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Abstract

B cells mediate multiple functions that influence immune and inflammatory responses in 

rheumatoid arthritis. Production of a diverse array of autoantibodies can happen at different stages 

of the disease, and are important markers of disease outcome. In turn, the magnitude and quality of 

acquired humoral immune responses is strongly dependent on signals delivered by innate immune 

cells. Additionally, the milieu of cells and chemokines that constitute a niche for plasma cells rely 

strongly on signals provided by stromal cells at different anatomical locations and times. The 

chronic inflammatory state therefore importantly impacts the developing humoral immune 

response and its intensity and specificity. We focus this review on B cell biology and the role of 

the innate immune system in the development of autoimmunity in patients with rheumatoid 

arthritis.

Keywords

autoantibodies; B cells; inflammation; innate immunity; plasma cells

It is well established that B lymphocyte responses are dysregulated in autoimmune diseases, 

including rheumatoid arthritis (RA) [1]. B cells mediate disease pathogenesis by a number of 

mechanisms that include acting as APCs [2], functioning as source and/or sink of cytokines 

and chemokines [3,4], interacting with effector cells [5–7] and serving as a source of 

autoreactive antibodies [5,8]. RA shares certain B-cell-specific traits, cellular interactions and 

molecular pathways with other autoimmune diseases, but the precise role of B cells in the 

different clinically related conditions still remains under investigation. Innate immune cells 

and stromal cells can critically contribute to the generation of an inflammatory milieu that 

affects antigen presentation, B-cell development, B-cell/plasma cell (PC) survival and 

antibody production.
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We will review the current knowledge regarding the contribution of B lymphocytes (with a 

special emphasis on innate-like B subsets) and PC to RA pathogenesis and discuss how 

signals from the innate immune cells and the stromal cell compartments contribute to altered 

B-cell responses. We will then discuss how inflammatory environments modify the behavior 

and function of all these cells, and the implications of these relationships to RA prevention 

and treatment.

RA pathogenesis

Overview

The current paradigm for RA pathogenesis reflects a multistep pathway beginning with 

genetic vulnerability [5,9]. HLA remains the most powerful genetic risk for development of 

RA. Non-HLA genes, often shared with other autoimmune diseases, affect T lymphocyte 

responsiveness and innate inflammatory programs [10,11]. Some environmental exposures are 

associated with chronic inflammation and increased expression of the peptidylarginine 

deiminase (PAD) enzymes that increase protein citrullination [12,13]. Those individuals with 

genetic vulnerabilities can lose tolerance to citrullinated protein motifs and develop 

anticitrullinated peptide antibodies (ACPAs). These appear to be T-cell-dependent, antigen-

driven responses with autoantibodies undergoing class switching. Rheumatoid factors (RFs) 

also develop and may indicate the presence of immune complexes (IC) or other aspects of 

immune dysregulation. Long-lived antibody-producing cells and circulating autoantibodies 

may be present for many years before clinically detectable synovitis [9]. Patients tend to 

accumulate autoantibodies to additional citrullinated peptide antigens over time, suggesting 

epitope spreading. Events that are more proximal to the development of inflammatory 

arthritis involve systemic inflammation as detected by increased circulating proinflammatory 

cytokines. It is likely that exaggerated citrullination of proteins in the synovia [14], possibly 

as a result of PAD secretion by neutrophils and macrophages [15], triggers a local 

autoimmune response. All along these steps toward RA, B lymphocytes and long-lived PC 

play a role that is still incompletely understood. Furthermore, the role of innate immunity 

and stromal cells in shaping the acquired immune response remains under investigation.

Production of autoantibodies

The development and presence of autoantibodies is a hallmark of RA. A classical molecule 

that has been widely used with relative diagnostic value is the RF, which consists of anti-Fc 

antibodies that are self-reactive (anti-‘self-Fc’). These are typically IgM antibodies and are 

not highly specific for RA. They can be identified in many instances of 

hypergammaglobulinemia occurring in other autoimmune diseases (e.g., Sjögren’s 

syndrome) and hematologic malignancies. They are also commonly detected in clinical 

situations of chronic antigenemia and IC formation associated with viral (e.g., hepatitis C) 

and bacterial (e.g., endocarditis) infections [16,17]. Recent advances have helped identifying 

specific motifs of autoantigens in RA, which can lead to the production of disease-specific 

autoantibodies and increasing the current availability of detectable autoantibodies relevant to 

RA diagnosis.

Maseda et al. Page 2

Expert Rev Clin Immunol. Author manuscript; available in PMC 2016 October 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



ACPAs constitute the best categorized group of autoreactive antibodies in RA. Seropositivity 

for ACPAs strongly associates with high-risk alleles of HLA-DR genes and generally 

predicts a more aggressive disease course. Citrullination (conversion of arginine into 

citrulline) of certain peptides can occur in many proteins [18]. The citrullinated peptides can 

give rise to potential autoantibodies when seen within the context of inflammation, cell 

damage, dysregulated apoptosis and/or impaired apoptotic cell clearance [12,19]. These 

citrullinated autoantigens can be both intracellular and extracellular proteins. Among others, 

vimentin, α-enolase, aggrecan and fibrinogen have been identified as citrullinated proteins 

that are recognized by autoantibodies from RA patients [20–22]. It is noteworthy that 

although citrullination is a biochemical modification catalyzed by the PAD enzymes and 

occurs under healthy steady-state conditions, activity of the PAD enzymes and increased 

citrullination can be enhanced by certain external stimuli like cigarette smoke. So far, most 

ACPAs that have been characterized belong to the IgG and IgA isotypes [23,24], which 

underscores how autoreactive B cells must have been selected to reach a mature PC fate and 

have undergone isotype switching during the process. Interestingly, although there are also 

IgM ACPAs, the IgM ACPAs response displays a more restricted antigen recognition profile 

than IgG ACPA in RA patients [25]. Somatic hypermutation is likely to be involved in the 

development of ACPAs, as reversion of citrulline-specific antibodies cloned from the 

synovium B cells of RA patients to their corresponding germline configuration results in 

loss of citrulline-specific antigen binding [8]. To increase the level of complexity involved in 

this matter, the autoantibody specificity/pathogenicity can further evolve due to epitope 

spreading [26,27] or glycosylation of the Fc-portion of the autoantibody [28].

Citrullination is also increased at sites of inflammation including synovial tissues and 

atherosclerotic plaques, and it is thought that initial ACPA development may occur through 

priming at distant sites such as the lung or gingival tissues, while clinical RA and its 

complications may develop when citrullination occurs in RA target organs [29,30]. A highly 

relevant question, therefore, is the mechanism underlying citrullination in these tissues. 

Romero and colleagues recently reported hypercitrullination of cells in rheumatoid synovial 

fluid [15]. Their studies implicate neutrophils as the source of these hypercitrullinated 

proteins and only during extrinsic apoptosis in response to granzyme B/perforin or by 

activation of the complement pathway, not by intrinsic apoptosis, NETosis or autophagy. 

Neutrophils are the first immune cells to enter the arthritic joint [31], but it remains unclear 

what specific processes target neutrophils or cytotoxic cells to the joints. It is also plausible 

that IC involving either RF or ACPAs could locally activate complement leading to the 

establishment of a local autoimmune response involving hypercitrullinated proteins derived 

from neutrophils.

Anticarbamylated protein antibodies (anti-CarP), on the other hand, are directed towards 

peptides that are catalyzed by a nonenzymatic transformation that involves lysine and N-

terminal addition of homocitrulline [32], which largely resembles citrulline but is one 

methylene group longer [33]. Interestingly, ACPA- patients can be anti-CarP+ and vice versa, 

with higher anti-CarP concentrations in ACPA- patients having a stronger predictive value 

for a more severe disease course as measured by radiological progression [32].
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The extent to which ACPAs are causative agents of disease and not only epiphenomena of 

other immune dysregulation processes is still under debate. The relative contribution of 

predisposing HLA alleles to genetic risk has been estimated to be about 40% for ACPA+ 

patients and 2% for ACPA- patients [34]. Additionally, ACPAs can contribute to the 

generation of ICs, which are characteristic of other autoimmune disorders [35]. Very recently, 

Scally and colleagues demonstrated a molecular association between ACPAs and RA in 

humans. They showed that citrullinated aggrecan and vimentin epitopes bind to HLADRB1* 

04:01/04 [36] by identifying larger numbers of recirculating tetramer-specific T cells in RA 

patients compared with healthy individuals. It is also noteworthy to say that first-degree 

relatives of RA patients who do not yet suffer from overt RA demonstrate reactivity to 

multiple ACPAs, and the presence of an increasing number of ACPAs (>8) correlates with 

joint inflammation [22].

One of the keys to understanding how the innate and adaptive immune responses interact 

relies in the roles of ICs and the complement system in RA. ICs can contain inflammatory 

molecules embedded in a cluster of antibodies, and it is possible that during disease 

progression some of the newly generated ICs contain autoantibodies and ACPAs. 

Additionally, the ICs can retain autoantigens and allow for their persistence, migration and 

presentation in places remote to their origin. Indeed, citrullinated fibrinogen-containing IC 

can stimulate TNF-α production in murine and human macrophages through their Fc 

receptors [35]. This suggests a potential role of citrullination in increasing the potency of an 

endogenous innate immune ligand. Whether ICs can have different impacts, depending not 

only on the composition of the proinflammatory and antigenic molecules they carry but also 

on the specificity of their antibodies, has not been rigorously investigated. Concomitant to 

the presence of autoantigens, autoantibodies, ICs and a proinflammatory environment, 

alterations in the complement activation system have been well described. In the serum 

transfer K/BxN mouse model of inflammatory arthritis, arthritogenic immunoglobulins act 

in a coordinated manner through Fc receptors and the alternative complement activation 

pathway to trigger disease onset [37].

The anatomical location where autoantibody production actually occurs can be difficult to 

track. Selection of B cells occurs in the bone marrow (BM) and spleen, but priming and 

further differentiation into distinct B cell subsets strongly differs in localization and 

costimulatory requirements. First, a B cell with a certain degree of self-reactivity has to be 

selected and receive the sufficient survival signals to escape negative selection. Additionally, 

that same B-cell clone needs to avoid becoming fully anergic (or if so, retain the capacity to 

revert from the functionally silenced state). Hence, breaking tolerance for B-cell responses 

in RA is highly likely to happen at more than one site and may need a combination of 

consecutive factors to be enabled at precise time points. The transition of a mature B cell 

into an autoreactive PC can occur in different ways as well. Secondary lymphoid organs 

(SLOs) harbor small numbers of PCs, and once RA is established, there is a gradual 

accumulation of PCs in the inflamed joints. Lymphoid neogenesis in the synovium is a well-

characterized reversible process that is associated with inflammation during RA [38]. Humby 

and collaborators also demonstrated that ectopic lymphoid structures (ELS) found in the 

synovia of RA patients [39] were able to actively express activation-induced deaminase 

(AID) and support ongoing ACPA production by PC. More importantly, such AID 
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expression was associated with increased mRNA levels of CXCL13 and LTβ but not APRIL 

and BAFF, suggesting that these structures support recruitment and class switch more than 

B-cell proliferation and survival. However, whether ELS-generated PCs are associated with 

circulating ACPA levels that are relevant for diagnostic purposes is still to be 

determined [40,41]. Not surprisingly, several of the features associated with ELS are also 

illustrated in other autoimmune diseases where tertiary lymphoid organs contain B cells and 

can promote B-cell selection, such as the pancreas during type 1 diabetes [42].

Integration of the innate & acquired immune systems at the B-cell interphase

Although the presence of B cells and autoantibodies has been extensively investigated, the 

other potential roles of B cells in RA are less well understood. Additionally, among all cells 

with phagocytic and APC characteristics, only B cells possess the capacity to recognize a 

specific Ag through its clonally restricted BCR, and hence drive a BCR-mediated Ag 

capture and incorporation, and even concentrate antigens present at low level, all of which 

imbues them with the capacity to potentially become Ag-specific APCs. Different 

phenotypically defined B-cell subsets exist both in mice and humans. We will not discuss in 

detail the role of follicular B cells as we consider that it has been properly addressed in 

recent reviews [5,43]. Innate-like B cells include marginal zone (MZ) B cells, B1 B cells and 

other less defined B cell populations. When compared with canonical B2 B cells, all of 

them, to a different degree, populate specific niches, possess different reactivities to 

pathogenic (self or non-self) antigens, generate faster humoral responses and confer quick 

protective responses to certain microorganisms. Therefore, innate-like B cells constitute a 

link between innate and adaptive immune responses throughout evolution, anatomical 

locations and types of responses [44–46]. MZ B cells constitute a population of splenic B cells 

that are characterized by hyporesponsiveness to Ag-driven signals through their BCRs and 

CD40 but hyperresponsiveness to several innate-like and proinflammatory signals [47,48]. 

MZ B cells also respond rapidly to blood-borne antigens and can behave in both innate- and 

adaptive immune response fashions. Expansion of MZ B cells has been observed in many 

autoimmune diseases, and compared with follicular B cells they are more potent APCs when 

driving T-cell proliferation [6]. MZ B cells can also regulate antigen capture by MZ 

macrophages [49]. A different type of B cells, B1 cells, are also altered in many autoimmune 

diseases, and although their ontogeny, anatomical location and functional capacities are very 

different from all other B-cell populations, they share some characteristics with MZ B cells, 

including cell surface markers, responsiveness to toll-like receptor (TLR) ligands and certain 

pathogens, and partial overlap in the molecular pathways activated upon BCR 

stimulation [44]. Both MZ and B1 cells have distinctive phagocytic and Ag-presenting 

capacities [45,49,50]. All these characteristics suggest that MZ and B1 cells can become 

critical partners in misleading immune responses that may result in the development of 

autoimmunity, especially in the context of a chronic inflammatory environment. However, 

the role of MZ and B1 cells in RA is still a matter of debate.

B cells are currently also appreciated as significant contributors to the cytokine and 

chemokine milieu in given microenvironments. In normal homeostatic conditions, there is 

balance among pro- and anti-inflammatory B cells, but this equilibrium is disrupted during 

RA. B cells can secrete many cytokines that affect migration and/or recruitment of other 
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lymphocytic populations (e.g., T cells) in an endocrine and paracrine manner. Some B-cell-

specific cytokines also have autocrine effects, as is the case of IL-4, IL-6 and many of the 

cytokines that tightly regulate the maturation of naive B cells into plasmablasts or 

PCs [51,52]. Interestingly, some of the cytokines, such as IL-10, that are relatively decreased 

during RA either systemically or in the joint are considered anti-inflammatory or Th2-

promoting cytokines [9,53]. A special mention is required for a newly redefined subset of B 

cells that fall under the term regulatory B cells (Bregs), which share several phenotypical 

markers with both MZ and B1 cells, although there is no absolute or exclusive overlap 

among all of them. The immunomodulatory capacity of Bregs depends critically on their 

competence to secrete IL-10, independently of how they are phenotypically characterized or 

named. Bregs can strongly suppress autoimmunity in many different murine models [54], and 

their suppressive capacity is not always exclusive to the endogenous production of IL-10. 

Bregs can alter the numbers of Tregs in the EAE mouse model independently of IL-10 [55], 

but also reduce Th17 cells in the CIA model [56] in an IL-10-dependent fashion. 

Interestingly, transient production of IL-10 occurs when B cells differentiate into antibody 

secreting cells (ASCs) [57]. Moreover, a defect in Breg function has been found in RA 

patients regarding their capacity to enhance Th1 bias [58,59], and patients with new-onset RA 

have decreased numbers of circulating Bregs [59]. IL-10-producing B cells are also 

diminished in ANCA-associated vasculitis [60] and can partially suppress proliferation of 

activated human Th cells [61]. However, despite these advances in understanding Bregs in 

RA, we still know little about what causes their functional impairment.

Inflammatory mediators of B cell & PC functions

RA is a systemic inflammatory disease. Some potent inflammatory stimuli occur locally at 

the affected joint and hence have more site-restricted effects. However, systemic 

inflammation results from circulating proinflammatory cytokines and other mediators that 

can be identified in blood. Pattern recognition receptors (PRRs) bind certain exogenous 

pathogen-associated molecular patterns (PAMPs) and endogenous damage-associated 

molecular patterns (DAMPs), molecules that elicit inflammation and also enhance immune 

responses, in part by stimulating B cells to undergo activation and differentiation. All these 

‘danger signals’ can act on PRRs that can be categorized as TLRs, NOD-like receptors, C-

type lectin receptors and RIG-I-like receptors, and all of them contribute to both innate and 

acquired immune responses. Binding of the molecules that activate these receptors can result 

in release of inflammatory mediators in the local microenvironment. Additionally, there is a 

well-documented link between autoimmunity and infections [62], and PAMPs and DAMPs 

are present in many adjuvants currently in use, although the precise mechanisms by which 

they contribute to the development of acquired immune responses are still largely unknown.

Given the importance of PRRs in shaping immunity, the role that the microbiota plays in 

autoimmunity is a matter of great recent interest. B cells shape the composition of the 

microbiota, especially through secretion of IgA and IgM, and have a deep and multifactorial 

impact in how the whole immune system interacts and reacts to the microbiota in order to 

establish microbial tolerance [63,64]. Alteration of the microflora composition and the 

presence of specific genus or even species can dramatically impact the development and 

presence of immune cells relevant to RA, as is the case for Th17 cells [65]. Discerning the 
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composition of the intestinal and oral microbiota has also led to insight on how chronic or 

semichronic inflammatory insults can affect RA development. Analysis of the microbiota 

composition in the stool of new-onset RA patients, for example, revealed that the specific 

presence of Prevotella copri was strongly correlated with disease [66]. Additionally, 

colonization of mouse intestinal tract with P. copri rendered the mice more sensitive to 

chemically induced colitis, which for the first time links inflammatory bowel conditions to 

RA due to the colonization of a single bacterium species, which is interesting considering 

that some forms of arthritis like ankylosing spondylitis share a common genetic background 

with inflammatory bowel disease in some human populations. It is clear that the intestinal 

flora impacts the development of the immune system in mice, altering the expression of 

many spontaneous and induced autoimmune diseases [67,68], though further studies are 

necessary to identify whether a causal link occurs in humans, especially in RA.

B-cell subsets are differentially responsive to many of the PAMP/DAMP signals due to the 

expression pattern of a certain set of TLRs and NOD-like receptors. Different B-cell subsets 

display different levels of expression of TLRs, with MZ B cells and B1 cells showing higher 

expression of TLR3, TLR 7 and TLR9 than their follicular B-cell counterparts [69]. 

Additionally, TLR ligation promotes much stronger differentiation of B1 and MZ B cells 

into mature PC compared with follicular B cells, with the concomitant upregulation of the 

PC master regulator transcription factors BLIMP-1 and XBP-1 [70]. Naive B cells are well 

known to proliferate and differentiate in response to TLR4 (LPS) or TLR9 (CpG) ligands 

alone. There is, however, also a complex level of synergism that arises from the combination 

of BCR, CD40 (provided by T cells) and different TLR signals delivered to B cells. Ligation 

of CD40 leads to differential additive effects in inducing either both B-cell proliferation and 

activation (together with TLR3, 4 and 9) or differentiation into ASCs (TLR1/2, 2/6, 4 and 7). 

Moreover, addition of BCR signals to CD40L and either TLR3 or TLR9 does not induce 

differentiation of ASCs [71]. TLR triggering does not only regulate proliferation, activation 

and differentiation, but also enhances antibody production per se in human PC isolated from 

peripheral blood [72]. Additionally, autoreactive B cells that make RF can be activated by 

IgG2a-chromatin ICs by co-engaging the BCR and TLRs [73]. Signals emanating from 

endogenous PAMP/DAMP danger signals in RA deeply alter disease progression [74,75], but 

the extent of their impact on B cells during RA is still to be further investigated. Some 

proteins that activate the lectin-complement pathway may also play an important role in 

inflammatory responses. Ficolins and collectins, which can be found in sera and diverse 

tissues, contain both a collagen-like domain and a fibrinogen-like domain that allows them 

to bridge connections between the extracellular matrix and oligosaccharide structures in the 

surface of microorganisms [76]. Therefore, immune cells involved in activation of the lectin-

complement pathway can also be part of the interactive conundrum of signals (‘danger 

signals’, complement and immunoglobulins/IC) that can be received by B cells in RA.

In addition to sensing foreign, ‘danger’ signals from microorganisms, B cells also respond to 

inflammatory cytokines strongly linked to RA. These include TNF-α and IL-1-β, along with 

other proinflammatory cytokines (IL-6, IL-12, IL-18 and IL-20), which are classical 

mediators of local and systemic inflammatory processes. TNF-α has very well-established 

properties as a lymphocyte activator, but is also a potent inducer of stromal and 

myelomonocytic cells in regards to inducing their production of cytokines, chemokines, 
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matrix enzymes and adhesion molecules. Independently of that, it also contributes to RA 

pathogenesis by activating osteoclasts [5]. IL-6, on the other hand, which can be produced in 

response to IL-1-β and TNF-α stimulation, activates both B cells and osteoclasts. It also 

regulates B- cell hematopoiesis [77] and postgerminal center (GC) receptor editing [78]. In 

combination with IL-21, IL-6 can control the formation of T follicular helper cells, critical 

to mounting strong humoral T-cell-dependent (TD) responses [51]. Additionally, a positive 

feedback loop can be established in proinflammatory conditions between macrophages 

reacting to IC by producing IL-6, and responder B cells that enhance their survival and IgG 

production capacities [77]. Another molecule with strong inflammatory properties is the 

high-mobility group box 1 protein, which is released mostly due to impaired clearance of 

apoptotic or necrotic material and can act as cytokine and enhance inflammatory responses 

in RA [79]. Treatment with neutralizing anti-high-mobility group box 1 protein antibodies 

significantly ameliorates RA symptoms in the murine CIA model [80].

Prostaglandins and leukotrienes are also critical mediators of inflammatory responses, but it 

is not well understood how their quantity and quality alter B-cell responses. Prostaglandin 

E2 (PGE2) and (PG)I2(prostacyclin) are abundantly present in the synovial fluid of RA 

patients [81]. PGE2 is able to down-regulate B-cell proliferation through binding to one of its 

cognate receptors EP4 [82] and can also induce BCR-mediated cell death of immature B 

cells [83]. Surprisingly, PGE2, in combination with IL-21, can also induce selective apoptosis 

of B cells undergoing GC reactions [84,85]. Additionally, from all four known prostaglandin 

receptors, EP4 seems to be the most critical during RA, as EP4 receptor-deficient mice 

showed decreased incidence and severity of disease in murine CIA models, as well as 

reduced systemic IL-6 and dampened IL-1-β and IL-6 production from isolated 

macrophages [86]. However, EP2 also contributes to joint inflammation and CIA 

development in mice [87].

Further evidence of the critical importance of PG in the development of a humoral immune 

response comes from mice deficient in PG biosynthetic enzymes. Mice deficient for 

cyclooxygenase-2 and microsomal PGE synthase-1 (mPGES-1) are resistant to the 

development of CIA and have deficient ability to generate type II collagen antibodies. 

mPGES-1 null and heterozygous mice exhibit a decreased incidence and severity of arthritis, 

and this correlates with reduced levels of anti-type II collagen humoral responses [88]. 

Furthermore, mPGES1 null mice have impaired general TD humoral responses, although 

this effect is not B-cell intrinsic but mediated by the absence of mPGES-1 in the 

nonhematopoietic compartment [89].

Innate immune system regulation of B-cell responses

The paradigm of classifying humoral responses into T-independent (TI) and TD has recently 

been challenged by investigations demonstrating intricate interplay among different cells 

involved in shaping the final Ag-driven antibody response. Both TI and TD responses can be 

generated outside the spleen follicle, termed extrafollicular responses, and some of these 

extrafollicular responses are strongly linked to the development of autoreactivity in B 

cells [90]. The splenic MZ harbors several types of innate cells that can influence B-cell 

responses, which are generally TI. The nature of the antigen is critical with regard to which 
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cell type will most efficiently capture, process and present the respective antigen. Also, 

innate cells that populate the spleen and other SLOs critically contribute to shape B-cell 

responses [91]. Most innate-like cells can function as APCs and express B-cell costimulatory 

molecules that can, in some instances, be more potent than the ones delivered by T cells. 

This fact, together with a biased antigen presentation repertoire, which might include 

autoantigens, could help to override B-cell tolerance.

Among innate cells, NKT cells have emerged as critical providers of B-cell help in mounting 

humoral responses to glycoproteins [92]. Invariant NKT cells can become activated and 

express high levels of CD40L, IL-4 and IFN-γ that induce differentiation of MZ B cells into 

low-affinity IgM or IgG plasmablasts [93]. Indeed, NKT cells can induce the formation of 

early GCs, although without the generation of long-lived PC [94]. Neutrophils can also 

support antibody production and class switching by activating MZ B cells, and their role in 

shaping B-cell responses is supported by the observation that neutropenic patients show 

fewer hypomutated MZ B cells [95]. Moreover, a process by which neutrophils capture Ag 

from neighboring tissue upon inflammation called ‘NETosis’ has been linked to RA and the 

generation of a limited repertoire of citrullinated antigens [30]. Neutrophils, along with 

monocytes/ macrophages, are also the only cells expressing FcγRIV in mice, and these play 

an important role in the development of arthritis in the K/BxN model [96], and FcγR 

expression on synovial macrophages from RA patients also impacts the production of TNF-

α induced by ICs [97].

Innate lymphoid cells (ILCs) are a recently recognized category of heterogeneous innate 

cells that might impact B-cell responses. More precisely, group 3 ILCs, which include 

lymphoid-tissue inducer cells, are responsive to the proinflammatory IL-1-β and IL-23 

signals. Group 1 ILCs, on the other hand, respond to other cytokines like IL-12 and IL-18 in 

order to produce IFN-γ, which can, in turn, enhance an inflammatory or cytotoxic 

response [98]. Other ILCs that can have an important role in B-cell responses are the 

lymphoid tissue organizer cells as they are a source of CXCL13, CCL19 and CCL21 to 

attract lymphoid-tissue inducer cells to a specific anatomical location.

When considering a TD response that involves the formation of a lymphoid follicle, 

follicular dendritic cells (fDCs) have proven to be master regulators [99]. fDCs, which are of 

mesenchymal origin, can potentiate the generation of PCs through production of CXCL13 

and IL-21, which is interestingly also a critical cytokine for the development of Bregs [100]. 

Central to its potential implications in autoimmune diseases, fDCs are also able to capture 

ICs for Ag presentation [101] and acquire complement-coated ICs to bridge the antigen 

presentation from noncognate B cells to cognate B cells [102]. Some MZ-specialized DCs 

can also drive TD humoral responses that do not involve the formation of GC reactions [103]. 

Additionally, a different kind of DC, the plasmacytoid DCs, also populates the MZ, and it 

has been shown that human pDCs are capable of enhancing TD B-cell differentiation 

through a mechanism involving IFN-α [104].

Extrafollicular B-cell responses can develop in the MZ, as previously discussed. The splenic 

MZ is populated by very unique populations of macrophages (metallophilic macrophages), 

and NK cells can also locate there when mounting a response against blood-borne 
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pathogens. MZ macrophages play a critical role in the clearance of apoptotic cells and can 

contribute to reduce the immunogenicity of autoantigens [105]. A good example of the 

implication of MZ macrophages in autoimmunity is illustrated by DBX2 mice, which suffer 

from a complex autoimmune syndrome that involves autoantibody production and 

development of arthritis in females with a 50% incidence after 8 months of age. 

Interestingly, the MZ macrophages from DBX2 mice are defective in their ability to clear 

apoptotic debris, which in turn drives follicular Ag transportation by MZ precursor B cells to 

stimulate an autoimmune response [106].

Apart from the spleen, other SLOs or even areas that generally do not harbor resident 

lymphocyte populations can influence B-cell responses and deeply impact RA pathogenesis. 

That is indeed the case in RA, where the formation of tertiary lymphoid structures can 

happen as a result of disease progression in the vicinity of target organs [107,108]. It is also 

characteristic of RA pathogenesis that the synovium recruits many innate cells.

Altogether, innate cells produce an array of molecules that affect B-cell differentiation and 

function. Production of IL-6, IL-10, IL-21, BAFF, APRIL and CXCL13 has a critical role in 

the generation of plasmablasts that secrete IgM and also in the class-switch to the IgG and 

IgA isotypes [45,91]. Moreover, most innate cells express surface Fc receptors that allow 

them to react to antigen-bound antibodies and ICs, and trigger an activation program that 

contributes to a proinflammatory environment and dysregulation of B-cell responses. Hence, 

innate immune cells may play critically important roles in humoral immune dysregulation at 

different times during the pathogenesis of RA, as depicted in Figure 1.

Contribution from stromal cells & other nonlymphoid cells

Cells that do not belong to any lymphoid lineage populate bone and joint tissues. These can 

affect and be affected by B cells and PCs. The synovium can not only attract but also 

contribute to the expansion and differentiation of PCs. It is in a constrained time frame and 

space that nonlymphoid cells can become critical players upon receiving inflammatory 

signals. B cells can become a dominant source of the osteoclast-promoting cytokine 

RANKL in the synovium of RA patients [109]. Reciprocally, osteoclast activity can also 

regulate B-cell function in the BM by producing CXCL12 and IL-7 [110,111], cytokines that 

both recruit and allow the expansion of B cells. Osteoblasts configure another essential part 

of bone and joint tissues. They can constitute a significant source of osteoprotegerin, 

VCAM-1, SDF-1 and IL-7, all of which impact B-cell development [112,113]. Synoviocytes, 

on the other hand, are the main fibroblast-like population in the joints. They are highly 

responsive to many inflammatory triggering molecules and can establish cross-talk with PCs 

expressing CXCR3 by secreting CXCL9 [114]. Interestingly, synovitis might be an important 

source of circulating CXCL13, as serum CXCL13 correlates with synovial CXCL13 

measured at a single joint in RA patients that underwent rituximab treatment and showed 

repopulation of their B-cell compartment [115]. Independently of recruitment of B cells to the 

target joints, synovial fibroblasts from RA patients were shown to produce higher levels of 

BAFF/APRIL than those of osteoarthritis patients upon TLR3 stimulation, which increased 

AID expression and IgG/IgA class switching in autologous co-cultured B cells [116]. Even 

more relevant in an inflammatory environment, fibroblast-like synoviocytes stimulated with 
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IFN-γ/TNF-α were shown to provide BAFF in vitro [117]. Irrelevant to their location, we 

summarize the signals from neighboring cells that shape the survival, differentiation and 

expansion of B cells in Figure 1.

The BM is not only the location where hematopoietic cell precursors reside, but it also 

constitutes the niche where recirculating PC and some memory B cells retreat after being 

generated. BM stromal cells are providers of specific signals that can promote B-cell 

survival, retention or migration, and also quiescence. The BM niche provides cell contact-

dependent signals, chemokines (CXCL12, VCAM-1) and cytokines (APRIL, IL-6, IL-4 and 

IL-5) highly relevant to B-cell survival, migration and activity [3,111]. On the side of the cells 

receiving the signals generated in the BM niche, human BM PCs exhibit constitutive 

expression of CXCR4, CXCR6, CCR10 and CCR3, while CXCL12 can be differentially 

upregulated upon stimulation with IL-1-β and TNF-α [118]. Galectin-1, a glycoprotein 

known for its immunosuppressive roles, can also be produced by stromal cells from the BM 

and regulate pre-B-cell development [119]. Importantly, galectin-1 expression modulates PC 

homeostasis and regulates humoral responses in an autonomous manner [120]. It is possible 

that some BM stromal signals might be altered during inflammatory processes, which can 

contribute to a dysregulated humoral response in RA. Supporting this idea, it has been 

shown that the BM of RA patients can present subchondral lesions with concomitant 

lymphoid cell infiltration [121]. Additionally, Chu et al. have demonstrated that eosinophils 

play an important role in the maintenance of PCs in the BM by providing IL-6 and 

BAFF [122].

Aside from the BM and the joints, stromal cells from secondary and tertiary lymphoid 

organs can also be pivotal in mounting an acquired immune response by presenting local 

antigen to T and B cells, and could eventually act in synergy with more specialized APCs 

like DCs as has been shown in the thymus [123]. Additionally, stromal cells alone are 

sufficient to enforce T-cell tolerance [124]. CXCL13, as discussed earlier, can be produced by 

fDCs and several innate cells, but also from stromal cells. CXCL13 plays a central role in 

lymphoid neogenesis [107], and in regulating B-cell follicle structures within SLOs, which is 

defined by the localized expression of CXCL13 and its receptor CXCR5 [50]. CXCL13 is 

also expressed in the synovium, where it is central in assisting the formation of GC-like 

structures and AID expression [125,126]. A different kind of myelomonocytic cell with 

suppressor properties, the myeloid-derived suppressor cell (MDSC), has been shown to 

accumulate in the spleens of mice undergoing CIA, and autologous adoptive transfers of 

MDSCs can strongly reduce CIA severity, most likely due to their capacity to impair Th17 

differentiation and/or accumulation in the draining lymph nodes [127]. However, whether 

MDSCs can affect B-cell responses or have a role in RA remains unexplored.

Therapeutic approaches targeting B cells

B-cell-depleting strategies

Elimination of B cells using specific monoclonal antibodies (mAbs) targeting B-cell-specific 

molecules has become a widespread second-line approach in RA since the advent of the 

anti-CD20 antibody, rituximab, was shown effective [128]. Concomitantly, renewed interest 

in B cells has been fueled by the use of rituximab in RA patients. Rituximab depletes pre-B 
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cells, immature, mature, transitional and memory subsets, but not long-lived PCs, which do 

not express CD20 on their cell surface. However, rituximab does deplete short-lived 

autoreactive PCs in the K/BxN model mouse model of inflammatory arthritis [129]. The 

efficiency of B-cell depletion through anti-CD20 treatment is dependent on the potency of 

the antibody-dependent cell cytotoxicity triggered. In this regard, it has been recently 

identified that Kupfer cells are the major contributors to the scavenging and elimination of 

anti-CD20-coated B cells [130]. In an effort to increase the efficiency and reduce the side 

effects of anti-CD20 therapies, several strategies with different success rates in RA treatment 

have been developed in the last 10 years: anti-CD20 mAbs have been fully humanized [131], 

glyco-engineered to enhance complement-derived cell cytotoxicity [132] and their Fc-portion 

has been removed to avoid adverse effects like complement-derived cell cytotoxicity in 

single-chain variable fragment approaches [133]. However, the action of rituximab goes 

beyond the removal of B cells and the antibodies they produce. Removal of B cells has been 

shown to regulate the numbers of Tregs in the acute proteoglycan-induced arthritis model of 

RA in mice [134]. Additionally, rituximab decreases inflammatory Th17 responses in murine 

models [135]. Finally, elimination of B cells can lead to impairment in the proinflammatory 

cytokine profile of invariant NKT cells in systemic lupus erythematosus (SLE) in 

humans [7]. Moreover, therapy with B-cell-depleting agents, in spite of the improvements in 

clinical and radiographic responses in RA patients, leaves damaging inflammatory pathways 

in the rheumatoid synovium essentially unaffected [136].

Despite all of the clinical promise of anti-CD20 drugs, there is still an unmet demand for 

better B-cell-specific targets. Due to the pattern of surface CD20 expression during B-cell 

development and activation, it is precisely at the plasmablast/PC stage that several canonical 

B-cell markers are not present or downregulated, and therefore there are critical B-cell 

populations that cannot be removed that contribute to disease pathogenesis. Hence, other B-

cell-specific surface molecules have arisen as potentially more effective targets. CD19 is 

more widely expressed during B-cell ontogeny and involves a different cellular removal 

mechanism, which makes it a more desirable candidate as it could also deplete antibody 

producing cells and precursors that escape targeting by rituximab, but the studies with these 

drugs in auto-immune diseases are more limited [137,138]. Interestingly, co-engaging the 

BCR and FcγRIIb in B cells with a novel anti-CD19 mAb (XmAb5871) in SCID mice 

engrafted with RA patients’ PBMCs suppressed humoral responses, which suggests 

potential suppressive activity in RA [139].

Another strategy to eliminate B cells in a more indirect fashion is the removal of B-cell 

survival factors. B-cell expression levels of BAFF and TACI are known to be disturbed in 

early RA patients, and during onset of RA BAFF receptor expression also changes [140]. 

BAFF-neutralizing strategies like the anti-BAFF mAb tabalumab have undergone clinical 

trials for RA patients refractory to anti-TNF-α treatment, but did not meet primary endpoint 

requirements, despite some efficacy shown at early time points [141]. RA patients receiving 

atacicept, a different anti-BAFF-APRIL antibody that blocks TACI signaling, showed a 

strong decrease in circulating levels of antibodies, especially in IgM and anti-RF IgG and 

IgM, although they did not show significant clinical improvement over the placebo group for 

that precise Phase II trial [142]. Another B-cell survival factor that reached Phase II trials and 

seems more promising in patients is the anti-BLyS belimumab, which is approved for 
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treatment of certain patients with SLE [143]. Figure 2 summarizes the drugs targeting surface 

molecules that are either approved, in clinical trial phases for RA, or that we consider harbor 

potential to be used in RA treatment but are currently used for other autoimmune diseases.

Bortezomib is currently approved only for the use in multiple myeloma and mantle cell 

lymphoma. Bortezomib represents a different therapeutic approach as it does not target 

surface molecules but the proteasome 26S subunit. In fact, bortezomib was proven to be 

highly effective in preventing murine SLE by depleting PC in a dose-dependent 

manner [144]. In contrast to other drugs, both murine PC generated during SLE and human 

myeloma lines depict a finer selective sensitivity to proteasome inhibition, and they show 

enhanced cell death that depends on modifying their unfolded protein response [145]. 

Bortezomib inhibits the release of TNF-α, IL-1-β, IL-6 and IL-10 in T cells from RA 

patients [146] and ameliorates disease severity in an adjuvant-induced rat model of arthritis, 

partially by reducing the invasiveness of fibroblast-like synoviocytes [147], and also 

attenuates murine CIA [148], but we are unaware of studies pursuing this treatment in RA.

It is also worth mentioning that B-cell depletion strategies can have an impact on other cells 

of the innate immune system. An increase in BAFF, IL-10 and CD86 mRNA in human 

monocyte-derived macrophages has been reported in patients undergoing rituximab 

treatment [149]. Additionally, a newly characterized murine B-cell population 

(CD11ahiFcgRIIIhi) is able to alter the phagocytic response of macrophages when 

challenged with certain pathogens. These latter B cells modify macrophage effector 

functions via IFN-γ production [150], and the response seems to be dependent on Bruton’s 

tyrosine kinase (Btk) signaling. These finding raise the possibility that B-cell depletion may 

have more widespread effects on innate immune cells than currently appreciated.

Altering B-cell responses without depletion

Engagement of certain surface proteins expressed on B cells does not result in depletion, but 

rather modulation of B-cell function and amelioration of disease in autoimmunity. Anti-

CD22 mAbs have been used in Phase IIb clinical trials for SLE [151] and a Phase I/II study in 

Sjögren’s syndrome patients [152], but their potential in RA has been unassessed so far. 

Alternatively, targeting CD80 and CD86 with drugs like abatecept that bind to CTLA4 is 

currently an alternative line of therapy that is known to block T-cell costimulation, but it also 

alters monocytic migratory properties [153] and could concomitantly be modifying B-cell 

functions.

Circulating molecules that are direct mediators of inflammation constitute a distinct target 

class. Such is the case of TNF-α, blockade of which is broadly used in the treatment of RA 

by different drugs with different mechanisms of action. The effects of TNF-α on B cells are 

largely unknown, but it is clear that many of the downstream effects on TNF-α-responsive 

myelomonocytic and stromal cells can deeply alter B-cell responses. In a similar way, 

blocking the activity of soluble cytokines that affect B cells, such as the anti-IL-6 receptor 

tocilizumab, ameliorates RA either alone [154] or in combination with methotrexate [155].

A different series of drugs have been designed to directly target signaling pathways that are 

more selectively active in cell populations of the adaptive immune system, which contribute 
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to pathogenesis. Such is the case of JAK and SYK inhibitors. The JAK inhibitor tofacitinib 

is approved for treatment of RA, and other, more specific, JAK inhibitors like baricitinib are 

in Phase III clinical trials [156]. Fostamatinib, a SYK inhibitor, despite its safety, does not 

seem to be effective enough to offer significant improvements over current treatments [157]. 

BTK is an intermediate molecule downstream of the BCR signaling pathway, which, in 

contrast to JAK and SYK, is more restricted to the B cell and myeloid compartments. 

Ibrutinib and other selective BTK inhibitors have shown promising results in limiting 

autoantibody production and decreasing disease pathogenesis in myeloid and FcγR-

dependent autoantibody-induced arthritis in rodents [158,159]. However, ibrutinib, which is an 

irreversible inhibitor of the IL-2-inducible tyrosine kinase in T cells, is also able to subvert 

Th2 immunity [160], which might affect some humoral responses.

Five-year view

Current therapeutic strategies for RA that specifically target B cells are focused on direct 

depletion. Drug developments directed at B cell/PC depletion are continuing with different 

antibody targets or antibody characteristics. However, alternative B-cell-specific approaches 

are also being developed by targeting distinct molecules with different degrees of B-cell 

specificity and mechanisms of action. Continuous administration of antibody-based drugs, 

whether for depletion or neutralization, can cause the development of antidrug antibodies 

that interfere with efficacy. In addition, long-term chronic use of B-cell-depleting agents 

reduces Ig levels and the consequences of this effect are likely to increase infectious 

complications related to the duration of drug administration. In contrast, limiting intrinsic B-

cell functions without depletion is an alternative approach with some potential advantages. It 

does not depend on the elimination of endogenous B cells, which may preserve some 

important B-cell functions including antigen presentation and cytokine secretion. 

Additionally, nondepleting strategies would avoid the elimination of Bregs, which are 

critical in restricting autoimmune responses in many murine models. In our opinion, it is 

possible to discover therapeutic drugs that could abrogate B-cell localization or function in 

the GCs that drive the generation of high-affinity PCs, but it would also be possible to block 

the recruitment of already mature autoreactive B cells or PCs to the joints. This could be 

achieved by targeting the appropriate cytokine/chemokine combination. The caveat of this 

approach is that chemokines lack sharp delimitations regarding their cell type exclusivity, 

and many have pleiotropic effects difficult to restrict and predict. Finally, we should consider 

that autoreactive B cells may also exhibit different signaling properties that make them more 

susceptible to certain types of therapeutic intervention [161].

Another potential strategy would be to intervene with B cells or PCs in the preclinical stage 

of RA, where autoantibodies are present in the absence of clinically detectable synovitis. In 

this stage, preventing hypercitrullination, localization of IC to the joint, complement 

activation or even targeting RA-specific autoantibody-producing long-lived PCs for 

elimination could prevent or mitigate development of joint-specific autoimmunity. It may be 

possible to identify strategies that would inhibit the generation of antigen-specific 

autoimmune reactions relevant for RA as exemplified by strategies to induce tolerance 

towards RA-specific antigens [162]. Finally, enhancing endogenous regulatory mechanisms 

in the preclinical or early clinical phase of disease by enhancing innate immune mechanisms 
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such as MDSCs or alternatively activated macrophages may help to halt the autoimmune 

process. Certain molecules, including PGE2, induce MDSCs and polarize other innate cells 

towards a suppressive phenotype. Developing drugs that facilitate suppressor polarization, 

likely in combination with other strategies, will increase the likelihood of prevention or 

improve long-term outcome of RA.

Expert commentary

Tremendous progress has been made in understanding RA pathogenesis. Genetic 

predisposition, epigenetic factors including post-translational protein modifications and 

environmental factors, can coalesce around a specific microenvironment to lead the 

generation and persistence of autoreactive B cells. The importance of B cells in RA is 

confirmed by the therapeutic efficacy of anti-B-cell therapies. Whatever the initial 

combination of instigating factors that trigger the development of RA is, and when and how 

B cells contribute to RA is still largely unknown.

The renewed interest in B-cell biology in the clinical field sparked by B-cell-depleting 

therapies has fostered a re-evaluation of some current concepts in B-cell biology. A plethora 

of new B-cell subsets has emerged in the last few years, including Bregs, which can suppress 

pathogenic inflammation, as it has been reported in several autoimmune mouse models. 

However, Bregs could also perpetuate disease by enhancing plasmablast/PC production or 

by suppressing desirable immune cytotoxic responses. Likewise, the canonical 

categorization of humoral responses is being revisited, mostly due to the contribution of 

innate immunity helper cells that were not considered until very recently. Not only the 

contribution of B cells as producers of antibodies and cytokines/chemokines, but also the 

character and function of the generated antibodies during the different phases of RA 

pathogenesis is being revisited. For instance, ICs containing pathogenic autoantibodies 

within a defined inflammatory environment might activate myelomonocytic cell populations 

in SLO and other restricted locations like the joints. In such situations, FcRγ binding of 

autoantibodies/ICs might trigger innate immune cells to reinforce a positive feedback effect 

not only in perpetuating an inflammatory process, but also in boosting biased and pathogenic 

antibody production.

Factors guiding pathogenic B-cell functions in RA include impaired elimination of 

autoreactive clones, failure in triggering anergy in peripheral autoreactive B cells, altered 

chemokine and cytokine production promoting the recruitment and retention of ASCs to 

pathogenic sites (e.g., to the synovium) and increased microenvironmental inflammatory 

signals leading to differentiation and expansion of PCs. Autoantibodies produced by 

dysregulated PCs could, at different stages of the pathogenesis of RA, strongly contribute to 

an amplification feedback network of proinflammatory signals, and hence both propagate 

and perpetuate RA complications. Novel treatment approaches will need to take into account 

the newly emerging understanding of B cells/PCs including the important interactions 

between innate immune mechanisms and B-cell development that may dramatically 

influence autoimmunity.
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Key issues

• Inflammatory signals can alter many B-cell functions, from selection of 

autoreactive clones to survival of plasma cells.

• B cells contribute to rheumatoid arthritis (RA) pathogenesis through 

production of autoantibodies, and these autoantibodies are important 

factors in the formation of immune complexes and triggering undesired 

activation of inflammatory cascades.

• It is very likely that B cells play additional roles to capture, process and 

present antigen, as well as to alter the local cytokine/chemokine 

microenvironment.

• Regulatory B cells have potent immunosuppressive capacities that can 

modulate RA development.

• B cells can interact with many nonlymphoid cells. The innate immune 

system, with many newly identified cell types in the last few years, can 

shape the type and intensity of B-cell responses, especially the 

production of antibodies and autoantibodies.

• Chronic inflammatory conditions lead to imbalanced immune system 

responses. Innate immune cells and stromal cells readily respond to 

many inflammatory signals, and their co-localization with B and T cells 

can support the amplification and perpetuation of inflammation.

• The few existing therapies in RA targeting B cells are focused on 

depletion strategies. New therapies and approaches are under 

development targeting B-cell subsets and inhibiting B-cell functions 

without depletion.

• Manipulating the interaction between inflammatory signals and innate 

immune responses could help to suppress undesired B-cell responses to 

block disease progression.
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Figure 1. Innate cell-mediated inflammatory signals influencing B-cell function
A naive B cell can be influenced by many signals from their immediate environment to 

acquire a plasmablast/plasma cell or regulatory B-cell fate. Different cells can contribute to 

the milieu of signaling molecules at a given time. Cell types considered in this graph include 

either cells that are structurally inherent to a certain tissue (osteoblasts, fibroblasts, stromal 

cells) or cells of the innate immune system (neutrophils, myelomonocytic cells, DCs, ILCs, 

MDSCs, NK and NKT cells). Due to their potential contribution in an inflammatory 

environment, we have included molecules derived from apoptotic cells and the local 

microbiota. Despite their profound differences, for simplification purposes, myelomonocytic 

and dendritic cells, as well as NK and NKT cells, have been grouped. For the same reason, 

we have also omitted differentiating fDCs versus nonfollicular DCs or including MDSCs. 

Molecules labeled in red indicate a strong proinflammatory bias, while black ones represent 

molecules implicated in recruitment, survival and proliferation of cells or suppressors of 

inflammation. Molecules indicated with an asterisk are well described in previous reviews 

like [3,5,98]. For the purpose of clarity, not all cell types and mediator molecules mentioned 

in the text are depicted in the figure.

B/A: BAFF/APRIL; DC: Dendritic cells; HMGB1: High-mobility group box 1 protein; ILC: 

Innate lymphoid cell; MDSC: Myeloid-derived suppressor cell; NK: Natural-killer; NLR: 

NOD-like receptors; PGE2: Prostaglandin E2.
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Figure 2. Targeting B cells for current and potential therapeutic approaches in rheumatoid 
arthritis
Considering a B cell as the sole target, we have gathered all current target molecules in three 

main groups: surface molecules, cytokines and chemokines, and intracellular signaling. 

Several of these drugs are not approved for their use in rheumatoid arthritis, but have been 

approved for treatment of other autoimmune diseases or B-cell cancers. We also consider 

that DMARDs and NSAIDs might have potential, albeit more limited effects on B-cell 

functions, although this is largely unexplored. Current drugs and the ones under 

development are indicated by their generic name.

DMARD: Disease-modifying antirheumatic drug; NSAID: Nonsteroidal anti-inflammatory 

drugs.
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