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Rheumatoid arthritis

Current view on the pathogenic role of
anti-citrullinated protein antibodies in

rheumatoid arthritis

Anca Catrina

ABSTRACT

Epidemiological findings suggest a potential role for anti-
citrullinated protein antibodies (ACPAs) in rheumatoid
arthritis (RA) pathogenesis. ACPA-positive RA is associated
with unique genetical and environmental risk factors,

in contrast to seronegative RA. ACPA-positive healthy
individuals are at risk of developing RA and can develop
joint pain and bone loss already before disease onset.
ACPA injection triggered bone loss and pain-like behaviour
in mice and, in the presence of additional arthritis
inducers, exacerbated joint inflammation. In cell culture
experiments, ACPAs could bind to and modulate a variety
of cellular targets, such as macrophages, osteoclasts,
synovial fibroblasts, neutrophil granulocytes, mast cells,
dendritic cells and platelets, further underlying a potential
role for these autoantibodies in triggering pathogenic
pathways and providing clues for their mechanisms

of action. Patient-derived ACPA clones have been
characterised by unique cellular effects and multiple ways
to act on the target cells. ACPAs might directly induce
stimulatory signals by ligating key citrullinated cell surface
molecules or, alternatively, act as immune complexes on
Fc receptors and potentially other molecules that recognise
carbohydrate moieties. On the contrary to experimentally
manufactured ACPA clones, patient-derived ACPAs are
highly promiscuous and cross-reactive, suggesting a
simultaneous binding to a range of functionally relevant
and irrelevant targets. Moreover, several ACPA clones
recognise carbamylated or acetylated targets as well.
These features complicate the identification and
description of ACPA-induced pathogenic mechanisms.

In the current review, we summarise recent data on the
functional properties of patient-derived ACPAs and present
mechanistic models on how these antibodies might
contribute to RA pathogenesis.

Rheumatoid arthritis (RA) is a common
autoimmune disease affecting close to 1% of
the total population and having a heteroge-
neous clinical picture consisting of at least
two different subsets with distinct genetic
and environmental determinants. The main
subset, comprising a majority of all cases, is
the antibody-positive (or seropositive) RA and
is characterised by the presence of antibodies
reactive with the Fc-part of IgG (rheumatoid
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» Patient-derived anti-citrullinated protein antibodies
(ACPAs) could modulate cells in culture and trigger
pain and bone loss in mice.

» In murine models, ACPAs exacerbated arthritis de-
velopment in the presence of other inflammatory
signals.

» ACPAs might modulate cellular functions by directly
ligating key citrullinated cell surface antigens or as
part of immune complexes.

» Despite their highly poly-specific and cross-reactive
nature, different ACPA clones might have unique cel-
lular targets and pathological roles.

factor (RF)) and antibodies reactive to anti-
gens that have been subjected to different
post-translational modifications, mainly by
citrullination (anti-citrullinated protein anti-
bodies (ACPAs)) but also other modifications
(then termed anti-modified protein anti-
bodies (AMPAs)). Autoimmunity and specif-
ically ACPAs are triggered before the onset of
joint inflammation in susceptible individuals
carrying certain genetic variants in MHC class
II genes and exposed to different environ-
mental challenges. It has been suggested that
this autoimmunity might have direct patho-
genic effects. The current review will address
the potential pathogenic roles of ACPAs in
human disease and experimental models.

DEVELOPMENT OF ACPAS IN RA

ACPAs are a heterogenous group of anti-
bodies defined by their capacities to recog-
nise post-translationally modified citrul-
linated proteins/peptides but not their
native counterparts. In the clinical context,
these antibodies are measured by the anti-
cyclic citrullinated peptide (anti-CCP)
assay. Whereas this assay captures most of
the ACPAs, there is a high heterogeneity in
reactivity to distinct citrullinated proteins/
peptides. More recently, cross-reactivity with
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other post-translational modifications has also been
described with some ACPAs recognising acetylated and
carbamylated proteins/peptides.”

ACPAs are presentin 1%-3% of the general population,
that is, among individuals without rheumatic complaints.
They confer an increased risk for RA but the RA prev-
alence among asymptomatic individuals is low, making
it conceivable that not all ACPA-positive individuals will
end up developing the disease. Mechanisms responsible
for tolerance breaking against citrullinated proteins and
the development of ACPAs are still incompletely eluci-
dated, but mucosal challenges by environmental pollut-
ants, such as smoking, have been suggested to play an
important role. Smoking could trigger immune activa-
tion in the lungs, which might lead to the production of
certain autoantibody types, such as RF and ACPA, and
occasional formation of germinal center-like structures
in seropositive individuals who have not yet developed
joint inflammation or in patients having a recent onset of
seropositive RA. Smoking might also upregulate peptidyl-
arginine deiminase (PAD) expression and activation in
the airways and, consequently, increase the expression of
citrullinated neoantigens.'

While the breach of immunological tolerance at
mucosal sites might lead to autoimmunity, it does not
fully account for disease development, as ACPAs could
exists in asymptomatic individuals for a long time and
not all ACPA-positive individuals develop arthritis. It is
believed that other immune events are necessary for a
boost of the ACPA response that will eventually lead to
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development of pathogenic autoimmunity. Interestingly,
the major genetic risk factor for RA, encoded by the
HILA-Shared epitope (SE) alleles, appears to be more
important in the transition from autoimmunity to estab-
lished disease rather than generation of autoimmunity
itself.” As such it is possible that the HLA-SE molecules
boost the ACPA response towards a more pathogenic
phenotype potentially through antigen presentation to T
cells that will provide help to B cells recognising citrul-
linated antigens, while the initial breach of tolerance to
citrullinated peptides occurs in an HLA-SE independent
manner. Typically, seropositive individuals not devel-
oping RA have low levels of ACPAs with reactivity limited
to few citrullinated epitopes. In contrast, an increase in
isotype diversity, autoantibody levels and the number of
recognised citrullinated epitopes are seen in seropos-
itive individuals who develop RA, typically with a peak
observed just before disease onset® (see figure 1). More
recently, another feature of the ACPAs, the abundance
of variable domain glycans, has been suggested to play a
role in ACPA maturation and repertoire expansion based
on the finding that first-degree relatives of RA patients
show an extensive variable domain glycosylation that is
associated with future development of RA.” However, the
exact contribution to disease progression should be inter-
preted with caution as far as the abundance of variable
domain glycans in ACPAs could be detected as long as 15
years before disease onset.’ Besides changes in variable
region glycosylation, a decrease in the Fc-galactosylation
of the IgG ACPAs, potentially affecting ACPAs interaction
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Figure 1

Evolution of ACPA reactivities during RA progression. Humoral autoimmunity against citrullinated autoantigens can

be triggered in response to environmental challenges at mucosal sites (such as cigarette smoking and bacterial infections)
especially in individuals with a genetical background that is linked to RA susceptibility. Individuals carrying ACPAs in the
circulation can remain disease free for long periods, suggesting that the initial antibody repertoire may not obviously trigger
pathogenic pathways. Nevertheless, ACPAs in patients with RA typically accumulate very high number of mutations suggesting
a progressive evolution of the ACPA repertoire, via somatic hypermutation and antigen-driven selection, which can ultimately
lead to novel fine specificities that enable the targeting of key signalling molecules on cells that are characterised by a steady
state protein citrullination. ACPAs might thus trigger certain pathogenic signals already before disease onset, such as pain
and bone erosion, and potentially facilitate arthritis development in response to additional arthritogenic stimuli representing

a ‘second hit’ for arthritis development. RA onset is associated with an increase in ACPA levels and a further expansion of
the antibody diversity. Inflammation boosts protein citrullination, which can lead to increased immune complex formation and
the appearance of novel autoantigens, enabling further types of pathogenic ACPA signals. ACPAs, anti-citrullinated protein

antibodies; RA, rheumatoid arthritis.
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8 Rheumatoid arthritis

with the complement system and the Fc receptors, has
been reported to occur during progression to arthritis.”®
This suggest a causal relationship to the onset of joint
inflammation, but further investigations to confirm the
relevance of this finding are needed.

Changes in the ACPA structure and repertoire are
paralleled by changes in the clinical picture, most often
in those individuals who later develop RA, with an early
development of musculoskeletal symptoms (such as pain
and fatigue) and also signs of bone loss” and subclinical
inflammation,'” culminating in the development of clin-
ical detectable arthritis (see figure 1). Once these indi-
viduals reach RA diagnosis, the ACPA repertoire remains
relatively stable over time with small changes in the anti-
body levels and only occasional seroconversion. None-
theless, the presence of ACPAs in established disease is an
important prognostic factor associated with worse clin-
ical and therapeutic outcomes, such as increased bone
destruction, comorbidities and mortality as well as thera-
peutic failure (for review see the study by de Brito Rocha
et al''). Taken together, the RA specificity, the early devel-
opment of the ACPA response and its prognostic value
in both individuals at risk and those already having RA
suggest that ACPAs are involved in disease pathogenesis.
Several lines of evidence coming from in vitro experi-
ments in different cellular systems and in vivo animal
models that support this hypothesis are currently avail-
able, with some still unsolved issues and controversies.

PATHOGENIC EFFECTS OF ACPAS

Macrophage activation

Macrophages are important regulators of the chronic
synovial inflammation in RA. These cells have an acti-
vated phenotype, express high levels of Fcy receptors and
are the major source of the proinflammatory cytokine
tumour necrosis factor-o. (TNF-ot). As such, macrophages
have been the cell type most studied in conjunction with
potential pathogenic effects of ACPAs. Originally, poly-
clonal ACPAs have been shown to activate macrophages
and promote production of proinflammatory cytokines
through an immune-complex (IC)-mediated mecha-
nism dependent on the Fcy receptors and activation
of the TLR4-MyD88 pathway.'*™" Incorporation of RF
in the ACPA-IC augmented this effect.'® ' Later on,
monoclonal ACPAs generated from either the blood or
the synovial tissue of patients with RA were also shown
to activate macrophages through a similar IC-mediated
mechanism.'®' Notably, all these experiments have been
carried outusing plate-bound IC, making it challenging to
extent these findings to in vivo situations where the struc-
ture and availability of the ACPA-ICs could be different.
Another group has proposed an alternative mecha-
nism showing that polyclonal ACPAs in the absence of
preformed ICs are still able to activate macrophage-like
cells and induce TNF-a production through activation of
the extracellular signal-regulated kinase, c-jun-N-terminal
kinase and nuclear factor-kB (NF-xB) pathways.”’ *!

ACPAs, in the absence of preformed ICs, not only acti-
vated macrophages but also promoted their polarisation
towards an M1 proinflammatory phenotype through an
interferon regulatory factor 5-dependent mechanism.*
More recently, it has been shown that polyclonal ACPAs
(again in the absence of preformed ICs) can upregu-
late the interaction between CD147 and integrinfl in
macrophages followed by the activation of the protein
kinase B (Akt) /NF-kB signalling pathway and induction
of the NOD-, LRR- and pyrin domain-containing protein
3 (NLRP3) and pro-IL-1B expression.*

Osteoclast activation and bone loss

Osteoclasts are highly specialised cells derived from
haematopoietic precursors of the myeloid lineage
and responsible for bone resorption. Bone loss due to
increased bone resorption and impaired bone formation
occurs in RA, especially in longstanding and treatment-
resistant disease, with development of joint erosions,
periarticular bone loss and systemic osteopenia. While
the classical view is that inflammation is a major deter-
minant of these changes, increasing evidence shows a
strong association between ACPA seropositivity and bone
loss, not necessarily coupled to inflammation. As such,
ACPAs associate with bone loss in both individuals at risk
but not yet having disease as well as in patients with newly
diagnosed untreated RA (for review see the study by
Kocijan et al ). Interestingly, a study in mice showed that
immunisation with citrullinated type II mouse collagen
led to increased ACPA levels, inversely correlating with
the bone quantity and quality, but uncoupled from the
degree of inflammation.”* These findings suggest a
direct effect of ACPAs on the bone, independently of the
inflammation and chronic disease burden.

Originally, it was shown that antigen-specific binding of
citrullinated vimentin by polyclonal anti-modified citrul-
linated vimentin antibodies promoted osteoclasts activa-
tion and differentiation both in vitro and in vivo when
the antibodies were injected into Ragl knockout® or
wild-type mice,” potentially through a TNF-o-mediated
mechanism. We later confirmed that polyclonal ACPA
preparations promoted osteoclast development in vitro,
using affinity purified anti-CCP2 antibody fraction, and
we described that the antibodies acted via a peptidyl argi-
nine deiminase and IL-8-dependent mechanism.?” We
simultaneously reported the effect of several RA-derived
monoclonal antibodies, at that time believed to be ACPAs,
of which some were able to promote osteoclast activation
and bone loss. However, continuous work and refined
characterisation of some of these antibodies revealed
that they lack specific binding to citrullinated peptides in
surface plasmon resonance, as described in a correction
note to Annals of the Rheumatic Diseases. Therefore, the
results reported for these monoclonal antibodies cannot
be attributed to reactivity against citrullinated proteins
and/or peptides, but are due to other yet unknown mech-
anisms.” Reactivity to other post-translational modifica-
tions or to other osteoclast-specific autoantigens and/
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or an FcR-dependent mechanism might partially explain
the observed effects. Importantly however, more recently
by using the next generation of well-characterised mono-
clonal ACPAs we have shown that indeed certain mono-
clonal ACPA can induce osteoclastogenesis.”’ *’ Taken
together, the data implying a direct antigen-specific effect
of ACPAs on osteoclasts, while appealing in the light of
the clinical association between ACPA and bone destruc-
tion, needs further validation and characterisation.

Besides the ligation of cell surface molecules, anti-
bodies can engage Fc receptors in the form of immune
complexes. Importantly, osteoclasts express several Fcy
receptors and IgG containing ICs can activate osteoclasts
and increase bone loss independently of the antigen spec-
ificity.” ™ The osteoclast activating effect of IgGs appears
to be dependent on the Fc glycosylation status, IgG
isotype and the different distribution of Fcy receptors in
physiological compared with inflammatory conditions.**
If the ACPA containing ICs exert similar Fc-dependent
effects, it still remains to be demonstrated.

Modulation of synovial fibroblasts

Synovial fibroblasts constitute an inflammatory stroma in
RA joints that perpetuate immune activation by releasing
cytokines and chemoattractants and that is able to erode
the cartilage. Importantly, synovial fibroblasts can upreg-
ulate PAD enzyme expression in an inducible manner,
in response to cellular stress such as hypoxia or serum
starvation, and the cytokine I1-8.° % The increase of
PAD expression was accompanied by ACPA binding
to the cell surface. In line with the inducible nature of
ACPA sensitivity, ACPAs could bind to fibroblasts in the
inflamed synovia of patients with RA but not in healthy,
non-inflamed joints.” ACPA binding affected cell adhe-
sion and increased cell mobility in wound-healing assays,
without a major effect on cell viability or the secretion of
a set of cytokines and matrix metalloproteinases.” It has
remained to be understood how ACPA-mediated changes
in fibroblast mobility could contribute to RA pathogen-
esis or whether ACPAs could also modulate further func-
tions in these cells.

Induction of NETosis and NET-derived IC formation

Neutrophil granulocytes are innate immune cells with
potential roles in the loss of immune tolerance and in
promoting synovial inflammation during RA. Neutrophil
activation can lead the extrusion of cellular DNA and
protein complexes that form neutrophil extracellular
traps (NETs) with antimicrobial properties, through a
form of cell death coined NETosis. While originally it has
been reported that ACPAs might stimulate NETosis,” **
a more recent study failed to confirm this observation.”
ACPAs, on the contrary, might form ICs with citrullinated
antigens released during NETosis. ACPAs isolated from
the inflamed synovium frequently showed a high reac-
tivity to modified proteins exposed in the NETs, and a
range of ACPA clones could bind to NETs induced by a
variety of stimuli in vitro.">* It is also important to note

that neutrophils seemed to be primed for undergoing
NETosis in patients with RA,”* suggesting that NET-
derived autoantigens might be more abundant in RA
compared with healthy individuals. Moreover, several of
the ACPA clones cross-react with homocitrullinated and
acetylated epitopes, which can be present in activated
neutrophils, suggesting a possibility of PAD-independent
autoantigen production for ACPAs in NETosis.” *!

Pain induction

The clinical association between joint pain and ACPA
responses in seropositive individuals that eventually develop
arthritis has suggested a possible causal relationship.
Indeed, systemic polyclonal ACPA injection in mice leads
to pain-like behaviour in the absence of any sign of local or
systemic inflammation.*” While this was originally reported
for both polyclonal and monoclonal ACPAs, the results on
monoclonal antibodies as published should be disregarded
as far as it has been shown that these monoclonals were not
true ACPAs. Interestingly, systemic administration of anti-
bodies specific for collagen type II or cartilage oligometric
matrix protein was reported to also induce changes in the
pain-like behaviour in mice, through antigen recognition
and immune complex formation in the absence of inflam-
mation.* In a similar way, local injection of IgG immune
complexes into the joints evokes acute joint hypernocicep-
tion without obvious concurrentjointinflammation through
an Fe-mediated mechanism.” Taken together, these find-
ings might explain why joint pain predates inflammatory
arthritis onset in RA but it still remains to be determined if
the effect of ACPAs on pain behaviour is mediated through
an FcR-dependent or FcR-independent mechanism.

Immunogenicity of citrullinated antigens and exacerbation of
the arthritis by ACPAs
Intense efforts to link ACPAs to arthritis development
in animal models have been ongoing since the recogni-
tion of these antibodies in the human disease, but the
results have so far remained highly variable and to a
certain degree contradictory. These differences could be
explained by differences in mice strains, antigens used
for immunisation or antibodies used for passive transfer,
definition and scoring of joint inflammation as well as
environmental characteristics in different laboratories.
ACPA formation and arthritis development have been
originally described following immunisation with citrulli-
nated fibrinogen and adjuvant (complete Freund’s adju-
vant (CFA)) in DR4 transgenic mice, " but this finding
was not confirmed in an independent study.*® Similarly,
immunisation with a homocitrullinated peptide gave
rise to both anti-homocitrullinated and anti-citrullinated
target-specific responses in DR4 transgenic mice,
suggesting cross-reactivity dependent on the SE, but it did
not lead to arthritis development.49 However, immunisa-
tion of DR4 transgenic mouse with either citrullinated
or native Porphyromonas gingivalis (P. gingivalis)-derived or
human enolase led to formation of ACPAs and develop-
ment of paw swelling/arthritis.”’
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Besides these few studies in DR4 transgenic mice, alarge
majority of reports have addressed the immunogenicity
and arthritogenicity of citrullinated peptides/proteins
in non-humanised animal models. Several studies have
shown that different citrullinated peptides/proteins in
the presence of CFA are able to brake tolerance and,
in some cases, to induce and/or aggravate arthritis. In
rats for example, immunisation with citrullinated fibrin-
ogen’! or citrullinated albumin® induced ACPAs but
no clinical or histological signs of arthritis. Moreover,
immunisation with citrullinated fibrinogen was not
able to aggravate a pre-existing joint inflammation.”’ In
contrast, immunisation with either citrullinated histone
2B,” citrullinated fibrinogen®* or citrullinated BiP™ gave
rise to ACPA response in mice and exacerbated a pre-
existing joint inflammation, without inducing arthritis in
itself. In a ‘hapten/carrier’ model, T-cell immunisation
against PAD (the carrier) triggered the development of
antibodies to citrullinated fibrinogen peptides (in this
case the hapten), but still no arthritis, as demonstrated in
CH3 mice carrying an IEBk chain, which is highly homo-
logue with the B1 chain HLA-DRB1%04:01.°° While these
studies have been performed using CFA, two studies
investigated the effect of immunisation with citrullinated
type II mouse collagen in the absence of adjuvant. They
reported joint inflammation and bone loss as well as an
increase in the ACPA levels, inversely correlating with the
bone quantity and quality.?* °” In another model, infec-
tion with P. gingivalis expressing a bacterial PAD enzyme
has been shown to trigger arthritis and an ACPA response
that correlated with local and systemic bone loss”® and
to exacerbate arthritis development in ZAP-70 mutant
(SKG) mice with increased production of ACPA.%

Importantly, citrullinated peptides could also down-
modulate disease activity if introduced in the absence of
adjuvant and before the onset of inflammation, as shown
in the murine collagen-induced arthritis model.*’ Simi-
larly, in a rat adjuvant-induced arthritis model, subcuta-
neous injection of citrullinated peptides very early after
disease initiation could reduce disease severity, likely
through an increase in regulatory T cell/TH17 cell
ratio and an effect on T cell apoptosis.”’ These studies
further emphasised the pathogenic nature of the autoim-
munity against citrullinated proteins and also suggested
the possibility of tolerance induction through the early
rewiring of autoreactive T cells.

The real challenge in demonstrating a direct patho-
genic effect of ACPAs on arthritis induction has been and
is still the failure to induce disease by passive transfer of
the antibodies. However, there are a handful of studies
showing that ACPAs, while unable to induce arthritis
by themselves, might still exacerbate pre-existing joint
inflammation. As such, transfer of monoclonal anti-
bodies specific to citrullinated fibrinogen was able to
enhance arthritis when co-administered with a submax-
imal dose of anti-collagen antibodies.”” Similarly, human
monoclonal ACPAs cloned from B-cells recognising filag-
grin and CEP-1 enhanced the inflammation induced

by joint injection of lipopolysaccharide (LPS), while
not inducing arthritis when used alone.”® Murine anti-
citrullinated collagen antibodies were able to induce a
mild arthritis, exacerbated by either LPS boosting or the
co-administration of other pathogenic anti-collagen anti-
bodies.” ®* More recently, a human monoclonal ACPA
with main reactivity against citrullinated fibrinogen was
able to exacerbate experimental arthritis when injected
into SKG mice along with Laminaria digitate®® Taken
together, these data suggested the need for additional
triggers (second hits) to set the stage for the arthrito-
genic effects of the ACPAs (figure 1).

Other ACPA effects

ACPAs have been suggested to play a role in mast cell
activation through a synergistic effect between ACPA
containing ICs and a concomitant toll-like receptor
stimulation.®® Similar to other antibodies, ACPAs can
promote complement activation through both classical
and alternative pathways, as shown by in vitro comple-
ment activation using plate-coated polyclonal anti-CCP
antibodies isolated from the serum of patients with
RA® and plate-coated polyclonal ACPA-IC in the pres-
ence of IgA and IgM RE.”® We have recently shown that
ACPAs can directly stimulate the trans-differentiation of
dendritic cells (both in vitro generated and conventional
circulating CD1c¢" DCs) into osteoclasts through a PAD
and IL-8-dependent mechanism.”” ACPA has been also
shown to induce platelet activation through an FcyRIIa-
mediated pathway.*

CELLULAR MECHANISMS RESPONSIBLE FOR THE PATHOGENIC
EFFECT OF ACPAS

ACPA binding to cellular targets

The functional studies using different ACPA prepa-
rations have so far suggested two major mechanisms
behind the action of the antibodies on their target
cells. First, ACPAs might trigger signalling processes by
ligating key citrullinated proteins on the cell surface
(figure 2A), which could be the case in osteoclast and
fibroblast cultures, where both ACPAs and ACPA Fab2
fragments acted similarly on the cells.”” > Alternatively,
ACPAs can form immune complexes and activate Fc
receptors-positive cells (figure 2B)."” ' °* RFs might
enhance ACPA-mediated mechanisms, by crosslinking
ACPA-antigen complexes and thereby enhancing the
signals triggered by direct ACPA binding to the cell
surface or, alternatively, by increasing the size of immune
complexes and thereby promoting Fc receptors activa-
tion (figure 2C)."°* These two pathways are not neces-
sarily exclusive but might co-exist on the same cell type
(figure 2D). Alternatively, ACPAs might act via one of
these mechanisms only, depending on the presence or
absence of key citrullinated antigens and FcRs on the
cell surface. Synovial fibroblasts, for example, lack IgG
binding Fc receptors but reacted to ACPAs, suggesting a
stimulatory effect of the antigen binding itself, whereas
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Figure 2 ACPAs modulate cellular function by binding to cell surface proteins or by forming immune complexes. (A) ACPA
binding to key citrullinated proteins on the cell surface might directly initiate signalling processes in the cells. (B) Alternatively,
ACPAs can form immune complexes and activate FcRs. (C) Rheumatoid factor antibodies could enhance both mechanisms

by crosslinking ACPA-antigen complexes and thereby increasing direct or FcR-mediated ACPA signals (the latter is illustrated).
(D) Different ACPA-mediated pathways might concomitantly occur in the same cells that express functional ACPA targets and
FcRs. (E) Autoantibody effects are frequently studied by using heat-aggregated immune complexes, bypassing the role of the
antigens in the antibody-induced signalling. Such models have provided some important information but, at the same time,
lack the ability to embrace other aspects such as the direct cell stimulation by ACPA ligation of cell surface proteins or whether
the antibodies can form FcR stimulating ICs. ACPAs, anti-citrullinated protein antibodies.

osteoclasts might react via both FcR-dependent and FcR-
independent mechanisms.®’ % Physiological immune
complex formation is bypassed experimentally in several
studies by heat aggregation of the studied antibodies
(figure 2E).

It is noteworthy that the lack of citrulline reactivity
in case of some of the antibody clones used in the early
ACPA functional studies triggered concerns about the
specificity of the ACPA effects in other studies as well.?
Protein aggregation and minute microbial contamina-
tions could obviously affect cellular responses to anti-
bodies, which highlight the importance of the vigorous
quality testing of ACPA preparations before the evalu-
ation of any functional activity.70 Importantly, in more
recent functional studies, ACPA and control antibody
preparations were characterised by similarly low aggrega-
ton levels and a lack of measurable LPS contamination,
which was evaluated by both the limulus amebocyte lysate
test and a TLR4-dependent macrophage bioassay.g() %

Poly-specific ACPAs mediate specific functions

ACPA clones that have been so far isolated from patients
with RA and characterised in detail all have a relatively
high level of polyspecificity, in some cases showing reac-
tivity against several thousands of unique citrullinated
epitopes.” ® It is an intriguing question whether and
how such highly promiscuous antibodies could have
specific roles in disease development. ACPA clones very
often recognise a core consensus motif in the different
epitopes, where citrulline is adjacent to glycine (ie, an
amino acid without side chain), suggesting the impor-
tance for a proper accessibility of citrulline for anti-
body binding. However, a recent comprehensive report
revealed that further amino acids in the vicinity of the
citrulline can influence the binding of different ACPA
clones both positively and negatively, leading to a some-
what unique fine-specificity pattern for the individual
clones.” Nevertheless, even ACPA clones with largely

overlapping target repertoire are in reality characterised
by highly variable binding affinities to different target
sequences (potentially up to 10-fold to 100-fold differ-
ences).” * Such variety of binding affinities suggests a
certain level of specificity even for polyreactive antibodies
in physiological circumstances, where different clones
would prioritise the highest affinity targets from the avail-
able epitopes (figure 3A). In addition, non-overlapping
target epitopes have been identified for all tested ACPA
clones, implying the possibility of clone-specific path-
ogenic features, even for otherwise promiscuous anti-
bodies, as suggested by distinct cellular effect of different
ACPAs clones.? 3 ACPAs therefore seem to incorpo-
rate both specificity and promiscuity into their features
by binding a few selected epitopes with high specificity,
while binding to other epitopes with either relatively
higher or lower affinity when compared with other clones.
Such hierarchy of the recognised epitopes can deter-
mine the functional capacities of the individual clones,
that is, ACPAs can stimulate target cells by preferentially
binding to key functional epitopes on the cell surface,
whereas recognising functionally irrelevant targets might
compete with this effect (figure 3B). Binding to function-
ally irrelevant antigens would not lead to any effect, even
in the case of highly specific autoantibodies. Irrespec-
tively, promiscuous binding to a diverse range of citrulli-
nated proteins can also bear functional significance as it
might facilitate immune complex formation (figure 3C).

Similar action of different AMPA types

As mentioned above, besides ACPAs, antibodies
directed against other post-translational modifica-
tions (generated by very different mechanisms than
citrullination) such as carbamylation, acetylation or
malondialdehyde (MDA) modifications, are present
in RA.”" Interestingly, approximately half of the ACPA
clones obtained from patients with RA reacted with
carbamylated antigens and some of these also showed
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Figure 3 Poly-specific ACPAs with specific functions.

(A) ACPAs isolated from patients with rheumatoid arthritis
typically recognise a very high number of citrullinated
antigens in binding assays. However, each antibody is
characterised by different affinities towards the individual
antigens, which leads to their preferential binding to the
highest affinity targets under physiological conditions.

(B) ACPAs can directly stimulate cells by binding to a key
functional target on the cell surface. Highly specific (dark
blue) or poly-specific/promiscuous (light blue) autoantibodies
can trigger similar activation signals, if the ligation of such
surface molecules is sufficiently strong. Diversion of a
promiscuous antibody to irrelevant targets could, however,
decrease signal strength. Ligation of irrelevant surface
antigens, either by highly specific or promiscuous antibodies
will not trigger activation signals. (C) Promiscuity of the
autoantibodies can facilitate immune complex formation and
FcR binding. ACPAs, anti-citrullinated protein antibodies.

reactivity to acetylated peptides.” * *' An explanation
for such relatively frequent cross-reactivity might be
the similar electron density distributions at the key
recognised residues as, at least some of the tested
ACPA clones retained their binding capacity after
replacing citrulline to homocitrulline or acetylated-
lysine in the same peptide antigen.® While not cross-
reactive with citrullinated antigens, anti-MDA anti-
bodies have been shown to activate osteoclast similar
to ACPAs, indicating that similar pathways can be
triggered by targeting antigens that are generated

via different protein modifications. ** * ™ Under-
standing which types of protein modifications are key
for certain autoantibody effects is complicated due
to several reasons. First, in spite of the diverse mech-
anisms, such protein modifications often co-exist, for
example, cigarette smoke can trigger citrullination and
carbamylation and inflammation stimulates many types
of post-translational modifications.”" = Further, oste-
oclasts are characterised by steady state protein citrul-
lination as well as MDA modifications, potentially even
at overlapping protein residues.”” Citrullination of
actin 62-68 peptide, for example, has been described
in osteoclasts cultures and in the inflamed synovium,
where the same sequence was also identified with MDA
modification.”® ™ Activated neutrophils might also
generate citrullinated, carbamylated, acetylated as
well as MDA-modified proteins and, through NETosis
expose these for autoantibodies targeting the modified
self-proteins.*’ "' Different types of protein modifica-
tions can thus co-exist in the same tissue environment,
in the same cells, in the same proteins and occasion-
ally even at the same peptide epitope, which provides
a likely explanation for the co-existence of autoanti-
bodies targeting different post-translational modifi-
cations in the same disease and also for their similar
functional capacities.

CONCLUSIONS AND FUTURE PERSPECTIVES

ACPAs are important disease biomarkers in RA with
several suggested pathogenic effects related to the
classical effector functions of antibodies and poten-
tially to some ACPA-specific traits. Experimental data
describing that different ACPA clones act on different
cell types, which displayed citrullinated antigens either
spontaneously or in an inducible manner, suggest a
scenario where ACPAs might trigger a chain of sepa-
rate pathological pathways by acting on early and late
cellular targets during RA progression. Osteoclasts and
their precursors characterised by steady state protein
citrullination might be targeted by ACPAs already
before disease onset, in the absence of an inflammatory
milieu, contributing to the earliest pathological signs of
RA progression, such as arthralgia and microscopical
erosions of the bones. In contrast, synovial fibroblasts
and potentially other cells, such as neutrophils, need
to be activated for the binding of ACPAs, suggesting
that these cells might be targeted later, in the already
inflamed joints. It is also possible, on the other hand,
that ACPA specificities required for targeting different
cell types appear rather stochastically in the course
of the disease, leading to a large individual variability
in the cellular effects of the ACPA repertoire. ACPA
clones that stimulate osteoclasts or fibroblasts, for
example, might appear early or late in the disease or
could be completely absent in different individuals.
ACPAs, in this case, would trigger individual mosaics
of different pathological pathways, playing more or
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less significance in the overall disease progression in
different patients. Inevitably, to envisage the role of
ACPAs in RA pathology, further studies are needed
comparing different types of ACPA preparations
obtained from different patients and from different
stages of the disease, in the experimental models of
pain, bone erosion and synovial inflammation.
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