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Summary
The presence of anti-citrullinated protein autoantibodies (ACPA) is a hallmark feature of rheumatoid arthritis
(RA), which causes chronic joint destruction and systemic inflammation. Based on ACPA status, RA patients
can be sub-grouped into two major subsets: ACPA-positive RA (ACPA+ RA) and ACPA-negative RA (ACPA�

RA). Accumulating evidence have suggested that ACPA+ RA and ACPA� RA are two distinct disease entities
with different underlying pathophysiology. In contrast to the well-characterized pathogenic mechanisms of
ACPA+ RA, the etiology of ACPA� RA remains largely unknown. In this review, we summarized current
knowledge about the primary drivers of ACPA� RA, particularly focusing on the serological, cellular, and
molecular aspects of immune mechanisms. A better understanding of the immunopathogenesis in ACPA�

RA will help in designing more precisely targeting strategies, and paving the road to personalized treatment.
In addition, identification of novel biomarkers in ACPA� RA will substantially promote early treatment and
improve the outcomes.
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Introduction
Rheumatoid arthritis (RA) is a chronic and systemic
inflammatory autoimmune disorder characterized by
synovial inflammation, progressive erosive arthritis and
extra-articular involvements.1 The presence of anti-cit-
rullinated protein autoantibodies (ACPA) represents a
hallmark feature of RA. Based on ACPA status, RA
patients can be sub-grouped into two major subsets:
ACPA-positive RA (ACPA+ RA) and ACPA-negative RA
(ACPA� RA).1 ACPA can be detected in circulation
years before the onset of clinical overt symptoms, and
the presence of ACPA usually associates with more
*Corresponding authors at: Department of Rheumatology, Bei-

jing Hospital, National Center of Gerontology, Institute of

Geriatric Medicine, Clinical Immunology Center, Chinese

Academy of Medical Sciences and Peking Union Medical Col-

lege, Beijing 100730, China.

E-mail addresses: yudongliu1983@126.com (Y. Liu),

zxpumch2003@sina.com (X. Zhang).
1 Ketian Li and Min Wang contribute equally to this

manuscript.

www.thelancet.com Vol 83 Month , 2022
aggressive bone and joint destruction, suggesting the
citrulline-specific immune response is critical in disease
initiation and evolution in ACPA+ RA.1 In contrast, the
etiology of ACPA� RA remains largely unknown.
Genetic studies have implied that ACPA+ RA and
ACPA� RA are two distinct disease entities with differ-
ential underlying pathophysiology.2 There also lies
some differences in clinical characteristics between the
two subsets. It’s showed that ACPA� RA had more ten-
der joints, more difficulty in clenching fists and shorter
symptom duration at the time of first presentation with
arthralgia compared to ACPA+ RA, but ACPA+ RA pro-
gressed to arthritis more quickly thereafter.3 As for
extra-articular manifestations, a lower probability was
reported in ACPA� RA4 (Figure 1). A better understand-
ing of the immunopathogenesis, may shed lights on
developing novel targeting interventions in ACPA� RA.
In this review, we outline the current knowledge on the
primary drivers of ACPA� RA, particularly focusing on
the serological, cellular, and molecular mechanisms of
the immune response.
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Figure 1. Presumed unique characteristics of ACPA-negative RA. Based on limited evidence and current knowledge, unique fea-
tures of ACPA-negative RA on genetics, environmental triggers, clinical symptoms and treatment response are presented with omis-
sion of shared common features with ACPA-positive RA.
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Genetic and environmental factors in ACPA�

RA
RA affects 0.5-1% of the population worldwide. ACPA+

RA constitutes approximately two-thirds of all RA
patients. A recent epidemiological study showed a sig-
nificant increase in the incidence of rheumatoid factor
(RF)-negative RA whereas a decrease in RF-positive RA
in 2005-2014 compared with previous decades.5 Gener-
ally, the development of RA starts from a preclinical
phase, followed by a transition phase and then to clini-
cal RA.1 The transition is considered as a result of a
complex interplay between predisposing genes and
environmental triggers. Interestingly, ACPA+ RA and
ACPA� RA differ in genetic and environmental risk fac-
tors. The influence of HLA genes is more limited in
ACPA� RA compared to ACPA+ counterpart. The
genetic risk factors in ACPA+ RA is mainly on human
leukocyte antigen (HLA) class II molecules.6 For exam-
ple, HLA-DRB1 shared epitope alleles strongly associate
with ACPA+ RA.2 In contrast, it has been shown that
DR3 allotype is associated with ACPA� RA, but not with
ACPA+ RA.7 Further, a recent study revealed that HLA-
B*08 group of alleles and the related amino acid variant
Asp-9 were associated with an ACPA� RA subset posi-
tive for anti-carbamylated protein (anti-CarP) antibod-
ies.8 The differential involvement of HLA-II molecules
versus HLA-I molecules between ACPA+ RA and
ACPA� RA suggest different pathogenetic mechanisms
underlying the two subsets. In non-HLA genetic poly-
morphisms, markers at ANKRD55, STAT4, C5orf30,
PTPN22, ELMO1, RUNX1 and BLK are associated with
both ACPA+ RA and ACPA� RA,2,9,10,12 while SPP1,
IRF5, PRL and NFIA are preferentially associated with
ACPA� RA.10,11,13 These genetic risk variants may con-
tribute to disease pathogenesis in ACPA� RA.

Gut dysbiosis is associated with immune alterations,
serving as an important environmental factor that pro-
mote RA pathogenesis.14 So far, the impact of dysbiosis
on ACPA� RA remains unclear. Findings from K/BxN
mice, a mouse model of inflammatory arthritis, have
shown that segmented filamentous bacteria (SFB) colo-
nization exacerbates disease severity via Th17 induc-
tion.15 Subsequent studies using IL1rn knockout
(IL1rn�/�) mice also support a role of dysbiosis in dis-
ease pathogenesis, as spontaneous onset of arthritis was
associated with the alterations of gut microbiome and
arthritis was attenuated in IL1rn�/� mice under germ-
free (GF) condition.16,17 Of interest, a recent study indi-
cated that ACPA+ RA patients had higher proportions
of Blautia, Akkermansia, and Clostridiales than ACPA�

RA patients.18 And butyrate-metabolizing species were
implicated in determining ACPA status by another
recent study.19 The authors found that butyrate-con-
suming species were preferentially enriched in ACPA+

RA patients, whereas butyrate-producing species were
preferentially enriched in ACPA� RA patients.19 Fur-
ther studies on dissecting the role of dysbiosis in
ACPA� RA patients will be of great importance to better
understand the involvement of environmental factor in
the pathogenesis of ACPA� RA.
www.thelancet.com Vol 83 Month , 2022
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Immunopathogenesis in RA

Immune dysregulation in the pathogenesis of ACPA�

RA
Two different subsets of macrophages reside in synovial
lining: MHCII�CX3CR1+ and MHCII+CX3CR1lo popu-
lations.20 The former populates the synovial tissue early
during embryonic development and has a protective
role in maintaining joint integrity, while the latter origi-
nates from bone marrow and requires a contribution
from circulating monocytes.20 In RA, circulating mono-
cytes are recruited to the joint, where they differentiate
into classically activated macrophages, producing pro-
inflammatory mediators, such as IL-1b to drive the
pathology of synovitis.20,21 Single-cell RNA sequencing
(scRNA-seq) analysis revealed that synovial macro-
phages displayed an inflammatory phenotype (M1),
characterized by upregulated expression of IL1B gene
and absent gene expression of TGFB1 and CD36 (phago-
cytic) in ACPA� RA in comparison to ACPA+ RA.22 Fur-
thermore, the gene expression of CCL13, CCL18 and
MMP3 were significantly upregulated, whileHLA-DRB5
was absent in ACPA� RA synovial macrophage sub-
sets.22 Similar to synovial macrophages, in synovial den-
dritic cell (DC) subsets of ACPA� RA, the gene
expression levels of CCL13, CCL18 and MMP3 were also
significantly upregulated, and HLA-DRB5 was absent.22

Aberrantly elevated levels of CCL13 and CCL18 in the
serum and synovial tissues from RA patients contribute
to immune cell infiltration, synovial cell proliferation
Figure 2. Dysregulation of immune cells mainly involved in th
innate and adaptive immunity, as well as synovial stromal cells, w
skewed to pro-inflammatory M1 phenotype with up-regulated gen
expression of TGFB1 and CD36. FLS and fibroblasts are also import
immune dysregulation is mainly associated with IL-6 driven CD4+

switching of B cell subsets. DC, dendritic cells; NK, natural killer; IL
matrix metalloproteinase; Tfh, follicular helper T; Tph, peripheral hel
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and angiogenesis.23�25 MMP3 has been shown as an
early and reliable marker of disease activity and joint and
bone damage.26 HLA-DRB5 is identified on haplotypes
with HLA-DRB1*15, 16 alleles.27 The precise role of
HLA-DRB5 remains unclear, but may be associated with
antigen processing and presentation activity.22 Elevated
expression of HLA-DRB5 transcripts and increased fre-
quency of the HLA-DRB5*01:05 allele was observed in
scleroderma patients with interstitial lung disease.28 In
contrast, the HLA-DRB5*null individuals were at
increased risk for developing secondary progressive mul-
tiple sclerosis.29 Further mechanistic studies are needed
to dissect the role of HLA-DRB5 in the pathogenesis of
RA, in particular how the loss of HLA-DRB5 expression
modulates the immune response in ACPA� RA.

Granulocyte macrophage-colony stimulating factor
(GM-CSF) is an important driver of tissue inflammation
and arthritic pain, and targeting GM-CSF pathway is
effective in both preclinical models and RA clinical tri-
als.30 GM-CSF is produced by a variety of cells, includ-
ing Th17 cells, type 2 innate lymphoid cells (ILC2),
synovial natural killer (NK) cells, synovial stromal cells
and CD163+ sublining macrophages.31�33 GM-CSF
skews synovial tissue macrophage towards pro-inflam-
matory phenotype, characterized by over-expression of
activin A, MMP12 and TNFa.33 CCL21 were also ele-
vated in the synovial tissue in RA compared to con-
trols.34 Functionally, CCL21 attracts circulating
monocytes into the joint and differentiates them to M1
macrophages, which promotes osteoclastogenesis.35
e pathogenesis of ACPA-negative RA. The dysregulation of
ere depicted in ACPA-negative RA. Synovial macrophages are
e expression of IL1B, CCL13, CCL18, MMP3 and down-regulated
ant drivers in the pathogenesis of ACPA-negative RA. Adaptive
T cells dysregulation, Treg/Tfh/Tph cells and abnormal class-
C, innate lymphoid cells; FLS, fibroblast-like synoviocyte; MMP,
per T.
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Genetic variants of IRF5 have been shown involved in
a unique disease etiology and pathogenesis in ACPA�

RA.13 IRF5 deficiency reduces arthritis severity in K/BxN
model, which is probably attributed to the elimination of
the role of IRF5 in mediating proinflammatory cytokine
production downstream of TLR7 and TLR3.36 Neutro-
phils represent the most abundant cell population in RA
synovial fluid, contributing to joint inflammation and tis-
sue damage. Deficiency in IRF5 also impairs the produc-
tion of neutrophil chemo-attractants in macrophages and
reduces neutrophil trafficking to the joint.37

Taken together, innate immune dysregulation in
ACPA� RA is characterized by upregulation of IL-1b,
CCL13, CCL18, and MMP3 in synovial macrophages and
DCs. Genetic variants of ACPA� RA-risk genes may
also modulate myeloid cell functions and promote pro-
inflammatory phenotype, leading to osteoclastogenesis
and progressive joint destruction (Figure 2).

Dysregulated T cell responses are implicated in RA
pathogenesis, irrespective of autoantibody status. Gene
expression profiling of circulating CD4+ T cells revealed
that genes involved in T cell differentiation were over-
represented in both ACPA+ and ACPA� RA, compared
to inflammatory non-RA arthritis and osteoarthritis
(OA).38 STAT4 is a key transcription factor in the differ-
entiation of Th1 cells, which plays a pathogenic role in
the development of RA. SNPs within STAT4 loci confer
the risks of both ACPA+ and ACPA� RA.2,39 Impaired
induction of PTPN22 could also trigger a molecular sig-
nature of preclinical RA in both ACPA+ and ACPA�

subset. The hypercitrullination, caused by attenuated
activity of PTPN22, is responsible for aberrant produc-
tion of Th2 and Th17 cytokines.40 RUNX1 is a transcrip-
tion factor critical for Th17 differentiation by inducing
RORgt expression.41 We previously showed that the
expression of enhancer of zeste homolog 2 (EZH2) was
decreased in CD4+ T cells from RA patients, which
downregulated RUNX1 and upregulated SMAD7, and
ultimately suppressed Tregs differentiation.42 SNPs
within RUNX1 loci may relate to Treg/Th17 imbalance,
thus confers risk in RA. Additionally, SNPs within
ANKRD55 loci are one of the most compelling non-
HLA risk alleles associated with both ACPA+ and
ACPA� RA.10 ANKRD55 is highly expressed in CD4+ T
cells,43 and its polymorphisms may affect glycoprotein
130 (gp130) signaling44 which is critical for downstream
cascade of a number of cytokines, including IL-6. Of
interest, serum IL-6 levels from ACPA� RA were the
highest compared with ACPA+ RA, inflammatory non-
RA controls and OA.38 Consistently, basal pSTAT3 in
CD4+ T cells was significantly higher in patients with
ACPA� RA than in inflammatory non-RA controls and
non-inflammatory arthritis controls.45 IL-6-driven CD4+

T cell activation via STAT3 is an early feature in RA, par-
ticularly in ACPA� RA disease.38,45

ScRNA-seq analysis revealed that S100A8hiGZMB+

effector CD4+ T (Teff) cells expressing cytotoxic genes
(including GNLY and GZMB) were significantly ele-
vated in ACPA� RA compared to healthy controls
(HCs).22 Furthermore, the abundance of GZMK+ IFN-
act central memory T (TCM) cells expressing central
memory CD4+ T cell and interferon pathway genes
(including GZMK, ISG15, IFI6, CCR7, GPR183, SELL,
TCF7, and IL7R) was also higher in RA patients, espe-
cially in ACPA- RA, compared to HCs.22 Of interest, the
CD4+ T cells in synovial tissue from ACPA� RA dis-
played an increased proinflammatory cytokine profile
with a significant increase in TNF-expressing capacity
and marked polyfunctionality compared to ACPA+

RA.46 ScRNA-seq analysis also identified a distinct high
expression ofMMP3 in synovial tissue T cells in ACPA�

RA.22

Treg dysregulation in ACPA� RA remains poorly
defined. Using IL1rn�/� mice, Levescot et al. showed IL-
1b induced the osteoclastogenic capacity in synovial
Tregs which displayed preserved suppressive capacity
and aerobic metabolism but aberrant expression of
RANKL and a striking capacity to drive RANKL-depen-
dent osteoclast differentiation.47 Tregs in ACPA� RA
synovium may have similar characteristics considering
scRNA-seq data found that ACPA� RA synovial macro-
phages preferentially produced IL-1b. Besides, gene sig-
natures of S100A8hiGZMB+ Teff cells in ACPA� RA
were also enriched for “osteoclast differentiation”, as
suggested by the Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway and Gene Ontology (GO)
enrichment analyses.22

Follicular helper T (Tfh) cells provide critical help for
B cells development as well as autoantibodies produc-
tion. Treatment-na€ıve ACPA� RA patients displayed sig-
nificantly higher frequency of Tfh cells compared to
patients undergoing treatment.46 Peripheral helper T
(Tph) (CXCR5�PD1+) cells are a novel CD4+ subset with
enhanced migratory capacity towards sites of inflamma-
tion and enhanced ability to promote antibody and
proinflammatory cytokine production.48,49 Intriguingly,
levels of circulating Tph cells were similar between
ACPA� RA and ACPA+ RA.46 These findings suggest
that Tfh/Tph cells are also involved in the pathogenesis
of ACPA� RA.

Dysregulated circulating plasma cell was revealed in
ACPA� RA by scRNA-seq analysis, characterized by
deficient HLA-DRB5+ plasma cells and enriched
IGHG4+ plasma cells.22 A lack ofHLA-DRB5 expression
and impaired “antigen processing and presentation
activity” were also observed in synovial memory B cells
of ACPA� RA.22 Of note, comparing to HCs, na€ıve B
cells from ACPA� RA patients displayed an additional
differentiation pathway from na€ıve B cells to IGHG4+

plasma cells due to the lack of an “intermediate” HLA-
DRB5+ plasma B.22 The functional relevance of
IGHG4+ plasma cells remains unclear, but was sug-
gested to be associated with “osteoclast differentiation”
by the KEGG pathway and GO enrichment analyses.22
www.thelancet.com Vol 83 Month , 2022



Figure 3. Patterns of immune cells involvement in the synovial tissue of ACPA-positive and ACPA-negative RA. Both innate
and adaptive immune cells are involved in the pathogenesis of RA in synovial tissues, but different patterns may exist in ACPA-posi-
tive RA and ACPA-negative RA. Compared with ACPA-positive RA with rich immune cells infiltration and ACPA mediated cytotoxic
effects, ACPA-negative RA is characterized by less lymphocyte infiltration but increased proinflammatory cytokine profile in CD4+ T
cells. By producing robust MMPs and pro-inflammatory cytokines and chemokines (e.g., IL-6, CXCL12, CCL2), synovial stromal cells
may play a more important role in ACPA-negative RA.
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In addition, circulating plasma cells from ACPA� RA
displayed a higher expression of IGHM and lower
expressions of IGHG3 and IGHA1 in comparison to
those in ACPA+ RA.22 Of interest, a recent study
showed that the CD138+ plasma cells in the synovial tis-
sue were more enriched in ACPA� RA compared to pso-
riatic arthritis, highlighting a critical role of B cells and
autoantibodies in the pathogenesis of ACPA� RA.50

Thus, the absence of an “intermediate” HLA-DRB5+

plasma cell, together with higher expression of IGHM
and IGHG4, and lower expressions of IGHG3 in circu-
lating B cells suggested the presence of an abnormal
class-switching of B cell subsets in ACPA� RA.

Immune-related adverse events associated inflamma-
tory arthritis (irAE-IA) is a newly recognized IA with the
utilization of immune checkpoint inhibitors (ICIs),
which immunologically resembles seronegative RA.51

ICIs, such as anti-cytotoxic T-lymphocyte antigen-4
(CTLA-4) or anti-programmed death 1 (PD-1) antibodies,
activate autoreactive T cells by targeting the negative reg-
ulatory molecules.52 Exploration of the shared underlying
mechanisms between irAE-IA and ACPA� RA will also
help dissect the role of autoreactive T cells in ACPA� RA.

Collectively, these findings suggest that adaptive
immune dysregulation in ACPA� RA may be associated
with IL-6 mediated CD4+ T cells dysregulation,
increased levels of “osteoclast differentiation”-associated
CD4+ Teff cells and Tfh/Tph cells, as well as aberrant
class-switching in B cell subsets (Figure 2).

Synovial stromal cell dysregulation in ACPA� RA
The synovial pathotypes in RA have been characterized
into three types based on the presence of stromal cells
and infiltrating leukocytes: lympho-myeloid (the pres-
ence of B cells with myeloid cells), diffuse-myeloid (mye-
loid predominance with little B cells), and pauci-immune
www.thelancet.com Vol 83 Month , 2022
(fibroblast-like synoviocytes (FLS) predominance with lit-
tle immune cell infiltration).53,54 ScRNA-seq on synovial
tissue recently revealed lower gene expression levels of
markers of plasma cells, exhausted T cells and cytotoxic
T/NK cells in the synovial tissue from ACPA� RA com-
pared to ACPA+ RA, suggesting that ACPA� RA are
more likely clustered into diffuse-myeloid or pauci-
immune category.22 Similarly, van Oosterhout et al also
found more fibrosis and synovial lining thickening with
less lymphocyte infiltration in synovial tissue from
ACPA� RA.55 Of interest, these findings are consistent
with those from Humby et al. who revealed that diffuse-
myeloid or pauci-immune RA were less likely to develop
joint damage progression than lympho-myeloid patho-
type.54 Thus, synovial stromal cells may play a more
important role in the immunopathogenesis in ACPA�

RA compared to ACPA+ RA (Figure 3).
Over production of MMPs by FLS contributes to the

destruction of the collagen-rich structures in the joint
tissues, and enables FLS invasion.56 FLS also secrete a
repertoire of cytokines (e.g., IL-6), chemokines (e.g.,
CCL2, CXCL12) and pro-angiogenic factors to recruit
immune cells to perpetuate joint inflammation.56,57

Further, by stimulating the expression of adhesion mol-
ecules on endothelial cells, FLS indirectly promote the
immune cell infiltration to the joint.56 A recent study
revealed that the combination of ferroptosis inducers
and TNF inhibitors could result in fibroblast death and
attenuate arthritis severity in collagen-induced arthritis
model, implicating a potential target for therapy.58

Several studies have proposed that FLS or fibroblasts
can be sub-grouped into at least two main pathogenic
subsets: the THY1+ subset and THY1� subset.56,57,59�62

The THY1+ subset, which locates in sublining layer, rep-
resents the immune effector subset. In RA, this fibro-
blast subset is substantially expanded and correlated
5
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with disease activity.59 A recent study showed that
NOTCH3 signaling contributes to THY1+ fibroblast dif-
ferentiation, which is also required for the development
of inflammatory arthritis.63 The THY1� subset, on the
other hand, locates in lining layer. As the source of the
MMP13 and MMP3, this subset is proposed as joint-
destructive subset.56,57,59�62 Both subsets are involved
in the pathogenesis of ACPA� RA.56,57,59�62

Inflammatory tissue priming is critical for the transi-
tioning from acute self-limiting inflammation to
chronic persistent inflammation in RA.64 A recent
study has shown that synovial fibroblasts mediate the
inflammatory tissue priming, which depends on intra-
cellular complement C3 and C3a receptor expression.
The C3-C3a-C3aR axis drives metabolic reprogramming
of fibroblasts, leading to functional changes of THY1+

fibroblast.65 Since this mechanism is mainly observed
in leukocyte-rich inflammatory phenotype of arthritis,
further study is needed to investigate whether a similar
mechanism also exists in ACPA� RA.

C5orf30 polymorphisms is associated with ACPA�

RA.10 C5orf30 is predominately expressed by synovial
fibroblasts and synovial macrophages in the lining and
sublining layer. C5orf30 is highly expressed in the syno-
vium of RA patients compared to controls. Mice with
C5orf30 deficiency displayed markedly accentuated joint
inflammation and tissue damage. Mechanistically, loss
of C5orf30 in fibroblasts led to an auto-aggressive phe-
notype characterized by increased cell migration and
invasion.66 As C5orf30 is not expressed at significant
levels in lymphoid cell lines or RA synovial lympho-
cytes,66 this phenotype may highlight the important
role of synovial fibroblast in the joint inflammation and
damage (Figure 2).
Novel biomarkers in ACPA� RA
The presence of autoantibodies targeting post-transla-
tional modification (PTM) represents a hallmark feature
of RA. Although ACPA is not present in ACPA� RA,
autoantibodies targeting other PTMs or non-modified
antigens, including anti-CarP antibodies, anti-acetylated
protein antibodies (AAPA), anti-malondialdehyde anti-
bodies (anti-MDA), anti-malondialdehyde-acetaldehyde
antibodies (anti-MAA), anti-homocysteinylated (Hcy)-
alpha 1 antitrypsin (A1AT) antibodies, anti-PAD4 and
anti-BRAF antibodies could possibly be detected in
ACPA� RA.67�72 These autoantibodies may be impli-
cated in the pathogenesis of ACPA� RA. For example,
anti-CarP antibody can predict radiographic progression
in patients with ACPA� RA.67 In addition, anti-MDA
antibodies significantly correlated with disease activity
and inflammatory markers, and some robustly
enhanced osteoclastogenesis in vitro.69

Utilizing high-density protein microarray, we
recently identified two novel autoantibodies (anti-PTX3
and anti-DUSP11 autoantibody) in RA. Different from
other autoantibodies that are predominantly present in
ACPA+ RA (i.e. anti-PTMs), the prevalence of anti-PTX3
and anti-DUSP11 autoantibodies are similar between
ACPA+ RA and ACPA� RA.73 The levels of anti-PTX3
antibody also positively correlated with disease activity
and inflammatory markers.73 Notably, the serum levels
of anti-PTX3 antibodies decreased dramatically in RA
patients after effective treatment, suggesting that anti-
PTX3 antibodies may assist early diagnosis and treat-
ment monitoring in ACPA� RA.73 Of interest, we previ-
ously showed that increased circulating PTX3 in RA
could synergize with complement C1q to activate
inflammasome and pyroptosis.74 Thus, it would be
interesting to determine whether the binding of anti-
PTX3 antibody to PTX3 inhibit its pathogenic activity or
not.

Another recent study identified increased serum lev-
els of soluble scavenger receptor-A (sSR-A) in patients
with RA which correlate with clinical and immunologi-
cal features of the disease.75 Importantly, higher sSR-A
can be detected in 63% patients with early RA and 66%
established RA patients, including 50% of ACPA�

RA.75 Although the pathogenic mechanisms of sSR-A
in RA remains unclear, mice deficient in SR-A or
administered with SR-A inhibitor displayed less disease
severity, suggesting that targeting this molecule may
have a therapeutic potential in RA.
Conclusions and future perspective
At present, the etiology and disease progression of
ACPA� RA remains largely unknown. It may involve a
complex interplay between the innate and adaptive
arms of the immune response and the synovial stromal
cells. Specifically, synovial macrophages and DCs dis-
played elevated gene expression levels of CCL13, CCL18
and MMP3, and synovial memory B cells displayed a
lack of HLA-DRB5 expression and impaired “antigen
processing and presentation activity”. In periphery, IL-6
mediated CD4+ T cells dysregulation and elevated
IGHG4+ plasma cells may be implicated in the disease
pathogenesis. Remarkably, the scRNA-seq and synovial
histology data suggest that the immunopathology of
synovitis in ACPA� RA is greatly driven by synovial
stromal and myeloid cells, with minor involvement of
adaptive immune cells. Also, different responses to tar-
geting therapies between the ACPA+ RA patients and
ACPA� RA patients implied differential underlying
pathogenesis. ACPA+RA patients displayed significant
improvement in outcomes with abatacept or rituximab
treatments, whereas no difference or a better clinical
response was observed in ACPA� RA patients treated
with tocilizumab or tofacitinib or TNF-a inhibitors.76,77

However, the involvement of adaptive immunity should
not be ignored in ACPA� RA, especially the specific
pathogenic adaptive immune cell subsets as well as
newly identified autoantibodies.
www.thelancet.com Vol 83 Month , 2022
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It should be pointed out that multiple key challenges
remain to be addressed. The first one is the immune
triggers in ACPA� RA at temporal and spatial levels.
Compared to ACPA+ RA, the immune triggers in
ACPA� RA remains largely unknown. Second, most of
the studies reviewed in this article are based on general
RA population. It is unclear whether these mechanisms
are indeed present in ACPA� RA. Although these stud-
ies claimed that both ACPA+ RA and ACPA� RA
patients were included, they did not specify whether the
positive findings were from the ACPA+ RA patients or
from ACPA� RA patients. It will be of great importance
to make substantial comparisons between ACPA+ RA
and ACPA� RA patients in the further studies. In addi-
tion, many of the mechanistic assumptions in this
review are from the genome-wide association studies
(GWAS) on genetic risk variants in ACPA� RA.
Although a number of genetic risk variants for ACPA�

RA have been identified, the precise pathogenic mecha-
nisms associated with the causal variants remain to be
explored. Further, some of the mechanistic explanations
for ACPA� RA have been developed on the basis of ani-
mal models, lack of epidemiological evidence. It is nec-
essary to verify these findings in patients with ACPA�

RA in real world studies. Lastly, ACPA� RA is usually
regarded as a milder disease compared to ACPA+ coun-
terpart, but it is probably more heterogeneous with
more divergent long-term outcome and a more complex
etiopathology.78 Thus, further stratify ACPA� RA
patients into different subsets using reliable biomarkers
and dissect the underlying mechanisms in different
subgroups will be of great clinical relevance.

A better understanding of the immune mechanisms
in ACPA� RA will facilitate the designing of more pre-
cise targeting therapies against putative pathogenic sub-
sets, and provide the promise for a personalized
treatment strategy. In addition, identification of novel
biomarkers for the early recognition of ACPA� RA will
substantially promote early treatment and ultimately
improve the outcomes.
Outstanding questions
Most studies focused on the general RA population with-
out comparing the potential difference between ACPA+

and ACPA� RA. The specific immune triggers and
mechanisms in ACPA� RA remains to be elucidated.
Further explorations are needed to discover discrimina-
tive biomarkers and crucial mechanisms in this subset,
so as to facilitate prompt diagnosis and precise therapy.
Search strategy and selection criteria
We conducted data search and collection in PubMed,
using the terms “rheumatoid arthritis”, “anti-citrulli-
nated protein autoantibodies”, “ACPA-positive RA”,
“ACPA-negative RA”, “biomarkers”, “genetics”, “gut
microbiome”, “adaptive immunity”, “innate immunity”,
www.thelancet.com Vol 83 Month , 2022
“synovial cells” and “treatment”. Articles written in
English and published between 2000 and 2022 were
included.
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