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Abstract

In inflammatory conditions such as RA, the neutrophil has tended to be dismissed as a short-lived,

terminally differentiated, irrelevant bystander cell. However, this is clearly not the case. A better under-

standing of the complex heterogeneous pathways and processes that constitute RA, in parallel with a

more sophisticated knowledge of neutrophil biology has identified many potential roles for these cells in

the persistence of inflammation and progression of joint damage, which should not be underestimated.

Not only are neutrophils found in high numbers within the rheumatoid joint, both in synovial tissue and in

joint fluid, they have a huge potential to directly inflict damage to tissue, bone and cartilage via the

secretion of proteases and toxic oxygen metabolites, as well as driving inflammation through antigen

presentation and secretion of cytokines, chemokines, prostaglandins and leucotrienes. Drugs already

used to treat RA down-regulate many neutrophil functions, including migration to the joint, degranulation

and production of inflammatory mediators, and these cells should be considered as important targets for

the development of new therapies in the future.
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Introduction

Our understanding of the role of the neutrophil in inflam-

mation has changed fundamentally over recent years.

The initial perception of the neutrophil playing a passive

role and merely responding to external signals has now

been replaced by an appreciation that activated neutro-

phils can perform most (if not all) of the functions

of macrophages. It is now recognized that appropriately

activated neutrophils secrete a variety of pro-inflammatory

cytokines and express MHC Class II (MHCII) in a manner

that allows presentation of antigen to, and activation of,

T cells. It is also recognized that neutrophils contribute to

the pathogenesis of a number of human diseases such as

chronic obstructive pulmonary disease, Behçet’s disease

and inflammatory arthritis. In some of these conditions,

neutrophils appear to have been inappropriately activated

to release tissue-damaging molecules (such as proteases)

or, alternatively, molecules that can promote inflammation

such as chemoattractants (eicosanoids and chemokines)

or cytokines. Evidence is also accumulating from animal

models that neutrophils can contribute to both the initiation

and the progression of models of arthritis. Indeed, their

presence in diseased joints of patients with RA (both in

SF and in synovial membranes), and the identification of

neutrophil-derived products in these tissues, strongly

implicates them in the molecular pathology of this disease.

Overview of neutrophil function

Neutrophils represent the body’s primary line of defence

against invading pathogens such as bacteria, and

constitute �40–60% of the white blood cell population.

In the circulation of healthy adults, neutrophils exist in a

resting state, which ensures that their toxic intracellular

contents are not accidentally released to damage host

tissue. Neutrophils become activated via a two-stage pro-

cess. Resting neutrophils can become primed by agents

that include bacterial products and cytokines or chemo-

kines, e.g. TNF-a, GM-CSF, IL-8 and IFN-g [1] and primed

neutrophils are then mobilized to the site of infection or

inflammation, where they encounter activating signals to

trigger bacterial killing.
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Priming occurs via two separate mechanisms. Rapid

priming (within minutes of the cell receiving a signal)

results from the mobilization of intracellular granules

that possess pre-formed receptors (Fig. 1) to the plasma

membrane. This process increases the number (and

sometimes the affinity) of surface-expressed plasma

membrane receptors by mechanisms that do not involve

protein biosynthesis. Often, however, the priming agent

will also result in activation of transcription factors that

trigger the de novo expression of molecules (e.g. recep-

tors and cytokines), which enhance neutrophil function or

lifespan. Thus, the molecular properties and hence func-

tions of resting blood neutrophils and primed neutrophils

are very different. For this reason, in vitro experiments

using freshly isolated blood neutrophils often fail to

recognize the full functional repertoire and capability of

neutrophils. Many of the regulatory functions of macro-

phages are shared by primed (but not resting) neutrophils.

The migration of neutrophils from the circulation to the

site of inflammation is controlled by interactions with the

vascular endothelium. L-selectin expressed on the sur-

face of neutrophils allows loose tethering to ligands

expressed on the surface of endothelial cells [such as

E- and P-selectin, and P-selectin glycoprotein ligand-1

(PSGL-1)] as it rolls along the endothelium (Fig. 2).

This induces conformational changes in integrin adhesion

molecules including very late antigen-4 (VLA-4; a4b1-

integrin, CD49d/CD29b), lymphocyte function-associated

antigen-1 (LFA-1; aLb2-integrin, CD11a/CD18) and macro-

phage antigen-1 (MAC-1; aMb2-integrin, CD11b/CD18),

FIG. 1 Properties of neutrophils. (A) Neutrophil functions and products that can actively drive inflammatory processes.

(B) Summary of neutrophil granules and their contents. Neutrophil granules are mobilized upon priming of the cell:

secretory vesicles are mobilized first, followed by gelatinase granules, specific granules and finally azurophilic granules.
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which engage with adhesion molecules on the surface of

endothelial cells, such as intercellular adhesion molecule

(ICAM)-1 and -2, vascular cell-adhesion molecule-1

(VCAM-1) and mucosal vascular cell-adhesion molecule-1

(MADCAM-1), leading to high-affinity ligand binding and

strong adherence. Rolling arrest is mediated by binding of

chemoattractants such as IL-8 to neutrophil receptors fol-

lowing high-affinity adherence to the endothelium [2].

Neutrophils then migrate into tissue through the junctions

between neighbouring endothelial cells (paracellular

migration) using surface ligands including ICAM-2,

PECAM-1 (platelet endothelial-cell adhesion molecule-1)

and proteins of the junctional adhesion molecule (JAM)

family [3]. Transcellular transmigration may also occur

under conditions of high ICAM-1 expression and density,

with a small minority of neutrophils penetrating and pass-

ing through pores in the cytoplasm of endothelial cells [4].

Once neutrophils have left the circulation and passed

through the endothelium, they migrate towards inflamed

tissue along a chemotactic gradient. Exposure of neutro-

phils to chemoattractants such as N-formylmethionyl-leu-

cyl-phenylalanine (fMLP) and complement component 5a

(C5a) induces cellular polarization of chemoreceptors and

formation of actin-rich pseudopodia at the leading edge of

the cell [5]. At the site of infection, membrane receptors

for complement proteins and immunoglobulins recognize

and bind opsonized bacteria leading to the formation of

pseudopodia, phagocytosis of the pathogen and destruc-

tion within the intracellular phagosome. Neutrophils pos-

sess an arsenal of proteases (Fig. 1) and can generate

reactive oxygen species (ROS) in order to rapidly kill pha-

gocytosed pathogens, but these toxic molecules can also

damage host tissue following their release from inappro-

priately activated neutrophils in autoimmune diseases.

Comparison of the function of primed/
activated neutrophils with macrophages

Macrophages have long been considered as central to the

pathogenesis of RA due to their ability to activate T cells

by antigen presentation, and to secrete many of the

pro-inflammatory mediators found within SF and tissue

such as cytokines, chemokines and MMPs [6]. However,

macrophages are often found in relatively low numbers at

inflammatory sites compared with neutrophils. While rest-

ing peripheral blood neutrophils are relatively short lived,

undergoing apoptosis within 12–18 h, primed and acti-

vated neutrophils within tissues have undergone molecu-

lar changes that extend their life span and alter their

molecular properties, thereby allowing them to carry out

many functions that have historically been attributed to

macrophages. Delayed apoptosis, together with stimu-

lated functions such as the synthesis of pro-inflammatory

mediators (cytokines and chemokines) and ability to pre-

sent antigen to T cells, equips tissue neutrophils with the

capability to actively drive inflammatory processes.

Indeed, many of the cytokines and chemokines implicated

in RA are potent regulators of neutrophil activity (Table 1).

Apoptosis

Apoptosis is controlled by two distinct signalling path-

ways—intrinsic and extrinsic—both of which culminate

in activation of caspases (cysteine–aspartic acid pro-

teases) that cleave intracellular proteins culminating in

the death of the cell (Fig. 3). Apoptosis is required for

the resolution of inflammation, and defective or delayed

apoptosis is implicated in the pathogenesis of inflamma-

tory disease. Neutrophils that have migrated into RA joints

display molecular changes associated with a delay in

apoptosis, and thus have an enhanced potential to medi-

ate host tissue damage because of their extended life

span [18, 19]. The intrinsic apoptotic pathway regulates

constitutive neutrophil apoptosis, and the key protein in

this pathway is the anti-apoptotic protein myeloid cell leu-

kaemia-1 (Mcl-1), which is expressed in high levels in

freshly isolated cells, but has a short half-life of �2–3 h.

Mcl-1 is highly regulated by post-translational modifica-

tions, such as phosphorylation and ubiquitination, and

cellular levels of the protein correlate closely with apop-

tosis [14, 20]. The extrinsic pathway to apoptosis is regu-

lated by death receptors such as Fas, TNF-related

apoptosis-inducing ligand (TRAIL) receptors-1 and -2

FIG. 2 Neutrophil diapedesis. To pass from the peripheral blood to the site of inflammation, the neutrophil adheres to the

endothelial wall using selectins, integrins and adhesion molecules. Rolling arrest precedes transmigration through the

endothelial lining of the blood vessel, and chemotaxis to sites of inflammation. E: endothelial cell; BM: basement

membrane. (Figure adapted from Ley et al. [2].)
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FIG. 3 The intrinsic and extrinsic pathways to apoptosis. (A) The intrinsic pathway is regulated by proteins of the Bcl-2

family. Anti-apoptotic proteins such as Bcl-2 and/or Mcl-1 sequester activator BH3 (aBH3) proteins and Bax/Bak. Under

conditions of stress, inactivator (iBH3) BH3 proteins antagonize Bcl-2/Mcl-1 releasing the aBH3 proteins leading to

oligomerization of Bax/Bak and mitochondrial outer membrane permeabilization. Cytochrome c leakage from the mito-

chondria combines with caspase-9 and Apaf-1 and initiates formation of the apoptosome, resulting in caspase-3 acti-

vation and apoptosis. (B) The extrinsic pathway to apoptosis is triggered by the engagement of a ligand with a death

receptor, recruitment of intracellular death and death engagement domains (DD), and activation of caspases-8 and -3.

Cross-talk between the extrinsic and intrinsic pathways is mediated by caspase cleavage of Bcl-2 family proteins such as

Mcl-1 and Bid.

TABLE 1 Neutrophil-activating factors found within SF [7–17]

Priming

Adhesion
and

chemotaxis

ROS and
granule
enzyme
release

Apoptosis
delay MHCII

Production
of inflam-

matory
mediators

C5a Yes
G-CSF Yes Yes Yes Yes Yes

GM-CSF Yes Yes Yes Yes Yes

IFNg Yes Yes Yes Yes

IgG/IgM Yes
IL-1b Yes Yes Yes Yes

IL-6 Yes

IL-8 Yes Yes Yes
IL-15 Yes

TNF-a Yes Yes Yes Yes Yes
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and TNF receptors-1 and -2. Engagement of a death

receptor with its ligand (e.g. FasL, TRAIL and TNF-a)

induces apoptosis via activation of caspase-8 [21].

Some cross-talk exists between the intrinsic and extrinsic

apoptotic pathways, as Mcl-1 is a target of caspase-8

cleavage [15, 22].

As well as being implicated in many cancers [23, 24],

Mcl-1 plays a key role in the pathophysiology of inflam-

matory disorders, and has been shown to be elevated in

synovial fibroblasts [25], macrophages [26] and lympho-

cytes [27], as well as neutrophils [28] from inflammatory

arthritis patients. Dysregulation of the intrinsic apoptotic

pathway in RA has also been reported to occur via

increased expression of Bax and Bcl-xL in synoviocytes

[29] and B cells [30], and Bcl-2 in CD4+CD28� T-cell

clones [31] and RA synovial tissue [32]. Death

receptor-mediated apoptosis is very rarely observed

within RA synovial cells despite high levels of both Fas

and FasL [33]. This may be explained by high expression

of Fas-associated death domain-like IL-1b-converting

enzyme (cFLIP) in synovial tissue [34]. cFLIP inhibits

caspase-8 activation by blocking its engagement with

intracellular domains on death receptors, and expression

of cFLIP is under the control of Nuclear Factor (NF)-kB, a

transcription factor that is activated by TNF-a [35]. TNF-a
signalling, via NF-kB, results in the up-regulation of pro-

teins such as Bfl-1, TNFR-associated factor (TRAF)-1 and

-2 and X-linked inhibitor of apoptosis protein (XIAP), all of

which inhibit apoptosis [64]. cFLIP can also associate with

TRAF-1 and -2, as well as with kinases such as RIP and

Raf-1, activating NF-kB and ERK signalling pathways [36].

TNF-a has a dynamic effect on neutrophils: at low con-

centrations its effect is biphasic, promoting early apopto-

sis in a sub-population of cells, but delaying apoptosis in

the remaining cells [37]. It is thought that this mechanism

is controlled through stimulation of different signalling

pathways via each TNF receptor. While both TNF recep-

tors promote early cell death, only TNFR1 can delay apop-

tosis via NF-kB-controlled expression of pro-survival

genes such as Bfl-1 and TRAF-1 [15, 38, 39]. At high con-

centrations, TNF-a induces neutrophil apoptosis via death

receptor signalling through both TNF receptors, leading to

caspase-8 activation and the loss of anti-apoptotic pro-

teins such as Mcl-1 via caspase cleavage [15]. Thus, local

concentrations of TNF can have opposing effects on neu-

trophil function in inflammation.

MHCII

It is now widely accepted that activated neutrophils are

capable of presenting antigens via MHCII, thereby stimulat-

ing T-cell activation and proliferation. Expression of MHCII

molecules in neutrophils from healthy donors can be

induced by culture in the presence of GM-CSF, IL-3 and/or

IFN-g and is highly donor dependent [10, 11]. Activation of

neutrophils in vitro by fMLP, lipopolysaccharide (LPS) or

phorbol myristate acetate (PMA), or by cross-linking of

MAC-1, has also been shown to induce rapid expression of

MHCII, together with T-cell co-stimulatory molecules (CD80

and CD86) [40]. Appropriately cultured neutrophils are able

to process and present tetanus toxoid (TT) antigen via

MHCII, stimulating proliferation of TT-specific T cells

[41, 42], and cross-linking of neutrophil MHCII by

super-antigens has also been shown to increase IL-8 pro-

duction by neutrophils [43]. Neutrophils isolated from the SF

of RA patients have been shown to express MHCII, CD80

and CD86, to transcribe and express MHCII molecules in

culture, and are able to stimulate T-cell proliferation [11].

Indeed, the levelsofexpressionofMHCIIandco-stimulatory

molecules on neutrophils from SF have been reported to be

equivalent to or greater than the levels of expression on

monocytes and B cells [40]. Apart from their ability to stimu-

late T cells in this way, it is also possible that neutrophils can

expose cryptic epitopes, as they possess different pro-

teases from other antigen-presenting cells. Thus, their func-

tion within inflamed joints could be quite different from that

of other antigen-presenting cells.

Production of inflammatory mediators

In addition to their ability to present antigen, primed neu-

trophils actively synthesize and secrete cytokines, chemo-

kines, leucotrienes and prostaglandins, and by virtue of

their accumulation in large numbers within inflammatory

tissue, such as the RA joint, may contribute significantly to

local production of inflammatory mediators. In particular,

neutrophils have been shown to synthesize and secrete

IL-8 in response to a number of stimuli, including TNF-a
and GM-CSF [12]. Activated neutrophils have also been

reported to synthesize IL-1, -1RA, -6, -12, TGF-b, TNF-a,

oncostatin M and BLyS [16, 44, 45], which can subse-

quently activate both neutrophils and other cells of the

immune system. Neutrophils are a significant source of

leucotrienes and prostaglandins, especially leucotriene

B4 (LTB4) and prostaglandin E2 (PGE2), which are synthe-

sized from arachidonic acid by lipoxygenases and

cyclo-oxygenases, respectively. LTB4 is a neutrophil che-

moattractant, and can promote neutrophil adherence and

migration by up-regulation of MAC-1 [46]. PGE2, con-

versely, has a mainly anti-inflammatory effect on neutro-

phils, inhibiting phospholipase-D activity and increasing

intracellular cyclic-adenosine monophosphate (cAMP)

concentrations, which result in decreased calcium influx,

loss of nicotinamide adenine dinucleotide phosphate

(NADPH) oxidase assembly and lower levels of endothelial

adhesion and chemotaxis [47]. PGE2 has also been

reported to delay neutrophil apoptosis [48].

Receptor expression

Neutrophil priming increases the abundance and/or activ-

ity of receptors on the plasma membrane that facilitate

rapid recognition, phagocytosis and killing of bacteria

(e.g. fMLP receptors and complement receptors) or acti-

vation by immune complexes (Fcg receptors). Fcg recep-

tors bind immunoglobulins such as RF, and may be

responsible for neutrophil-mediated damage within the

synovial joint. Neutrophils express three types of Fcg
receptor: FcgRI (CD64), FcgRII (CD32) and FcgRIII

(CD16). FcgRI is a high-affinity IgG receptor that binds

monomeric IgG. It is not expressed on resting blood
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neutrophils but can be induced by cytokines such as

IFN-g, and is expressed on neutrophils isolated from the

SF of RA patients [49]. FcgRII is constitutively expressed

by neutrophils, and binds monomeric IgG with low affinity,

but has much higher affinity for dimers or aggregates of

IgG. The FcgRIIa isoform is an activating receptor, which

is up-regulated by priming agents such as TNF-a and

GM-CSF [50]. The FcgRIIb isoform generates an inhibitory

signal, and a defect in FcgRIIb function is associated with

increased disease severity and joint erosions in RA

patients [51]. Treatment with infliximab has been shown

to induce a switch between expression of the FcgRIIa and

-b isoforms in blood neutrophils from RA patients, result-

ing in improvements in disease activity [52]. FcgRIII binds

complexes of IgG with low affinity, and the FcgRIIIb iso-

form of the receptor, which is exclusively expressed on

neutrophils, is highly abundant with 100 000–200 000

receptors per cell. FcgRIIIb is constantly shed by acti-

vated neutrophils, but intracellular stores of the receptor

are mobilized during priming to maintain expression [7].

Engagement of IgG immune complexes with either

FcgRIIa or FcgRIIIb initiates very different functional

responses in neutrophils. Signalling via FcgRIIa initiates

chemotaxis, phagocytosis and killing when neutrophils

are challenged with serum-opsonized bacteria. However,

FcgRIIIb has been shown to play a pivotal role in the

secretion of ROS in response to immune complexes, but

little or no role in phagocytosis or killing of serum-

opsonized bacteria [53]. Indeed, neutrophils from individ-

uals who are genetically deficient in FcgRIIIb show no

impairment in bacterial phagocytosis or killing [54].

Activation of neutrophils by immune complexes can be

one of the mechanisms of joint damage in RA, and the

discovery that blocking the signalling via FcgRIIIb ablates

neutrophil activation by immune complexes without com-

promising host defence identifies this receptor as a poten-

tial therapeutic target [53].

Mitochondria

There has long been a belief that neutrophils possess few,

if any, functional mitochondria, fitting with the idea that

these cells can perform under conditions that are limited

in O2 (e.g. inflamed tissues) and do not require mitochon-

drial respiration for functions such as the respiratory burst.

The idea that neutrophils were devoid of mitochondria,

however, made them unique among immune cells and it

was difficult to imagine how conventional apoptotic control

mechanisms, which rely upon the release of mitochondrial

proteins, could operate. It has recently been shown that

neutrophils possess a complex network of mitochondria,

the function of which is not critical to initiation of a rapid

respiratory burst or phagocytosis, but rather is involved in

chemotaxis and regulating apoptosis [55]. These mito-

chondria play little or no role in oxidative metabolism lead-

ing to ATP generation. Maintenance of mitochondrial

membrane potential appears to be essential in delaying

apoptosis in infectious states such as sepsis [56], and

indeed loss of mitochondrial membrane potential has

been identified as an early marker of apoptosis [55].

Neutrophils in inflammatory disease

Pannus/cartilage

Neutrophils are by far the most abundant immune cell

in SF aspirated from the joint of RA patients, but can

also be observed at the pannus/cartilage interface in

synovial tissue [57, 58], the site of active destruction of

cartilage and bone. Upon migration into RA joints,

activated neutrophils encounter aggregates of immuno-

globulins (e.g. RF), both within the SF and deposited

on the surface of the joint. These complexes of

immunoglobulins engage Fcg receptors on the surface

of the neutrophil, triggering degranulation and produc-

tion of ROS either into the SF, or directly onto the

surface of the joint in a process termed ‘frustrated

phagocytosis’ [59].

Activation of primed neutrophils, either by phagocytosis

of opsonized bacteria or by frustrated phagocytosis,

generates the rapid production of ROS via the action

of NADPH oxidase. A resting neutrophil has very little

capacity to produce ROS, as NADPH oxidase is a

multi-component enzyme that is assembled at

the plasma membrane during priming [60]. There are at

least six components of the oxidase: p22phox and

gp91phox (which comprise the membrane-expressed

cytochrome b558), and the cytosolic proteins p40phox,

p47phox, p67phox and rac-2. Activation of the respiratory

burst generates ROS production (O�2 , HO�, 1O2 and

H2O2) by NADPH oxidase, and hypochlorous acid

(HOCl) via the action of myeloperoxidase. Oxidative

stress as a result of inappropriate release of ROS by

neutrophils is implicated in the pathology of RA, and

neutrophils isolated from RA SF show evidence of

having initiated ROS production in vivo [61]. Oxygen rad-

icals cause damage to DNA, oxidation of lipids, proteins

and lipoproteins, and may be implicated in mutations

to immunoglobulins that lead to the formation of RF

[62, 63]. HOCl released into the tissue surrounding the

neutrophil protects granular proteases from the

anti-proteinases found within SF, and neutrophil granule

enzymes such as myeloperoxidase and lactoferrin

have been found in SF from RA patients [64, 65].

Neutrophil activation also triggers the release of

neutrophil granules, several of which are implicated in

damage to host tissue, particularly in the destruction

of the collagen matrix within cartilage, as well as bacte-

rial killing (Table 2).

Neutrophil-derived proteases are also important medi-

ators of inflammation and have been shown to play a role

in the proteolytic activation of cytokines and chemokines.

Membrane-associated proteinase-3 can cleave and acti-

vate the pro-cytokine forms of TNF-a, IL-1b and IL-8,

whereas cathepsin G and elastase may play a role in the

degradation of soluble TNF-a and IL-6. In addition, neu-

trophil serine proteases have been shown to activate cell

receptors (such as toll-like receptor 4 and epidermal

growth factor receptor) and cleave the adhesion mole-

cules ICAM-1 and VCAM-1 [70].
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Animal models

Many animal models of inflammatory arthritis show that

neutrophils are the first immune cells to enter the arthritic

joint, and that early measures of joint inflammation corre-

late to neutrophil infiltration. The K/BxN mouse model clo-

sely resembles human RA, with mice developing

progressive joint disease, characterized by rapid onset

of symmetrical arthritis in peripheral joints. The pathology

of the arthritis that develops in these mice is similar to RA,

with pannus formation, synovial hyperplasia, joint swelling

and cartilage destruction [71]. Serum transfer from K/BxN

mice can induce arthritis in other mouse models, and ini-

tiates rapid onset of arthritis that is closely associated

with influx of neutrophils into the synovial cavity.

Neutrophil-depleted mice are completely resistant to the

inflammatory effects of arthritogenic serum from K/BxN

mice [71]. In the K/BxN serum-transfer mouse model,

neutrophil-derived LTB4 has been identified as a key

mediator of inflammation and cartilage destruction [72],

and inhibition of leucotriene synthesis has also been

shown to decrease neutrophil migration into knee joints

of mice with antigen-induced arthritis (AIA) [73]. LTB4

receptor (BLT1) knock-out also prevents the development

of neutrophil-mediated arthritis in mice injected with

K/BxN serum, and BLT1 blockade in wild-type mice has

been shown to reverse K/BxN serum-induced disease

[74]. In this study, the transfer of wild-type neutrophils

to BLT1 knock-out mice not only induced the

development of arthritis, but also facilitated the influx of

BLT1�/� neutrophils into the joints.

The K/BxN model has also shown that mice deficient in

Vav or PLCg are resistant to the development of arthritis

due to defective activation of neutrophil integrins and Fcg
receptors [75]. PI3 kinase has been shown to be integral

to the development of arthritis following K/BxN serum

transfer, and PI3 kinase knock-down or inhibition signifi-

cantly diminishes neutrophil infiltration and joint damage

[76]. Chemokine receptors have been shown to be essen-

tial in neutrophil recruitment and joint damage in AIA, and

blockade of CXCR1/2 decreases neutrophil influx, syno-

vial cytokine production and tissue damage [73, 77].

Depletion of the C5a receptor protects mice against the

development of antibody-induced arthritis and CIA, com-

pletely inhibiting cartilage and bone erosion, and sup-

pressing neutrophil infiltration to the joint [78]. G-CSF

has been identified as a key mediator of neutrophil

adhesion and joint infiltration, and G-CSF knock-out

mice are resistant to CIA [17]. IL-17 has also been

shown to induce significant neutrophil joint infiltration

and cartilage damage in models of immune-complex-

mediated arthritis, which may be a direct effect, or due

to the up-regulation of other neutrophil chemoattractants

[79].

Biologics and their targets

Drug intervention therapy for RA is directed at many ele-

ments of the immune system. While non-steriod anti-

inflammatory drugs (NSAIDS), DMARDs and biologics do

not specifically target neutrophil function, many of them

exert inhibitory effects on neutrophils (Fig. 4). Most

NSAIDs inhibit the action of the cyclo-oxygenase-1 and

-2 (COX-1 and -2) enzymes, which metabolize arachidonic

acid into inflammatory mediators of the prostaglandin

family. NSAIDs have been shown to inhibit neutrophil

adherence, decrease degranulation and oxidant produc-

tion, inhibit neutrophil elastase activity and induce neutro-

phil apoptosis [22, 80, 81]. Corticosteroids provide an

anti-inflammatory signal by blocking the activity of phos-

pholipase A2, thus inhibiting production of

pro-inflammatory mediators such as leucotrienes and

prostaglandins. Corticosteroids have been shown to inhi-

bit neutrophil degranulation and ROS production,

decrease production of inflammatory mediators, and pre-

vent neutrophil adhesion and migration into RA joints [58,

82–84]. Paradoxically, while corticosteroids inhibit many

neutrophil functions, they also delay neutrophil apoptosis,

although the mechanisms underlying this effect and its

relevance in vivo are not fully understood [85]. The most

commonly prescribed DMARD, MTX, is a potent

down-regulator of the immune response in RA [86] and

has been reported to abrogate delayed neutrophil apop-

tosis, and decrease neutrophil chemotaxis, LTB4 synthe-

sis and ROS production [87–89]. Other commonly

prescribed DMARDs have been reported to decrease

neutrophil chemotaxis, degranulation and ROS produc-

tion, induce neutrophil apoptosis and prevent neutrophil-

mediated collagen destruction [90–92].

The introduction of biologic therapies, typified by TNF

inhibitors (TNFi), has revolutionized the treatment of RA,

providing a mechanism to treat those patients most

severely affected by the disease. TNF is a cytokine that

influences many elements of immune dysregulation in

TABLE 2 Neutrophil granules contain a variety of proteases that are used for bacterial killing, but which may also be

implicated in damage to host tissue in RA

Granule Granule enzyme Role in tissue damage Reference

Azurophilic (primary) Myeloperoxidase Production of HOCl [66]
Elastase Degradation of lubricin in SF and degradation of cartilage matrix [67]

Specific (secondary) Lactoferrin Up-regulation of neutrophil adhesion molecules and delayed apoptosis [65, 68]
Collagenase Degradation of cartilage matrix [67]
Gelatinase Degradation of cartilage matrix [69]

Gelatinase (tertiary) Gelatinase Degradation of cartilage matrix [69]
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disease, such as bone resorption, auto-antibody produc-

tion, cytokine synthesis and cellular infiltration into dis-

eased joints. TNF primes the neutrophil respiratory

burst; up-regulates the expression of adhesion molecules,

cytokines and chemokines; and at high local concentra-

tions can stimulate ROS production in adherent neutro-

phils [8, 12, 15, 93]. Three different TNFi are now available

for RA patients who fail to respond adequately to standard

DMARD therapy. Infliximab and adalimumab are mono-

clonal antibodies against TNF, while etanercept is a

TNFRII fusion protein. All three drugs sequester soluble

TNF, and can also bind TNF expressed on the surface

of immune cells, facilitating removal of such cells by

antibody-dependent cellular cytotoxicity (ADCC) or

by initiating apoptosis [94]. The many reported physiolog-

ical effects of anti-TNF therapy include: blockade of cyto-

kine and chemokine synthesis, e.g. IL-1a, -1b, -6, -8 and

TNF-a, by synovial tissue and peripheral blood cells

[95, 96]; lowering of serum protease levels [97]; increased

apoptosis of monocytes and macrophages [98, 99]; and

restoration of regulatory T-cell function [100]. Few

reports of the direct effect of anti-TNF agents on neutro-

phils have been published, but these drugs have

been shown to decrease mobilization of neutrophils

from peripheral blood to inflamed joints [101], and

decrease ex vivo neutrophil ROS production [102].

While other biologics such as rituximab and abatacept

do not directly target neutrophils, the decrease in

auto-antibody titres induced by rituximab [103] removes

the neutrophil-activating immune complexes from serum

and SF. Blockade of T-cell stimulation by abatacept [104]

will also prevent activation of T cells by MHCII-presenting

neutrophils.

Tocilizumab, a monoclonal antibody that blocks the sol-

uble and tissue-expressed IL-6 receptor, is also proving to

be a highly effective biologic agent in RA [105].

Like TNF-a, IL-6 is a pleiotropic cytokine that is implicated

in many aspects of inflammation associated with RA,

including the acute-phase response, B-cell differentiation,

antibody production, T-cell proliferation, endothelial cell

activation, neutrophil recruitment, RANKL expression

and osteoclast activation [106, 107]. Cells of the immune

system that do not constitutively express the IL-6 receptor

can engage with IL-6 bound to soluble IL-6 receptors

(sIL-6Rs) via dimerization with the ubiquitously expressed

GP130 co-receptor [108], a process termed trans-

signalling. Neutrophils are a major source of sIL-6Rs,

which they shed in large quantities when activated, and

their accumulation in high numbers within the synovial

joint could contribute significantly to IL-6 signalling

within the synovium via trans-signalling [109].

The success of anti-cytokine therapies has led the

search for potential new targets of biologic therapies.

These targets include other cytokines and/or their recep-

tors, protein kinase signalling and signalling networks

controlling apoptosis. Many of these new therapies have

FIG. 4 Summary of the immune targets of biologic therapies. Anti-TNF drugs infliximab, etanercept and adalimumab

target soluble (sTNF-a) and membrane-expressed TNF-a (mTNF-a), facilitating blockade of signalling and removal of

mTNF-a-expressing cells. Anakinra is an IL-1 receptor (IL-1R) antagonist, which competitively binds the IL-1R and

inhibits IL-1 signalling. Abatacept prevents the co-stimulation of T cells by blocking engagement of CD28 with CD80/86,

preventing signalling from MHCII on antigen-presenting cells to the TCR. Rituximab targets and removes CD20+ B cells.

Tocilizumab inhibits IL-6 signalling by blockade of the soluble (sIL-6R) and transmembrane (IL-6R) IL-6 receptors. M:

macrophage; B: B cell; T: T cell; N: neutrophil.
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shown success in animal models of arthritis and are now

in clinical trials. One of the key observations in effective

drug therapy in animal models of arthritis is the decrease

in neutrophil influx that correlates with improvements in

disease activity. Many of the therapies under development

target key activators of neutrophils, such as GM-CSF,

IL-15 and IL-17, the IL-8 and adenosine receptors, and

intracellular signalling molecules such as spleen tyrosine

kinase (SYK), Janus kinase (JAK) and p38 MAP kinase

(Table 3). A number of other pharmacological agents

under development directly target apoptosis, although

these are currently being developed as potential

anti-cancer therapies. However, they may also be of

value in treating autoimmune conditions such as RA.

Although still mainly in the pre-clinical stages, these

agents include TRAIL death receptor agonists, activators

of caspases and small molecule inhibitors of the Bcl-2

family of proteins [128].

Rheumatology key messages

. Activated (but not bloodstream) neutrophils pos-
sess many of the molecular properties of
macrophages.

. Recent experimental evidence points to neutrophils
as drivers of inflammatory processes.

. Many drugs used to treat RA can either directly or
indirectly target neutrophil function.
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TABLE 3 Emerging biologic therapies for the treatment of RA

Target Name Stage/model Reported effects Reference

A3 adenosine
receptor

CF101 CIA Decreased joint swelling, cartilage damage
and cytokine production

[110]

Phase II Improvements in disease activity: ACR20
(55.6%), ACR50 (33.3%), ACR70 (11.5%)

[111]

BLyS Belimumab Phase II Improvements in disease activity: ACR20
(35%), ACR50 (14%), decrease in RF titre

[112]

CXCR1/2
(IL-8 receptor)

DF2162 CIA Decreased joint swelling and neutrophil
influx

[113]

AIA Decreased joint swelling, neutrophil influx
and local cytokine and chemokine
production

[114]

GM-CSF mAb 22E9 SCW Decreased joint swelling, cytokine produc-
tion, cellular influx and cartilage damage

[115]

CAM-30001 In vitro Decreased cytokine production by
monocytes

[116]

IL-15 HuMax-IL15 Phase I/II Improvements in disease activity: ACR20
(63%), ACR50 (38%) and ACR70 (25%)

[117]

IL-17 CIA Decreased inflammation and bone erosion
through suppression of IL-1b, IL-6, TNF-a
and RANKL synthesis

[118]

JAKs CP-690550 CIA and AIA Decreased inflammatory cell infiltration and
joint damage

[119]

Phase II Improvements in disease activity: ACR20
(81%), ACR50 (54%) and ACR70 (28%)

[120]

NAMPT; visfatin APO866 CIA Decreased cytokine production, synovial
hyperplasia and cellular influx

[121]

p38 MAP kinase SC-409 SCW Decreased joint swelling, bone destruction
and cytokine production

[122]

ARY-797 Phase I/II Dose-dependent inhibition of cytokine pro-
duction and improvement in disease
activity

[123]

PI3 kinase AS-605240 CIA Suppressed development of severe arthri-
tis, decreased neutrophil infiltration and
joint swelling

[124]

RANKL Denosumab Phase II Decrease in erosions and suppression of
bone turnover

[125]

SYK R406/R788 AIA Decreased joint inflammation [126]
CIA Decreased erosions, pannus formation and

synovitis
[126]

Double-blind,
placebo-controlled

Improvements in disease activity: ACR20
(72%), ACR50 (57%), ACR70 (40%) and
decrease in serum IL-6 and MMP3

[127]

SCW: staphylococcus wall-induced arthritis.

1626 www.rheumatology.oxfordjournals.org

Helen L. Wright et al.
D

ow
nloaded from

 https://academ
ic.oup.com

/rheum
atology/article/49/9/1618/1785197 by U

.S. D
epartm

ent of Justice user on 16 August 2022



References

1 Hallett MB, Lloyds D. Neutrophil priming: the cellular sig-

nals that say ‘amber’ but not ‘green’. Immunol Today

1995;16:264–8.

2 Ley K, Laudanna C, Cybulsky MI, Nourshargh S. Getting

to the site of inflammation: the leukocyte adhesion cas-

cade updated. Nat Rev 2007;7:678–89.

3 Woodfin A, Voisin MB, Imhof BA, Dejana E, Engelhardt B,

Nourshargh S. Endothelial cell activation leads to neutro-

phil transmigration as supported by the sequential roles of

ICAM-2, JAM-a, and PECAM-1. Blood 2009;113:6246–57.

4 Yang L, Froio RM, Sciuto TE, Dvorak AM, Alon R,

Luscinskas FW. ICAM-1 regulates neutrophil adhesion

and transcellular migration of TNF-alpha-activated vas-

cular endothelium under flow. Blood 2005;106:584–92.

5 Servant G, Weiner OD, Herzmark P, Balla T, Sedat JW,

Bourne HR. Polarization of chemoattractant receptor sig-

naling during neutrophil chemotaxis. Science 2000;287:

1037–40.

6 Kinne RW, Stuhlmuller B, Burmester GR. Cells of the

synovium in rheumatoid arthritis. Macrophages. Arthritis

Res Ther 2007;9:224–40.

7 Fossati G, Bucknall RC, Edwards SW. Insoluble and sol-

uble immune complexes activate neutrophils by distinct

activation mechanisms: changes in functional responses

induced by priming with cytokines. Ann Rheum Dis 2002;

61:13–9.

8 Dewas C, Dang PM, Gougerot-Pocidalo MA, El-Benna J.

TNF-alpha induces phosphorylation of p47(phox) in

human neutrophils: partial phosphorylation of p47phox is

a common event of priming of human neutrophils by

TNF-alpha and granulocyte–macrophage

colony-stimulating factor. J Immunol 2003;171:4392–8.

9 Guichard C, Pedruzzi E, Dewas C et al.

Interleukin-8-induced priming of neutrophil oxidative burst

requires sequential recruitment of NADPH oxidase com-

ponents into lipid rafts. J Biol Chem 2005;280:37021–32.

10 Gosselin EJ, Wardwell K, Rigby WF, Guyre PM. Induction

of MHC class II on human polymorphonuclear neutrophils

by granulocyte/macrophage colony-stimulating factor,

IFN-gamma, and IL-3. J Immunol 1993;151:1482–90.

11 Cross A, Bucknall RC, Cassatella MA, Edwards SW,

Moots RJ. Synovial fluid neutrophils transcribe and

express class II major histocompatibility complex mole-

cules in rheumatoid arthritis. Arthritis Rheum 2003;48:

2796–806.

12 Fujishima S, Hoffman AR, Vu T et al. Regulation of neu-

trophil interleukin 8 gene expression and protein secretion

by lps, TNF-alpha, and IL-1 beta. J Cell Physiol 1993;154:

478–85.

13 Sullivan GW, Carper HT, Sullivan JA, Murata T,

Mandell GL. Both recombinant interleukin-1 (beta) and

purified human monocyte interleukin-1 prime human

neutrophils for increased oxidative activity and promote

neutrophil spreading. J Leukoc Biol 1989;45:389–95.

14 Derouet M, Thomas L, Cross A, Moots RJ, Edwards SW.

Granulocyte macrophage colony-stimulating factor sig-

naling and proteasome inhibition delay neutrophil apop-

tosis by increasing the stability of Mcl-1. J Biol Chem

2004;279:26915–21.

15 Cross A, Moots RJ, Edwards SW. The dual effects of

TNFalpha on neutrophil apoptosis are mediated via

differential effects on expression of Mcl-1 and Bfl-1. Blood

2008;111:878–84.

16 Scapini P, Nardelli B, Nadali G et al. G-CSF-stimulated

neutrophils are a prominent source of functional BLyS. J

Exp Med 2003;197:297–302.

17 Eyles JL, Hickey MJ, Norman MU et al. A key role for

G-CSF-induced neutrophil production and trafficking

during inflammatory arthritis. Blood 2008;112:5193–201.

18 Raza K, Scheel-Toellner D, Lee CY et al. Synovial fluid

leukocyte apoptosis is inhibited in patients with very early

rheumatoid arthritis. Arthritis Res Ther 2006;8:R120–7.

19 Hotta K, Niwa M, Hara A et al. The loss of susceptibility to

apoptosis in exudated tissue neutrophils is associated

with their nuclear factor-kappa B activation. Eur J

Pharmacol 2001;433:17–27.

20 Edwards SW, Derouet M, Howse M, Moots RJ. Regulation

of neutrophil apoptosis by Mcl-1. Biochem Soc Trans

2004;32:489–92.

21 Akgul C, Edwards SW. Regulation of neutrophil apoptosis

via death receptors. Cell Mol Life Sci 2003;60:2402–8.

22 Derouet M, Thomas L, Moulding DA et al. Sodium salicy-

late promotes neutrophil apoptosis by stimulating

caspase-dependent turnover of Mcl-1. J Immunol 2006;

176:957–65.

23 Le Gouill S, Podar K, Harousseau JL, Anderson KC. Mcl-1

regulation and its role in multiple myeloma. Cell Cycle

2004;3:1259–62.

24 Cavarretta IT, Neuwirt H, Untergasser G et al. The anti-

apoptotic effect of IL-6 autocrine loop in a cellular model

of advanced prostate cancer is mediated by Mcl-1.

Oncogene 2006;26:2822–32.

25 Liu H, Eksarko P, Temkin V et al. Mcl-1 is essential for the

survival of synovial fibroblasts in rheumatoid arthritis. J

Immunol 2005;175:8337–45.

26 Liu H, Huang Q, Shi B, Eksarko P, Temkin V, Pope RM.

Regulation of Mcl-1 expression in rheumatoid arthri-

tis synovial macrophages. Arthritis Rheum 2006;54:

3174–81.

27 Smolewska E, Stanczyk J, Robak T, Smolewski P.

Inhibited apoptosis of synovial fluid lymphocytes in chil-

dren with juvenile idiopathic arthritis is associated with

increased expression of myeloid cell leukemia 1 and XIAP

proteins. J Rheumatol 2006;33:1684–90.

28 Cross A, Barnes T, Bucknall RC, Edwards SW, Moots RJ.

Neutrophil apoptosis in rheumatoid arthritis is regulated by

local oxygen tensions within joints. J Leukoc Biol 2006;80:

521–8.

29 Hilbers I, Hansen T, Petrow PK et al. Expression of the

apoptosis accelerator bax in rheumatoid arthritis syno-

vium. Rheumatol Int 2003;23:75–81.

30 Hayashida K, Shimaoka Y, Ochi T, Lipsky PE. Rheumatoid

arthritis synovial stromal cells inhibit apoptosis and

up-regulate Bcl-xl expression by B cells in a CD49/

CD29-CD106-dependent mechanism. J Immunol 2000;

164:1110–6.

31 Schirmer M, Vallejo AN, Weyand CM, Goronzy JJ.

Resistance to apoptosis and elevated expression of Bcl-2

in clonally expanded CD4+CD28� T cells from rheumatoid

arthritis patients. J Immunol 1998;161:1018–25.

32 Sugiyama M, Tsukazaki T, Yonekura A, Matsuzaki S,

Yamashita S, Iwasaki K. Localisation of apoptosis and

expression of apoptosis related proteins in the synovium

www.rheumatology.oxfordjournals.org 1627

Neutrophil function in inflammation
D

ow
nloaded from

 https://academ
ic.oup.com

/rheum
atology/article/49/9/1618/1785197 by U

.S. D
epartm

ent of Justice user on 16 August 2022



of patients with rheumatoid arthritis. Ann Rheum Dis 1996;

55:442–9.

33 Yu Q, Liu X, Shi G. Immunohistochemical study of

fas antigen expression in synovial tissues from

patients with rheumatoid arthritis. Chin Med J 1998;111:

211–3.

34 Catrina AI, Ulfgren AK, Lindblad S, Grondal L, Klareskog L.

Low levels of apoptosis and high FLIP expression in early

rheumatoid arthritis synovium. Ann Rheum Dis 2002;61:

934–6.

35 Bai S, Liu H, Chen KH et al. NF-kappaB-regulated

expression of cellular FLIP protects rheumatoid arthritis

synovial fibroblasts from tumor necrosis factor

alpha-mediated apoptosis. Arthritis Rheum 2004;50:

3844–55.

36 Kataoka T, Budd RC, Holler N et al. The caspase-8

inhibitor FLIP promotes activation of NF-kappab and ERK

signaling pathways. Curr Biol 2000;10:640–8.

37 van den Berg JM, Weyer S, Weening JJ, Roos D,

Kuijpers TW. Divergent effects of tumor necrosis factor

alpha on apoptosis of human neutrophils. J Leukoc Biol

2001;69:467–73.

38 Murray J, Barbara JA, Dunkley SA et al. Regulation of

neutrophil apoptosis by tumor necrosis factor-alpha:

requirement for TNFR55 and TNFR75 for induction of

apoptosis in vitro. Blood 1997;90:2772–83.

39 Nolan B, Kim R, Duffy A et al. Inhibited neutrophil apop-

tosis: proteasome dependent NF-kappaB translocation is

required for TRAF-1 synthesis. Shock 2000;14:290–4.

40 Sandilands GP, Ahmed Z, Perry N, Davison M, Lupton A,

Young B. Cross-linking of neutrophil CD11b results in

rapid cell surface expression of molecules required for

antigen presentation and T-cell activation. Immunology

2005;114:354–68.

41 Radsak M, Iking-Konert C, Stegmaier S, Andrassy K,

Hansch GM. Polymorphonuclear neutrophils as accessory

cells for T-cell activation: major histocompatibility com-

plex class II restricted antigen-dependent induction of

T-cell proliferation. Immunology 2000;101:521–30.

42 Iking-Konert C, Cseko C, Wagner C, Stegmaier S,

Andrassy K, Hansch GM. Transdifferentiation of polymor-

phonuclear neutrophils: Acquisition of CD83 and other

functional characteristics of dendritic cells. J Mol Med

2001;79:464–74.

43 Lei L, Altstaedt J, von der Ohe M, Proft T, Gross U, Rink L.

Induction of interleukin-8 in human neutrophils after MHC

class II cross-linking with superantigens. J Leukoc Biol

2001;70:80–6.

44 Cassatella MA. Neutrophil-derived proteins: selling cyto-

kines by the pound. Adv Immunol 1999;73:369–509.

45 Cross A, Edwards SW, Bucknall RC, Moots RJ. Secretion

of oncostatin M by neutrophils in rheumatoid arthritis.

Arthritis Rheum 2004;50:1430–6.

46 Hallett JM, Leitch AE, Riley NA, Duffin R, Haslett C,

Rossi AG. Novel pharmacological strategies for driving

inflammatory cell apoptosis and enhancing the resolution

of inflammation. Trends Pharmacol Sci 2008;29:250–7.

47 Hecker G, Ney P, Schror K. Cytotoxic enzyme release and

oxygen centered radical formation in human neutrophils

are selectively inhibited by E-type prostaglandins but not

by PGI2. Naunyn Schmiedebergs Arch Pharmacol 1990;

341:308–15.

48 Ottonello L, Gonella R, Dapino P, Sacchetti C, Dallegri F.

Prostaglandin E2 inhibits apoptosis in human neutrophilic

polymorphonuclear leukocytes: role of intracellular cyclic

AMP levels. Exp Hematol 1998;26:895–902.

49 Quayle JA, Watson F, Bucknall RC, Edwards SW.

Neutrophils from the synovial fluid of patients with rheu-

matoid arthritis express the high affinity immunoglobulin G

receptor, Fc gamma RI (CD64): role of immune complexes

and cytokines in induction of receptor expression.

Immunology 1997;91:266–73.

50 Belostocki K, Park MS, Redecha PB, Masuda E,

Salmon JE, Pricop L. Fcgammariia is a target for modu-

lation by TNFalpha in human neutrophils. Clin Immunol

(Orlando, Fla 2005;117:78–86.

51 Radstake TR, Franke B, Wenink MH et al. The functional

variant of the inhibitory Fcgamma receptor IIb (CD32b) is

associated with the rate of radiologic joint damage and

dendritic cell function in rheumatoid arthritis. Arthritis

Rheum 2006;54:3828–37.

52 Belostocki K, Pricop L, Redecha PB et al. Infliximab

treatment shifts the balance between stimulatory and

inhibitory Fcgamma receptor type II isoforms on neutro-

phils in patients with rheumatoid arthritis. Arthritis Rheum

2008;58:384–8.

53 Fossati G, Moots RJ, Bucknall RC, Edwards SW.

Differential role of neutrophil Fcgamma receptor IIIB

(CD16) in phagocytosis, bacterial killing, and responses to

immune complexes. Arthritis Rheum 2002;46:1351–61.

54 Wagner C, Hansch GM. Genetic deficiency of CD16, the

low-affinity receptor for immunoglobulin G, has no impact

on the functional capacity of polymorphonuclear neutro-

phils. Eur J Clin Invest 2004;34:149–55.

55 Fossati G, Moulding DA, Spiller DG, Moots RJ, White MR,

Edwards SW. The mitochondrial network of human neu-

trophils: role in chemotaxis, phagocytosis, respiratory

burst activation, and commitment to apoptosis. J Immunol

2003;170:1964–72.

56 Taneja R, Parodo J, Jia SH, Kapus A, Rotstein OD,

Marshall JC. Delayed neutrophil apoptosis in sepsis is

associated with maintenance of mitochondrial trans-

membrane potential and reduced caspase-9 activity.

Crit Care Med 2004;32:1460–9.

57 Mohr W, Westerhellweg H, Wessinghage D.

Polymorphonuclear granulocytes in rheumatic tissue

destruction. III. an electron microscopic study of pmns

at the pannus–cartilage junction in rheumatoid arthritis.

Ann Rheum Dis 1981;40:396–9.

58 Wittkowski H, Foell D, af Klint E et al. Effects of

intra-articular corticosteroids and anti-TNF therapy on

neutrophil activation in rheumatoid arthritis. Ann Rheum

Dis 2007;66:1020–5.

59 Pillinger MH, Abramson SB. The neutrophil in rheumatoid

arthritis. Rheum Dis Clin North Am 1995;21:691–714.

60 Edwards SW. The O�2 generating NADPH oxidase of

phagocytes: structure and methods of detection. Methods

1996;9:563–77.

61 Cedergren J, Forslund T, Sundqvist T, Skogh T.

Intracellular oxidative activation in synovial fluid neutro-

phils from patients with rheumatoid arthritis but not from

other arthritis patients. J Rheumatol 2007;34:2162–70.

62 Hitchon CA, El-Gabalawy HS. Oxidation in rheumatoid

arthritis. Arthritis Res Ther 2004;6:265–78.

1628 www.rheumatology.oxfordjournals.org

Helen L. Wright et al.
D

ow
nloaded from

 https://academ
ic.oup.com

/rheum
atology/article/49/9/1618/1785197 by U

.S. D
epartm

ent of Justice user on 16 August 2022



63 Rasheed Z. Hydroxyl radical damaged immunoglobulin G

in patients with rheumatoid arthritis: biochemical and

immunological studies. Clin Biochem 2008;41:663–9.

64 Edwards SW, Hughes V, Barlow J, Bucknall R.

Immunological detection of myeloperoxidase in synovial

fluid from patients with rheumatoid arthritis. Biochem J

1988;250:81–5.

65 Wong SH, Francis N, Chahal H et al. Lactoferrin is a sur-

vival factor for neutrophils in rheumatoid synovial fluid.

Rheumatology 2009;48:39–44.

66 Deby-Dupont G, Deby C, Lamy M. Neutrophil myeloper-

oxidase revisited: it’s role in health and disease.

Intensivmed 1999;36:500–13.

67 Baici A, Salgam P, Cohen G, Fehr K, Boni A. Action of

collagenase and elastase from human polymorphonuclear

leukocytes on human articular cartilage. Rheumatol Int

1982;2:11–6.

68 Oseas R, Yang HH, Baehner RL, Boxer LA. Lactoferrin: a

promoter of polymorphonuclear leukocyte adhesiveness.

Blood 1981;57:939–45.

69 Van den Steen PE, Proost P, Grillet B et al. Cleavage of

denatured natural collagen type II by neutrophil gelatinase

B reveals enzyme specificity, post-translational modifica-

tions in the substrate, and the formation of remnant epi-

topes in rheumatoid arthritis. FASEB J 2002;16:379–89.

70 Pham CT. Neutrophil serine proteases: specific regulators

of inflammation. Nat Rev 2006;6:541–50.

71 Wipke BT, Allen PM. Essential role of neutrophils in the

initiation and progression of a murine model of rheumatoid

arthritis. J Immunol 2001;167:1601–8.

72 Chen M, Lam BK, Kanaoka Y et al. Neutrophil-derived

leukotriene B4 is required for inflammatory arthritis. J Exp

Med 2006;203:837–42.

73 Grespan R, Fukada SY, Lemos HP et al. CXCR2-specific

chemokines mediate leukotriene B4-dependent recruit-

ment of neutrophils to inflamed joints in mice with

antigen-induced arthritis. Arthritis Rheum 2008;58:

2030–40.

74 Kim ND, Chou RC, Seung E, Tager AM, Luster AD. A

unique requirement for the leukotriene B4 receptor BLT1

for neutrophil recruitment in inflammatory arthritis. J Exp

Med 2006;203:829–35.

75 Jakus Z, Simon E, Frommhold D, Sperandio M, Mocsai A.

Critical role of phospholipase Cgamma2 in integrin and Fc

receptor-mediated neutrophil functions and the effector

phase of autoimmune arthritis. J Exp Med 2009;206:

577–93.

76 Randis TM, Puri KD, Zhou H, Diacovo TG. Role of

PI3Kdelta and PI3Kgamma in inflammatory arthritis and

tissue localization of neutrophils. Eur J Immunol 2008;38:

1215–24.

77 Coelho FM, Pinho V, Amaral FA et al. The chemokine

receptors CXCR1/ CXCR2 modulate antigen-induced

arthritis by regulating adhesion of neutrophils to the

synovial microvasculature. Arthritis Rheum 2008;58:

2329–37.

78 Grant EP, Picarella D, Burwell T et al. Essential role for the

C5a receptor in regulating the effector phase of synovial

infiltration and joint destruction in experimental arthritis.

J Exp Med 2002;196:1461–71.

79 Grevers LC, van Lent PL, Koenders MI et al. Different

amplifying mechanisms of interleukin-17 and

interferon-gamma in Fcgamma receptor-mediated carti-

lage destruction in murine immune complex-mediated

arthritis. Arthritis Rheum 2009;60:396–407.

80 Pillinger MH, Capodici C, Rosenthal P et al. Modes of

action of aspirin-like drugs: salicylates inhibit ERK

activation and integrin-dependent neutrophil adhesion.

Proc Natl Acad Sci USA 1998;95:14540–5.

81 Neal TM, Vissers MC, Winterbourn CC. Inhibition by non-

steroidal anti-inflammatory drugs of superoxide produc-

tion and granule enzyme release by polymorphonuclear

leukocytes stimulated with immune complexes or

formyl-methionyl-leucyl-phenylalanine. Biochem

Pharmacol 1987;36:2511–7.

82 Liu L, Wang YX, Zhou J et al. Rapid non-genomic

inhibitory effects of glucocorticoids on human neutrophil

degranulation. Inflamm Res 2005;54:37–41.

83 Crockard AD, Boylan MT, Droogan AG, McMillan SA,

Hawkins SA. Methylprednisolone-induced neutrophil

leukocytosis—down-modulation of neutrophil L-selectin

and Mac-1 expression and induction of

granulocyte-colony stimulating factor. Int J Clin Lab Res

1998;28:110–5.

84 Youssef PP, Cormack J, Evill CA et al. Neutrophil traf-

ficking into inflamed joints in patients with rheumatoid

arthritis, and the effects of methylprednisolone. Arthritis

Rheum 1996;39:216–25.

85 Heasman SJ, Giles KM, Ward C, Rossi AG, Haslett C,

Dransfield I. Glucocorticoid-mediated regulation of

granulocyte apoptosis and macrophage phagocytosis of

apoptotic cells: implications for the resolution of

inflammation. J Endocrinol 2003;178:29–36.

86 Wessels JA, Huizinga TW, Guchelaar HJ. Recent insights

in the pharmacological actions of methotrexate in the

treatment of rheumatoid arthritis. Rheumatology 2008;47:

249–55.

87 Weinmann P, Moura RA, Caetano-Lopes JR et al. Delayed

neutrophil apoptosis in very early rheumatoid arthritis

patients is abrogated by methotrexate therapy. Clin Exp

Rheumatol 2007;25:885–7.

88 Sperling RI, Benincaso AI, Anderson RJ, Coblyn JS,

Austen KF, Weinblatt ME. Acute and chronic suppression

of leukotriene B4 synthesis ex vivo in neutrophils from

patients with rheumatoid arthritis beginning treatment with

methotrexate. Arthritis Rheum 1992;35:376–84.

89 Laurindo IM, Mello SB, Cossermelli W. Influence of low

doses of methotrexate on superoxide anion production by

polymorphonuclear leukocytes from patients with rheu-

matoid arthritis. J Rheumatol 1995;22:633–8.

90 Kraan MC, de Koster BM, Elferink JG, Post WJ,

Breedveld FC, Tak PP. Inhibition of neutrophil migration

soon after initiation of treatment with leflunomide or

methotrexate in patients with rheumatoid arthritis: findings

in a prospective, randomized, double-blind clinical trial in

fifteen patients. Arthritis Rheum 2000;43:1488–95.

91 Elferink JG, Daha MR, de Koster BM. A cyclic GMP- and

G-kinase-dependent effect of azathioprine on migration by

human neutrophils. Cell Mol Life Sci 1997;53:593–9.

92 Akahoshi T, Namai R, Sekiyama N, Tanaka S, Hosaka S,

Kondo H. Rapid induction of neutrophil apoptosis by sul-

fasalazine: implications of reactive oxygen species in the

apoptotic process. J Leukoc Biol 1997;62:817–26.

93 Ginis I, Tauber AI. Activation mechanisms of adherent

human neutrophils. Blood 1990;76:1233–9.

www.rheumatology.oxfordjournals.org 1629

Neutrophil function in inflammation
D

ow
nloaded from

 https://academ
ic.oup.com

/rheum
atology/article/49/9/1618/1785197 by U

.S. D
epartm

ent of Justice user on 16 August 2022



94 Mitoma H, Horiuchi T, Tsukamoto H et al. Mechanisms

for cytotoxic effects of anti-tumor necrosis factor agents

on transmembrane tumor necrosis factor

alpha-expressing cells: comparison among infliximab,

etanercept and adalimumab. Arthritis Rheum 2008;58:

1248–57.

95 Ulfgren AK, Andersson U, Engstrom M, Klareskog L,

Maini RN, Taylor PC. Systemic anti-tumor necrosis

factor alpha therapy in rheumatoid arthritis

down-regulates synovial tumor necrosis factor alpha

synthesis. Arthritis Rheum 2000;43:2391–6.

96 Hosaka K, Ryu J, Saitoh S, Ishii T, Kuroda K, Shimizu K.

The combined effects of anti-TNFalpha antibody and

IL-1 receptor antagonist in human rheumatoid arthritis

synovial membrane. Cytokine 2005;32:263–9.

97 Klimiuk PA, Sierakowski S, Domyslawska I, Chwiecko J.

Effect of repeated infliximab therapy on serum matrix

metalloproteinases and tissue inhibitors of metallopro-

teinases in patients with rheumatoid arthritis. J

Rheumatol 2004;31:238–42.

98 Shen C, Assche GV, Colpaert S et al. Adalimumab

induces apoptosis of human monocytes: a comparative

study with infliximab and etanercept. Aliment Pharmacol

Ther 2005;21:251–8.

99 Catrina AI, Trollmo C, af Klint E et al. Evidence that

anti-tumor necrosis factor therapy with both etanercept

and infliximab induces apoptosis in macrophages, but

not lymphocytes, in rheumatoid arthritis joints: extended

report. Arthritis Rheum 2005;52:61–72.

100 Ehrenstein MR, Evans JG, Singh A et al. Compromised

function of regulatory T cells in rheumatoid arthritis and

reversal by anti-TNFalpha therapy. J Exp Med 2004;200:

277–85.

101 Taylor PC, Peters AM, Paleolog E et al. Reduction of

chemokine levels and leukocyte traffic to joints by

tumor necrosis factor alpha blockade in patients with

rheumatoid arthritis. Arthritis Rheum 2000;43:38–47.

102 den Broeder AA, Wanten GJ, Oyen WJ, Naber T, van

Riel PL, Barrera P. Neutrophil migration and production

of reactive oxygen species during treatment with a fully

human anti-tumor necrosis factor-alpha monoclonal

antibody in patients with rheumatoid arthritis. J

Rheumatol 2003;30:232–7.

103 Thurlings RM, Vos K, Wijbrandts CA, Zwinderman AH,

Gerlag DM, Tak PP. Synovial tissue response to rituxi-

mab: mechanism of action and identification of biomar-

kers of response. Ann Rheum Dis 2008;67:917–25.

104 Teng GG, Turkiewicz AM, Moreland LW. Abatacept: a

costimulatory inhibitor for treatment of rheumatoid

arthritis. Expert Opin Biol Ther 2005;5:1245–54.

105 Smolen JS, Beaulieu A, Rubbert-Roth A et al. Effect of

interleukin-6 receptor inhibition with tocilizumab in

patients with rheumatoid arthritis (option study): a

double-blind, placebo-controlled, randomised trial.

Lancet 2008;371:987–97.

106 Cronstein BN. Interleukin-6—a key mediator of systemic

and local symptoms in rheumatoid arthritis. Bull NYU

Hosp Jt Dis 2007;65(Suppl. 1):S11–5.

107 Boss B, Neeck G. Correlation of IL-6 with the classical

humoral disease activity parameters ESR and CRP and

with serum cortisol, reflecting the activity of the HPA axis

in active rheumatoid arthritis. Z Rheumatol 2000;59

Suppl. 2:II/62–4.

108 Jones SA, Richards PJ, Scheller J, Rose-John S. IL-6

transsignaling: the in vivo consequences. J Interferon

Cytokine Res 2005;25:241–53.

109 Marin V, Montero-Julian F, Gres S, Bongrand P,

Farnarier C, Kaplanski G. Chemotactic agents induce

IL-6R alpha shedding from polymorphonuclear cells:

involvement of a metalloproteinase of the

TNF-alpha-converting enzyme (TACE) type. Eur J

Immunol 2002;32:2965–70.

110 Baharav E, Bar-Yehuda S, Madi L et al. Antiinflammatory

effect of A3 adenosine receptor agonists in murine

autoimmune arthritis models. J Rheumatol 2005;32:

469–76.

111 Silverman MH, Strand V, Markovits D et al. Clinical

evidence for utilization of the A3 adenosine receptor as

a target to treat rheumatoid arthritis: data from a phase II

clinical trial. J Rheumatol 2008;35:41–8.

112 Ding C. Belimumab, an anti-BLyS human monoclonal

antibody for potential treatment of inflammatory auto-

immune diseases. Expert Opin Biol Ther 2008;8:

1805–14.

113 Cunha TM, Barsante MM, Guerrero AT et al. Treatment

with DF 2162, a non-competitive allosteric inhibitor of

CXCR1/2, diminishes neutrophil influx and inflammatory

hypernociception in mice. Br J Pharmacol 2008;154:

460–70.

114 Barsante MM, Cunha TM, Allegretti M et al. Blockade of

the chemokine receptor CXCR2 ameliorates

adjuvant-induced arthritis in rats. Br J Pharmacol 2008;

153:992–1002.

115 Plater-Zyberk C, Joosten LA, Helsen MM, Koenders MI,

Baeuerle PA, van den Berg WB. Combined blockade of

granulocyte–macrophage colony stimulating factor and

interleukin 17 pathways potently suppresses chronic

destructive arthritis in a tumour necrosis factor

alpha-independent mouse model. Ann Rheum Dis 2009;

68:721–8.

116 Cohen S, Eghobamien L, Sims D et al. In vitro properties

of CAM-3001, a human anti GM-CSF receptor antibody

for the treatment of patients with rheumatoid arthritis.

Arthritis Rheum 2008;58:S665.

117 Baslund B, Tvede N, Danneskiold-Samsoe B et al.

Targeting interleukin-15 in patients with rheumatoid

arthritis: a proof-of-concept study. Arthritis Rheum 2005;

52:2686–92.

118 Koenders MI, Lubberts E, Oppers-Walgreen B et al.

Blocking of interleukin-17 during reactivation of experi-

mental arthritis prevents joint inflammation and bone

erosion by decreasing RANKL and interleukin-1. Am J

Pathol 2005;167:141–9.

119 Milici AJ, Kudlacz EM, Audoly L, Zwillich S,

Changelian P. Cartilage preservation by inhibition of

Janus kinase 3 in two rodent models of rheumatoid

arthritis. Arthritis Res Ther 2008;10:R14–23.

120 Hampton T. Arthritis clinical trial results revealed. JAMA

2007;297:28–9.

121 Busso N, Karababa M, Nobile M et al. Pharmacological

inhibition of nicotinamide phosphoribosyltransferase/

visfatin enzymatic activity identifies a new inflammatory

pathway linked to NAD. PLoS ONE 2008;3:e2267.

122 Mbalaviele G, Anderson G, Jones A et al. Inhibition of

p38 mitogen-activated protein kinase prevents

1630 www.rheumatology.oxfordjournals.org

Helen L. Wright et al.
D

ow
nloaded from

 https://academ
ic.oup.com

/rheum
atology/article/49/9/1618/1785197 by U

.S. D
epartm

ent of Justice user on 16 August 2022



inflammatory bone destruction. J Pharmacol Exp Ther
2006;317:1044–53.

123 Genovese MC, Cohen SB, Wofsy D et al. A randomised,

double-blind, placebo-controlled phase II study of an

oral p38alpha MAPK inhibitor, in patients with active
rheumatoid arthritis. Arthritis Rheum 2008;58:S431–2.

124 Camps M, Ruckle T, Ji H et al. Blockade of

PI3Kgamma suppresses joint inflammation and damage

in mouse models of rheumatoid arthritis. Nat Med 2005;
11:936–43.

125 Cohen SB, Dore RK, Lane NE et al. Denosumab treat-

ment effects on structural damage, bone mineral density

and bone turnover in rheumatoid arthritis: a
twelve-month, multicenter, randomized, double-blind,

placebo-controlled, phase II clinical trial. Arthritis Rheum
2008;58:1299–309.

126 Braselmann S, Taylor V, Zhao H et al. R406, an orally

available spleen tyrosine kinase inhibitor blocks Fc

receptor signaling and reduces immune
complex-mediated inflammation. J Pharmacol Exp Ther

2006;319:998–1008.

127 Weinblatt ME, Kavanaugh A, Burgos-Vargas R et al.

Treatment of rheumatoid arthritis with a Syk kinase
inhibitor: a twelve-week, randomized, placebo-controlled

trial. Arthritis Rheum 2008;58:3309–18.

128 Kang MH, Reynolds CP. Bcl-2 inhibitors: targeting mito-

chondrial apoptotic pathways in cancer therapy. Clin
Cancer Res 2009;15:1126–32.

www.rheumatology.oxfordjournals.org 1631

Neutrophil function in inflammation
D

ow
nloaded from

 https://academ
ic.oup.com

/rheum
atology/article/49/9/1618/1785197 by U

.S. D
epartm

ent of Justice user on 16 August 2022


