Editorial

Jeremy Sokolove,1 David Pisetsky2
In two papers, investigators from the
Karolinska Institutet provide an exciting
new perspective on the role of antibodies
to citrullinated proteins (anticitrullinated
protein antibodies or ACPA) in the pathogenesis of rheumatoid arthritis (RA).1 2
The data are intriguing and they point to
unexpected mechanisms by which these
autoantibodies may drive disease manifestations. By revealing a potential role of
ACPA in the bone loss and pain that are
cardinal features of RA, the investigative
teams have advanced a new concept that
may (same comment) account for the
signs and symptoms of RA at the onset of
synovitis as well as during the period of
the most intense activity.
The ﬁrst study by Krishnamurthy et al1
addressed the basis of RA bone loss.
Building on prior research on effects of
ACPA on bone,3 the study demonstrates
that polyclonal ACPA derived from
patients with RA as well as select monoclonal ACPA can induce osteoclastogensis in
human monocytes in vitro. This process
appears dependent on a combination of
intracellular protein citrullination in the
osteoclast as well as autocrine production
of (interleukin 8) IL-8. Furthermore, in an
animal model, the investigators show that
intravenous administration of monoclonal
ACPA can induce trabecular bone loss as
measured by micro computed tomography
(microCT). In this model, the administration of ACPA did not induce synovial
inﬂammation, with the inhibition of bone
loss by IL-8 blockade but not by tumour
necrosis factor (TNF) blockade suggesting
a mechanism for bone loss beyond
inﬂammation.1
The second study by Wigerblad et al2
used similar reagents to explore the
effects of ACPA on pain. As the results of
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the study show, the administration of
either polyclonal human ACPA or murinised monoclonal ACPA derived from
human RA synovium can induce both
spontaneous and evoked pain behaviour
in mice. This pain began within 24 h of
antibody administration and could persist
as long as 28 days in the absence of joint
inﬂammation by histology. Since in vitro
incubation of primary neuronal cultures
with puriﬁed ACPA did not cause signiﬁcant activation of peripheral neurones, the
investigators evaluated whether mechanisms similar to those underlying osteoclastogenesis may also contribute to
ACPA-induced hyperalgesia. Extending
studies on the effects of chemokine (C-XC motif ) ligand (CXCL) chemokines of
nociceptive neurones,3 4 Wigerblad et al2
showed induction of pain in the ipsilateral
paw
lasting
several
hours
after
intra-articular injection of IL-8. These
studies further demonstrated that the
administration of CXCL1/2 blocker reparixin can abrogate ACPA-induced pain
behaviour (ﬁgure 1).
By positing a role of ACPA in bone loss
and pain in RA, these studies open a new
chapter in a story that began 50 years ago
with antiperinuclear factor5, continued
with antikeratin6 and antiﬁlaggrin7 8 antibodies and ﬁnally with the work of
Schellekens et al9 and Girbal-Neuhauser
et al10 who showed that those antibodies
present in the sera from patients with RA
can recognise proteins containing citrulline, a non-standard amino acid derived
from the enzymatic modiﬁcation of arginine. This work led to development of the
highly speciﬁc RA biomarker known as
the anticyclic citrullinated peptide assay
(anti-CCP). As its antigen, this assay uses
a
citrulline-containing
peptide(s).
Although, ACPA can bind this peptide,
the antigen itself is synthetic and is therefore not present in vivo. Similarly,
although ACPA can bind to citrullinated
ﬁlaggrin or keratin, these epithelial proteins are not expressed in synovial joint
suggesting that, like CCP, they may only
represent mimics of the true citrullinated
targets. Subsequent studies searching the
synovial space for ACPA targets have identiﬁed many citrullinated molecules
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including ﬁbrinogen, vimentin and
enolase among others although the relevant in vivo target(s) of ACPA is still
unknown.
Despite the strong association of APCA
with RA, the contribution of these antibodies to pathogenesis nevertheless lacks
unequivocal proof. In fact, the expression
of ACPA in the blood of patients many
years before the clinical onset of RA has
called into question a direct role of ACPA
as disease mediators rather than serological markers. Although the evolution of
the ACPA immune response in the years
preceding RA diagnosis predict RA onset,
such an association does not prove causality. In this regard, ACPA expression has
been associated with increased disease
severity, potential for joint erosion11 and
the occurrence of extra-articular manifestations including cardiovascular12 13 and
pulmonary diseases.14 15 While these ﬁndings provide strong, indeed, almost compelling, evidence for a causal link between
ACPA and RA manifestations, the evidence remains somewhat circumstantial.
In light of the current two papers in
ARD,1 2 it is important to consider previous evidence that ACPA can promote RA
pathogenesis. As with any antibody to a
self-antigen, ACPA can form immune
complexes that can induce inﬂammation.
Work by Clavel et al16 has shown that
immune complexes containing citrullinated ﬁbrinogen can activate macrophage
cytokine production via a mechanism
involving the FcγIIa receptor. Other
studies have demonstrated an intrinsic
immune capacity of citrullinated proteins
and the ability of immune complexes containing citrullinated ﬁbrinogen or histones
to drive macrophage cytokine production
via
costimulation
of
TLR4
and
FcγIIa.17 18 Furthermore, in vitro experiments have shown that puriﬁed ACPA can
activate monocytes by binding to a citrullinated GRP78 cell-surface receptor19 and
driving NF-κB activation and cytokine
production.
Confronting a mix of in vitro and in
vivo ﬁndings, what is best way to show
that an autoantibody is pathogenic?
Koch’s postulates for an aetiological role
of an organism in infection provide a
useful framework for thinking about this
issue in autoimmunity. In his ﬁrst postulate, Koch suggested that the ‘organism’
must be abundant in disease (but not
health); the second postulate states that
organism should be isolated and cultured
from the affected tissue. Applying this
standard to ACPA, these antibodies are
clearly abundant in both blood and synovial tissue; although antibodies cannot
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be ‘cultured’, several studies have demonstrated ACPA production by synovial and
peripheral B cells of patients with
RA.20 21 Koch’s third postulate states that
the ‘organism’ should cause disease when
introduced into a healthy organism, and
according to the fourth postulate, must be
reisolated from the inoculated host.
Fulﬁlment of these postulates for ACPA
derives from experiments demonstrating
that immunisation of animals with a
citrullinated antigen can generate ACPA
that can induce and transfer disease in
murine arthritis models.18 22–24
Adapting Koch’s now-classic ideas to
autoimmunity, Witebsky et al25 formulated analogous postulates, sometimes
called Witebsky’s postulates. Fulﬁlment of
these postulates requires the1 direct demonstration of free, circulating antibodies,2
recognition of the speciﬁc antigen against
which the antibody is directed,26 production of antibodies against the same
antigen in experimental animals and3
appearance of pathological changes
similar to those of human disease in the
immunised animals. The presence of
ACPA in RA is clear. Whether the array of
citrullinated proteins bound by ACPA
truly constitute a ‘known’ antigen,
however, can be debated. Indeed, the antigens mediating the effects described in the
studies of Krishnamurthy et al and
Wigerblad et al have not been deﬁnitively
identiﬁed. In vivo studies demonstrating
induction of inﬂammatory arthritis by
638

ACPA suggest a phenotype analogous to
the synovitis observed in RA; however,
whether the bone loss and pain in the
current studies represent an ‘analogous’
response to the RA phenotypes is less
clear.
Thus, while the two studies are remarkable in suggesting activities of ACPA independent of inﬂammation,1 2 important
issues need resolution. Although the polyclonal and monoclonal antibody preparations used in these studies have speciﬁcity
for a citrullinated antigen, the biochemical
identity of the antigen bound in vitro or in
vivo in these studies awaits discovery. The
study by Krishnamurthy et al1 strongly suggests that citrullination within osteoclasts is
critical for osteoclastogenesis, but the data
provided do not identify the citrullinated
molecules generated or the manner in
which antibody binding mediates downstream production of IL-8. In this regard,
the phenotype observed in that study of
Krishnamurthy et al is diffuse trabecular
bone loss, not joint erosion. Although RA
has been associated with a juxta-articular
osteopenia and an increased risk of systemic
osteoporosis,27 the relationship of these
bone phenotypes to RA-associated joint
destruction requires further elucidation.
Given the prominence of pain in RA,
the experiments by Wigerblad et al2 are
provocative, but raise similar questions
concerning the mechanisms driving IL-8
production and subsequent changes in
nociception. The time course of these

responses is notable since the direct
intra-articular injection of IL-8 led to only
24 h of pain behaviour whereas the effects
of ACPA administration lasted much
longer. How can a single injection of
ACPA mediate pain behaviour for
28 days? The circulating half-life of IgG in
murine models (even a murinised monoclonal antibody) is likely only 6–8 days.28
Thus, the mechanisms leading to hypersensitivity in the absence of inﬂammation
and persistent ACPA exposure are not
clear but clearly of great interest.
While the in vivo studies on the role of
ACPA in pain and bone loss are impressive,
the ﬁndings must nevertheless be reconciled
with two sets of observations on the relationship of serological and clinical features
in RA: the presence of ACPA expression for
up to a decade before the onset of RA
symptoms and that the ability of disease
modifying antirheumatic drug (DMARD)
agents to abrogate pain and bone loss
without an apparent reduction in levels of
ACPA. Although the authors suggest that
only some ACPAs are pathogenic, the discordancy in symptoms and ACPA remains a
puzzle if these antibodies are truly capable
of inducing inﬂammation-independent pain
and/or bone loss.
As the case of all novel research, these
papers lead to far more questions than
they answer. Nevertheless, they have
important implications for thinking about
the course of RA and developing new
therapy. The fact that seemingly distinct
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Figure 1 ACPA-induced osteoclastogenesis results in IL-8-dependent induction of bone loss and nociceptive pain. (A) Production of ACPA from
activated B cells (B) enhances osteoclast differentiation through at PAD-dependent and (C) IL-8-mediated autocrine loop. (D) Osteoclast-derived IL-8 can
additionally induce nociceptive pain via the receptor CXCR1/2. ACPA, anticitrullinated protein antibodies; IL, interleukin; PAD, peptidylarginine deminase.
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pathologic processes (ie, bone loss and
pain) may be linked by osteoclast production of IL-8 suggests the value of treatments targeting pathways such as protein
citrullination and osteoclast activation as
well as neutralisation of IL-8. Further,
these studies give impetus for new serological approaches to dissect more ﬁnely
the speciﬁcity of ACPA and to identify
more precisely their antigenic targets. In
revealing novel faces of ACPA biology, the
studies by Krishnamurthy et al1 and
Wigerblad et al2 add new dots to the fascinating picture of the relationship of
ACPA and RA pathogenesis. Future
studies will build on the far-reaching concepts of these studies and hopefully determine how the dots are really connected.

