mayregulateneutrophilresponsesdur-
ing rheumatic diseases as well. A deeper understanding of 
theDok3signalingpathwaycouldpotentiallyrevealbinding
partners which can be targeted for future treatment of rheu-
maticdiseases.Inaddition,lesstoxicimmunomodulatoryap-
proachesmaybeexploredas therapeuticoptions for rheu-
matic diseases, as opposed to the use of broad-spectrum 
non-specificimmunosuppressiveagents.Forinstance,mes-
enchymalstemcell(MSC)exosomes,whichpossessunique
immunomodulatory properties, have emerged as superior,
well-tolerated candidates for therapeutics in recent years.
Several preclinical studies have demonstrated their potential 
insuppressingjoint inflammationduringRA,[48]and we have 
previouslyreportedtheirabilitytosuppressNETosisinneu-
trophils in response to complement activation.[49] However, 
future studies are warranted to understand the mechanistic 
effectofMSCexosomesonneutrophilsduringrheumaticdis-
eases for them to be approved as potential anti-rheumatic 
therapeutics.

While achieving remission represents an important milestone 
in the management of rheumatic diseases, the ultimate goal 
istodevelopacuresincerelapseislikelytooccuroncean
anti-rheumatic treatment is withdrawn.[50] To tackle this goal, 
we will need to shift our treatment strategies from the target-
ingofneutrophil effector functions thatelicit the immediate
manifestations,totheidentificationofdiseasedriverswhich
trigger the long-standing inflammation. Moving forward,
studies will need to decipher the pathophysiology of rheu-
matic diseases which activates downstream pro-inflamma-
tory effector pathways.Theneutrophil is likely to be a key
 immunological driver of rheumatic diseases, and we propose 
future work to focus on investigating the molecular signatures 
of neutrophils associated with remission and cure. Single-cell 
RNA-seq of these cells in healthy and pathological condi-
tionsmayyieldnewtargetsandpathwaysfordiseaseinter-
vention.Thesestudiesare likely to reshape the landscape
ofrheumaticdiseasemanagementoverthenextfewyears,
thusimprovingthequalityoflifeforpatients.

ConflictofInterest

Kong-Peng Lam is an Editorial Board Member of the journal. This article was subject to the journal’s standard procedures, with peer review 
handled independently of this member and his research group.



126

RHEUMATOLOGY AND IMMUNOLOGY RESEARCH

Review • DOI: 10.2478/rir-2022-0020 • 3(3) • 2022 • 120–127

Authorship

JTL wrote the manuscript. KPL edited and revised the manuscript.

Funding

This work is supported by the Singapore Ministry of Health’s National Medical Research Council under its Open Fund-Individual Research 
Grant (NMRC/OFIRG19may-0083 to KPL and JTL) and an A*STAR core grant (to KPL).

References

[1]GoldblattF,O’NeillSG.ClinicalAspectsofAutoimmuneRheumatic
Diseases. Lancet. 2013;382:797–808.
[2]EvrardM,KwokIWH,ChongSZ,et al.DevelopmentalAnalysis
of Bone Marrow Neutrophils Reveals Populations Specialized in
Expansion,Trafficking, andEffector Functions. Immunity. 2018;48: 
364–379.e8.
[3]KwokI,BechtE,XiaY,et al.CombinatorialSingle-CellAnalyses
ofGranulocyte-MonocyteProgenitorHeterogeneityRevealsanEarly
Uni-potentNeutrophilProgenitor.Immunity.2020;53:303–318.e5.
[4]RosalesC.Neutrophil:ACellwithManyRolesinInflammationor
SeveralCellTypes?FrontPhysiol.2018;9:113
[5] Manz MG, Boettcher S. Emergency Granulopoiesis. Nat Rev
 Immunol. 2014;14:302–314.
[6]MayadasTN,CullereX,LowellCA.TheMultifacetedFunctionsof
Neutrophils. Annu Rev Pathol. 2014;9:181–218.
[7]AllenLA,AderemA.MolecularDefinitionofDistinctCytoskeletal
Structures Involved in Complement- and Fc Receptor-Mediated
PhagocytosisinMacrophages.JExpMed.1996;184:627–637.
[8] Jaumouillé V, Cartagena-Rivera AX, Waterman CM. Coupling
of β Integrins to Actin by a Mechanosensitive Molecular Clutch
DrivesComplementReceptor-MediatedPhagocytosis.NatCellBiol.
2019;21:1357–1369.
[9] Vandendriessche S, Cambier S, Proost P, et al. Complement 
ReceptorsandTheirRoleinLeukocyteRecruitmentandPhagocyto-
sis.FrontCellDevBiol.2021;9:624025.
[10] Jaconi ME, Lew DP, Carpentier JL, et al. Cytosolic Free
Calcium Elevation Mediates the Phagosome-Lysosome Fusion
DuringPhagocytosis inHumanNeutrophils. JCell Biol. 1990;110: 
1555–1564.
[11] Lacy P. Mechanisms of Degranulation in Neutrophils. Allergy
Asthma Clin Immunol. 2006;2:98–108.
[12] Winterbourn CC, Kettle AJ, Hampton MB. Reactive Oxygen
SpeciesandNeutrophilFunction.AnnuRevBiochem.2016;85:765–
792.
[13]BranzkN,LubojemskaA,HardisonSE,et al. Neutrophils Sense 
MicrobeSizeandSelectivelyReleaseNeutrophilExtracellularTraps
in Response to Large Pathogens. Nat Immunol. 2014;15:1017–1025.
[14] Thiam HR, Wong SL, Wagner DD, et al. Cellular Mechanisms of 
NETosis.AnnRevCellDevBiol.2020;36:191–218.
[15]GabrielS,AxelC,LawrenceBG,et al.GasderminDPlaysa
Vital Role in theGeneration of Neutrophil Extracellular Traps. Sci
Immunol. 2018;3:eaar6689.
[16] Tanaka D, Kagari T, Doi H, et al.EssentialRoleofNeutrophils
inAnti-Type II CollagenAntibody and Lipopolysaccharide-Induced

Arthritis.Immunology.2006;119:195–202.
[17]WipkeBT,AllenPM.EssentialRole ofNeutrophils in the Ini-
tiation and Progression of a Murine Model of Rheumatoid Arthritis.  
J Immunol. 2001;167:1601.
[18] Wright HL, Moots RJ, Edwards SW. The Multifactorial Role
of Neutrophils in Rheumatoid Arthritis. Nat Rev Rheumatol. 
2014;10:593–601.
[19]ElsaidKA,JayGD,ChichesterCO.DetectionofCollagenType
II andProteoglycans in theSynovialFluidsofPatientsDiagnosed
with Non-Infectious Knee Joint Synovitis Indicates Early Damage
to theArticular Cartilage Matrix. Osteoarthritis Cartilage. 2003;11: 
673–680.
[20] Fernandes RMSN, Silva NP da, Sato EI. Increased Myelo-
peroxidasePlasma Levels inRheumatoidArthritis.Rheumatol Int.
2012;32:1605–1609.
[21]RasheedZ.HydroxylRadicalDamaged ImmunoglobulinG in
PatientswithRheumatoidArthritis:BiochemicalandImmunological
Studies.ClinBiochem.2008;41:663–669.
[22]RitikaK,CarmeloC-R,AnuradhaV-G,et al.NETsAreaSource
ofCitrullinatedAutoantigensandStimulateInflammatoryResponses
in Rheumatoid Arthritis. Sci Transl Med. 2013;5:178ra40.
[23] Pragnesh M, Shuichiro N, Liam O, et al.Transcriptomic,Epigen-
etic, and FunctionalAnalyses ImplicateNeutrophil Diversity in the
PathogenesisofSystemicLupusErythematosus.ProcNatlAcadSci
U S A. 2019;116:25222–25228.
[24] Wirestam L, Arve S, Linge P, et al. Neutrophils—Important 
CommunicatorsinSystemicLupusErythematosusandAntiphospho-
lipidSyndrome.FrontImmunol.2019;10:2734.
[25] Kaplan MJ. Neutrophils in the Pathogenesis and Manifestations 
ofSLE.NatRevRheumatol.2011;7:691–699.
[26] Li P, Jiang M, Li K, et al.GlutathionePeroxidase4-Regulated
NeutrophilFerroptosisInducesSystemicAutoimmunity.NatImmunol.
2021;22:1107–1117.
[27] Michailidou D, Mustelin T, Lood C. Role of Neutrophils in 
SystemicVasculitides.FrontImmunol.2020;11:619705.
[28] Söderberg D, SegelmarkM. Neutrophil Extracellular Traps in
ANCA-AssociatedVasculitis.FrontImmunol.2016;7:256.
[29] Jennette JC, Falk RJ. Pathogenesis of Antineutrophil Cyto-
plasmic Autoantibody-Mediated Disease. Nat Rev Rheumatol.
2014;10:463–473.
[30]HardyRS,RazaK,CooperMS.TherapeuticGlucocorticoids:
Mechanisms of Actions in Rheumatic Diseases. Nat Rev Rheumatol. 
2020;16:133–144.
[31] Kusunoki Y, Nakazawa D, Shida H, et al. Peptidylarginine



127

RHEUMATOLOGY AND IMMUNOLOGY RESEARCH

Review • DOI: 10.2478/rir-2022-0020 • 3(3) • 2022 • 120–127

573–581.
[41] Burmester GR, McInnes IB, Kremer J, et al. A Randomised 
PhaseIIbStudyofMavrilimumab,aNovelGM–CSFReceptorAlpha
MonoclonalAntibody,intheTreatmentofRheumatoidArthritis.Ann
Rheum Dis. 2017;76:1020.
[42] Jayne DRW, Merkel PA, Schall TJ, et al. Avacopan for the 
TreatmentofANCA-AssociatedVasculitis.NEngJMed.2021;384: 
599–609.
[43]O’SullivanKM,HoldsworthSR.NeutrophilExtracellularTraps:
APotentialTherapeuticTargetinMPO-ANCAAssociatedVasculitis?
FrontImmunol.2021;12:635188.
[44]WesthovensR,RigbyWFC,vanderHeijdeD,et al.Filgotinib
in Combination with Methotrexate or as Monotherapy Versus
Methotrexate Monotherapy in Patients with Active Rheumatoid
Arthritis and Limited or no Prior Exposure to Methotrexate: The
Phase 3,RandomisedControlled FINCH3Trial.AnnRheumDis.
2021;80:727.
[45] Loh JT, Teo JKH, Lim H-H, et al.EmergingRolesofDownstream
ofKinase3inCellSignaling.FrontImmunol.2020;11:566192.
[46] Loh JT, Xu S, Huo JX, et al. Dok3-Protein Phosphatase 1 
 Interaction Attenuates Card9 Signaling and Neutrophil-Dependent 
AntifungalImmunity.JClinInvest.2019;129:2717–2729.
[47] Loh JT, Lee K-G, Lee AP, et al. DOK3 Maintains Intestinal 
HomeostasisbySuppressingJAK2/STAT3SignalingandS100a8/9
Production in Neutrophils. Cell Death Dis. 2021;12:1054.
[48] Gil YD, Taek LG, Seunglee K, et al. Metabolically Engi-
neered Stem Cell–Derived Exosomes to Regulate Macrophage
HeterogeneityinRheumatoidArthritis.SciAdv.2022;7:eabe0083.
[49]LohJT,ZhangB,TeoJKH,et al. Mechanism for the  Attenuation 
of Neutrophil and Complement Hyperactivity by MSC Exosomes.
Cytotherapy.2022;24:711–719.
[50]SchettG,TanakaY,IsaacsJD.WhyRemissionisnotEnough:
UnderlyingDiseaseMechanismsinRAthatPreventCure.NatRev
Rheumatol. 2021;17:135–144.

Deiminase Inhibitor Suppresses Neutrophil Extracellular Trap
FormationandMPO-ANCAProduction.FrontImmunol.2016;7:227.
[32]LewisHD,LiddleJ,CooteJE,et al.InhibitionofPAD4Activityis
SufficienttoDisruptMouseandHumanNETFormation.NatChem
Biol.2015;11:189–191.
[33] Willis VC, Banda NK, Cordova KN, et al. Protein Arginine 
Deiminase4InhibitionisSufficientfortheAmeliorationofCollagen-
InducedArthritis.ClinExpImmunol.2017;188:263–274.
[34] van der Veen BS, Chen M, Müller R, et al. Effects of p38
 Mitogen-Activated Protein Kinase Inhibition on Anti-Neutrophil 
CytoplasmicAutoantibody Pathogenicity in Vitro and in Vivo.Ann
Rheum Dis. 2011;70:356.
[35] Bechman K, Yates M, Galloway JB. The New Entries in the
 Therapeutic Armamentarium: The Small Molecule JAK Inhibitors. 
Pharmacol Res. 2019;147:104392.
[36] Conaghan PG, Mysler E, Tanaka Y, et al. Upadacitinib in 
RheumatoidArthritis:ABenefit-RiskAssessmentAcrossaPhaseIII
Program. Drug Saf. 2021;44:515–530.
[37]CombeB,KivitzA,TanakaY,et al.FilgotinibVersusPlaceboor
Adalimumab in Patients with Rheumatoid Arthritis and Inadequate 
Response toMethotrexate:APhase III RandomisedClinicalTrial.
Ann Rheum Dis. 2021;80:848.
[38] Kavanaugh A, Westhovens RR, Winthrop KL, et al. Safety
and Efficacy of Filgotinib: Up to 4-Year Results From an Open-
labelExtensionStudyofPhaseIIRheumatoidArthritisPrograms.J
 Rheumatol. 2021;48:1230.
[39] Buckley CD, Simón-Campos JA, Zhdan V, et al. Efficacy,
Patient-Reported Outcomes, and Safety of the Anti-Granulocyte
Macrophage Colony-Stimulating Factor Antibody Otilimab
(GSK3196165) in Patients with Rheumatoid Arthritis: A  Randomised, 
Phase2b,Dose-RangingStudy.LancetRheumatol.2020;2:e677–e688.
[40] Crotti C, Biggioggero M, Becciolini A, et al. Mavrilimumab:  
A Unique Insight and Update on the Current Status in the Treat-
mentofRheumatoidArthritis.ExpertOpinInvestigDrugs.2019;28: 


