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ABSTRACT

Felty’s syndrome (FS) is a severe arthritic disorder that features chronic neutrophil activation and pro-
gresses to neutropenia and susceptibility to unabated infections. The life-threatening manifestations of
FS have focused the attention of clinical experimenters who have made persistent efforts to find new
and effective therapies. This review highlights important milestones in the research on FS and draws
attention to recent studies on the antigen specificity of antibodies present in patients’ sera. Recent
data have indicated that immunoglobulins G (lgGs) in patients with FS bind selectively and specifically
to deiminated histones and neutrophil extracellular chromatin traps (NETs). Deimination is the conver-
sion of certain arginine residues in proteins to citrullines by the enzyme peptidylarginine deiminase 4.
Earlier observations had indicated that IgGs in FS patients avidly bind to citrullinated peptides. These
observations suggest that NETosis, the type of cell death that is defined by the release of NETs, provides
autoantigens that stimulate B cell responses in this patient group. This insight parallels recent observa-
tions in other autoimmune conditions and lends support to the paradigm that NETosis plays a leading

role in the pathogenesis of antiself immune responses.

INTRODUCTION  The pathogenesis of Felty’s syn-
drome (FS) is complex. To treat and manage pa-
tients with FS, a better understanding of the dis-
ease is needed. An important first step in under-
standing autoimmune disease in general is to
identify relevant self-antigen(s). Certain autoanti-
bodies have diagnostic importance: anti-DNA and
anticyclic citrullinated peptide enzyme-linked
immunosorbent assays (ELISA) are important
tests to diagnose systemic lupus erythematosus
(SLE) and rheumatoid arthritis (RA), respectively.
Studies of autoantibodies also reveal the mecha-
nism involved in the expression of autoantigens
and their interaction with the immune system.
Genetic analysis of autoantibodies has revealed
that junctional diversity and somatic mutations
make essential contribution to the recognition
of autoantigens.! Affinity maturation of anti-
self B-cell receptors together with clonal expan-
sion of B cells bearing such receptors is similar to
that seen against foreign antigens.? These studies
have allowed a significant progress in identifying
the autoimmune pathogenesis of some diseases.
For SLE, RA, and FS, the role of autoantibodies
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in the disease process is not entirely clear, yet

a plethora of associated self-specificities provide

clues about the disease process. Because FS is

characterized by the inflammation-driven, pro-
gressive destruction of neutrophils, we hypothe-
sized that autoantigens generated during neutro-
phil activation might play a role in this disorder.
In this review, we summarize studies that have

contributed to our present knowledge of FS and

discuss different mechanisms that have been pro-
posed to explain its pathogenesis.

Felty’s syndrome: an “extreme” rheumatoid disease
In 1924, Dr. A.R. Felty reported 5 patients with
chronic arthritis, splenomegaly, and leucopenia,
thus defining a syndrome that bears his name.3 FS
is estimated to occur in about 1% to 3% of RA pa-
tients after an average of 10 to 15 years of arthri-
tis.*8 ES differs from RA by more severe arthritis
and extra-articular manifestations.*’® Serologi-
cally, FS exhibits higher titers of rheumatoid fac-
tor (RF),*79 antinuclear antibodies,”'® and antihis-
tone antibodies." The characteristic autoimmune
response, coupled with neutropenia, crippling
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arthritis, and frequent infections, prompted
Sienknecht et al.® to refer to ES as a “super rheu-
matoid” disease. Intriguingly, FS combines fea-
tures of RA and SLE and displays typical clinical
findings,”® supporting the notion that different
pathogenic mechanisms may contribute to RA
and FS pathogenesis."

The most critical manifestation of FS is neu-
tropenia, resulting in a higher incidence of bac-
terial infection when neutrophil counts drop be-
low 0.5x10%/1.7"3 In addition, the neutrophils
from FS patients are deficient in bacterial phago-
cytosis due to decreased expression of Fc recep-
tors.'* Other factors that contribute to a high-
er incidence of infection in FS patients include
hypocomplementemia, elevated levels of circulat-
ing immune complexes,'® impaired chemotaxis,
and decreased superoxide production.'® In con-
junction with neutropenia, ES patients may also
present with anemia and thrombocytopenia.*’

Large granular lymphocytic leukemia: a close relative
of Felty's syndrome  Most patients with large gran-
ular lymphocyte (LGL) leukemia exhibit a constel-
lation of symptoms including fatigue, fever, weight
loss, and night sweats, characteristic of leukemic
disorders, but they also present with arthritis,
neutropenia, and splenomegaly."”'® The peripheral
expansion of lymphocyte populations in LGL leu-
kemia, in particular those that are derived from
CD3*CD8* CD57+ T cells, occurs in about 30%
to 40% of FS patients.'%2 Moreover, about 20%
to 30% of patients with T-LGL expansion have
RA.21-22 Because of the shared clinical features, it
has been proposed that FS and T-LGL leukemia
represent 2 diseases at the opposite ends of a clin-
ical spectrum reflecting a common mechanism.'®2%
In support of this argument, it was found that
patients with FS and LGL leukemia with arthri-
tis also share a strong association with class-II al-
leles, in particular with HLA-DRB1*0401.24% In-
terestingly, no such association was found in pa-
tients with LGL leukemia without arthritis,?* 2
suggesting that at least 1 subset of the LGL syn-
drome is unrelated to FS. Furthermore, arthri-
tis and extra-articular manifestations are usual-
ly more severe in FS than in LGL leukemia with
arthritis.?® Notably, hepatomegaly of FS is char-
acterized with nodular regenerative hyperplasia,
portal fibrosis, and sinusoidal lymphocytosis in-
dicative of underlying FS vasculopathy,?” where-
as in LGL only mild sinusoidal cytotoxic T-lym-
phocyte (CTL) infiltration without hepatocyte ne-
crosis is found.?® Each of these observations sug-
gests that the pathogenic mechanisms of FS and
T-LGL leukemia may be parallel but not mecha-
nistically identical.

Neutropenia in FS is thought to arise from
a survival defect of mature neutrophils in the pe-
riphery, which induces a compensatory myeloid
hyperplasia in the bone marrow and an increase
of immature granulocytes in the circulation.?
In contrast, neutropenia in LGL leukemia without
RA is thought to reflect impaired proliferation of

neutrophils in the bone marrow, because the ac-
cumulating LGL cells may displace other cells in
the bone marrow and thus directly inhibit the pro-
liferation and differentiation of granulocyte pre-
cursors.?32 Initially, investigators believed that
ES and LGL leukemia could be distinguished by
determining the clonality of lymphocytes: clon-
ally restricted lymphocytes were assumed to be
a characteristic of LGL leukemia, whereas a clon-
ally diverse T-cell pool would be more indicative
of FS.3% Subsequent studies found clonal expan-
sion in patients with FS,?0 as is often the case in
autoimmune diseases. On the other hand, the ex-
pansion of lymphocytes in LGL leukemia is not al-
ways restricted to a single clone, although, as dis-
ease progresses, 1 clone usually predominates.®'
Activation of multiple T-cell clones by a chronic
viral infection or an endogenous autoantigen may
drive T-LGL clonal expansion.?? The recent finding
of “clonal drift” in LGL patients supports the view
that a dysregulation of the CTL repertoire homeo-
stasis, along with a sustained immunologic stimu-
lus, rather than a genetic defect, underlies the ex-
pansion of T-LGL leukemia cells.®®

Neutropenia in Felty's syndrome Recurrent infec-
tions due to neutropenia are the major challenge
in treating FS patients.”'® Therefore, an under-
standing of the causes of neutropenia and their
relationship to the overall clinical picture of FS
is important. Both cellular and humoral mecha-
nisms are thought to contribute to FS neutrope-
nia. About 77% of FS patients have antineutro-
phil cytoplasmic antibodies (ANCA) that do not
match other typical ANCA specificities.?* A part
of ANCA reactivity may be due to immune com-
plexes of RF autoantibodies,®® as it was found
that RF immune complexes have the ability to ac-
tivate neutrophils. Due to the biophysical prop-
erties of the immune complexes, stronger acti-
vation was induced by precipitated rather than
by soluble immune complexes or noncomplexed
immunoglobulin G (IgG).3¢ Earlier studies also
suggested that immune complexes have the po-
tential to induce apoptosis of neutrophils, an ef-
fect that was dependent on reactive oxygen spe-
cies, particularly hydrogen peroxide.’” Autoan-
tibodies against the eukaryotic elongation fac-
tor-1A-1 that is expressed in myeloid cell precur-
sors are present in about 66% of FS patients but
not in control individuals,*® suggesting a possi-
ble role of autoantibodies in directly inhibiting
granulopoiesis or enhancing the clearance of neu-
trophils. Thus, it is possible that an autoimmune
process which leads to the production of RF au-
toantibodies, or other autoantibodies that acti-
vate neutrophils, over time contributes to FS neu-
tropenia as a consequence of immune complex-
-driven neutrophil depletion.

An inherent tendency of FS sera for the acti-
vation of neutrophils is consistent with the in-
creased activation and endothelium adherence
of normal donor neutrophils that were incubat-
ed with FS sera.36%% Similarly, mice infused with
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the sera or isolated immune complexes from FS
patients, showed an immediate drop of neutrophil
counts, perhaps due to the sequestration of neu-
trophils in the spleen following their enhanced
activation and increased adherence to the en-
dothelium.*® Thus, the spleen may be an impor-
tant organ that, following neutrophil activation
in the periphery, performs multiple FS-specific
roles, including neutrophil sequestration and au-
toantibody induction and selection. Accordingly,
the splenic red pulp of FS patients expands, the si-
nus proliferates, macrophages infiltrate, and ger-
minal centers develop.*' The role of the spleen in
ES pathogenesis can also be judged from the fact
that nearly 100% of the patients with FS show
an improvement in their neutrophil counts with-
in 48 hours following splenectomy.*? Yet, the lack
of long-term benefits of splenectory, the inconsis-
tent correlation between splenomegaly and neu-
tropenia, and the common clinical features and
outcomes between FS and RA patients with neu-
tropenia but without splenomegaly led to calls
for dropping splenomegaly as a required criteri-
on for diagnosing FS.5:20.23.25

Neutrophil activation: at the center of Felty's syn-
drome pathogenesis The predominance of neutro-
penia in ES patients clearly points toward a con-
nection between increased neutrophil cell death
and arthritis. It remains to be established how de-
creased numbers of neutrophils stimulate an au-
toimmune response leading to arthritis. Neutro-
penia was proposed to be a consequence of splen-
ic sequestration, but no evidence for neutrophil
phagocytosis in the spleen of 27 FS patients could
be obtained.*® Recently, a new form of neutrophil
death, NETosis, has been discovered.** It is pos-
sible that NETosis will provide some useful in-
sights into the pathogenesis of FS. The process of
NETosis receives its name from the formation of
neutrophil extracellular traps (NETs), the release
of nuclear chromatin from neutrophils following
stimulation by inflammatory or infectious stim-
uli.** The release of chromatin depends on reac-
tive oxygen species*® and utilizes actin and micro-
tubular filaments for extracellular deployment.*®
NETs can be induced by many bacteria, fungi, or
exogenous inflammatory stimuli. Recently, lu-
pus autoantibody complexes were found capa-
ble of inducing NETs and promoting lupus de-
velopment by stimulating interferon-a produc-
tion.*” NETosis may represent a mechanism that
is chronically hyperactivated in FS. If so, the rup-
ture of neutrophils and their discharge of cellu-
lar and nuclear contents may explain why FS pa-
tients’ spleens lack evidence of intact neutrophil
accumulation but show all hallmarks of increased
germinal center activity.*'-4}

One aspect of NETosis may help unravel
the role of neutrophil activation in FS neutrope-
nia. This is the fact that neutrophils exposed to
inflammatory stimuli activate peptidylarginine
deiminase IV (PAD4), leading to the deimination
of arginine residues to citrullines.*® Deimination

of histones plays an important role in deconden-
sation of chromatin during NET formation*® and

identification of deiminated histones in circula-
tion is proposed as a marker of neutrophil acti-
vation, as may occur in sepsis.’® Deimination of
proteins is also implicated in breaking of toler-
ance and promoting autoimmunity, particularly in

RA. Antibodies to deiminated filaggrin, previously

known as antikeratin antibodies, are strongly as-
sociated with RA.%" Several other deiminated pro-
teins, including fibrin, vimentin, and collagen are

recognized by autoantibodies in RA patients, and

they have been identified in the synovial joints

of RA patients.5?3 The relationship between RA
and autoantibodies to deiminated proteins is so

strong that detection of antideiminated protein

antibodies forms the basis of a highly sensitive

and specific RA diagnostic test.’*%® Detection

of antibodies to deiminated proteins in RA pa-
tients precedes the onset of disease manifestation

and their presence predicts severe erosive arthri-
tis.%657 All these observations point to an impor-
tant pathophysiological role for deimination in

the etiology of RA. Consistent with this, it was

found that PAD4 mRNA is 4- to 5-fold more sta-
ble in RA-susceptible haplotypes than in nonsus-
ceptible haplotypes.?®

Felty’'s syndrome: new insights and unanswered ques-
tions Because FS is associated with an inflam-
mation-driven, progressive destruction of neutro-
phils, and deiminated histones are quite clearly
the most abundant PAD4 substrates in neutro-
phils exposed to inflammatory stimuli, we hy-
pothesized that FS autoantibodies would specifi-
cally bind to deiminated histones. Thus, we tested
the idea by preparing deiminated histones in vitro
and assaying FS sera for autoantibodies to deim-
inated histones. Indeed, we found that a majori-
ty of ES sera bind deiminated histones with pref-
erence over nondeiminated histones in ELISA.%®
In contrast, such a preference was rare in the sera
of patients with RA and SLE. On western blots,
we could identify the target of FS IgG antibod-
ies as deiminated histone H3, although binding
to deiminated core histones H2A and H4 and to
linker histone H1 was also observed.*

The identification of autoantibodies to deimi-
nated histones in FS suggests that neutrophil ac-
tivation provides autoantigens that drive the im-
mune response in this disorder. Because autoan-
tibodies to deiminated histones are rare in RA,
we concluded that they represent a population
of autoantibodies that may serve to distinguish
ES from RA. Moreover, it is tempting to conclude
that such autoantibodies identify FS-specific im-
mune activation mechanisms. If so, then autoan-
tibodies to deiminated histones could serve a
useful purpose in identifying and monitoring
progression of FS. In addition, these results im-
plicate NETosis in the immune stimulation of B
cells in FS. How and when tolerance to deiminat-
ed histones is compromised are yet to be investi-
gated, though our studies clearly suggest a role
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for inflammation-induced neutrophil activation
and NETs in FS pathogenesis.

Our results further suggest that tolerance of
deiminated histones is compromised only after
a prolonged period of immune stimulation. It is
not surprising that tolerance of deiminated his-
tones is difficult to overcome as deiminated his-
tones form an integral part of NETs, an innate
neutrophil defense mechanism against invading
pathogens. Clearly, a breach in tolerance of deim-
inated histones may have severe consequences, as
implied by a comparison between RA and FS.

We also tested sera from patients with Wegen-
er’s granulomatosis, Churg-Strauss syndrome, and
patients with microscopic polyangiitis, group of
vasculitis disorders characterized by the presence
of ANCA, known to activate neutrophils.5? Nota-
bly, all 3 groups of ANCA vasculitis sera showed
little-to-no binding to histones. When histone
binding was observed, the preference was invari-
ably towards nondeiminated histones rather than
deiminated histones.*®

NETs are increasingly implicated in SLE patho-
genesis*’®" and, as discussed above, they may be
equally important in FS. When autoantibodies to
deiminated histones from FS patients were incu-
bated with neutrophils from nonautoimmune in-
dividuals, neutrophils were activated and deimi-
nation of histones was observed.® Thus, ES sera
contain substances that strongly activate ma-
ture neutrophils, induce histone deimination and
NETosis, thus generating an abundant and contin-
uous supply of autoantigens. It remains to be test-
ed whether the “netting” neutrophils are cleared
by the spleen where they may further stimulate
autoreactive B cells. In turn, the ANCA that are
secreted likely activate any newly produced neu-
trophils and cause a repetitive succession of neu-
trophil depletion and B-cell stimulation. In this
way, a self-sustaining cycle of immune stimula-
tion may evolve and give rise to ES.
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STRESZCZENIE

Zespot Felty’ego (Felty’s syndrome — FS) jest cigzka chorobg zapalng stawdw, ktéra charakteryzuje sig
przewlekig aktywacjg neutrofili oraz prowadzi do neutropenii i sktonno$ci do nieustannych zakazen.
Zagrazajace zyciu objawy kliniczne FS skfaniajg badaczy do ciggtych poszukiwan nowych i skutecznych
metod jego leczenia. W tym artykule przegladowym omdwiono przetomowe dokonania w badaniach
nad FS i skoncentrowano si¢ na wynikach ostatnio przeprowadzonych badan dotyczacych swoistosci
antygenowej przeciwciat wystepujacych w surowicy pacjentéw z tg choroba. Niedawno opublikowane
dane wskazuja, ze immunoglobuliny G (IgG) pochodzace z surowicy pacjentéw z FS wybidrczo i swoiscie
wigzg sie z histonami poddanymi deiminacji i zewnatrzkomdrkowymi sieciami chromatynowymi neu-
trofiléw (neutrophil extracellular traps — NETs). Deiminacja jest procesem przemiany okres$lonych reszt
argininowych biatek w cytruling za pomoca enzymu deiminazy peptydyloargininy 4. Wcze$niejsze ob-
serwacje wskazuja, ze IgG pacjentéw z FS silnie wigza sie cytrulinowanymi peptydami. Na podstawie
tych obserwacji mozna przypuszczaé, ze NET-oza, rodzaj $§mierci komérki, ktéra polega na uwolnieniu
sieci NET, dostarcza antygenéw, ktére stymuluja odpowiedz? limfocytéw B w tej grupie pacjentéw. Te
spostrzezenia pozostajg w zgodzie z wynikami niedawno przeprowadzonych badan nad innymi chorobami
i wspiera paradygmat, ze NEToza petni wiodgcg role w patogenezie reakcji autoimmunologicznych.
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