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Abstract

Autoantibody flares are important drivers of pathology in systemic lupus 
erythematosus (SLE), highlighting the pivotal role of B cells in initiating 
and propagating chronic autoimmunity. Although autoreactive 
specificities are a normal feature of the naive B cell repertoire, these cells 
are normally suppressed by layered tolerance checkpoints that limit 
inappropriate activation. Autoimmune-prone environments can lower 
these tolerance thresholds, rendering naive autoreactive B cells more 
sensitive to aberrant cues. Cytokines and other microenvironmental 
signals shape tissue niches that direct autoreactive B cells towards either 
germinal-centre or extrafollicular differentiation pathways. Germinal 
centres support the entry, selection and diversification of autoreactive 
B cells, with T cell help sustaining these repertoires. By contrast, naive 
autoreactive B cells entering the extrafollicular pathway exhibit an att
enuated requirement for cognate T cell help and strong dependence on 
complement and TLR signalling. Emerging evidence continues to refine 
our understanding of germinal-centre and extrafollicular responses as 
complementary sources of autoreactive effector cells. With this progress, 
investigations into the origin, development, longevity and tissue dynamics 
of autoreactive memory B cells as chronic sources of autoantibodies are 
warranted. Although broad B cell depletion therapies have yielded benefit, 
a key challenge now is developing precision strategies that selectively 
target pathogenic B cell subsets.
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steer them towards one differentiation pathway over the other. We then 
examine autoreactive germinal centres as open structures capable of 
supporting the entry and persistence of autoreactive B cells that have 
surpassed tolerance thresholds, aided by autoreactive T cell help. We 
also highlight early and recent efforts to identify and functionally 
characterize the various T cell subsets that support pathogenic extra-
follicular B cell responses, and we discuss the potential challenges that 
arise when attempting to dissect these T cell–B cell interactions at a 
mechanistic level. Finally, we survey emerging areas of investigation 
and therapeutic advances in SLE. Together, these discussions under-
score the importance of defining key cellular and molecular triggers 
that shape SLE pathogenesis.

Intrinsic B cell autoreactivity
A fundamental trigger of autoimmunity lies in the inherent self- 
reactivity embedded within the naive B cell and T cell repertoires. 
Pioneering work has shown that although many self-reactive clones 
are progressively removed during early B cell maturation, approxi-
mately 20% of the mature human naive B cell repertoire exhibit 
detectable self-reactivity against cellular antigens in vitro13,14. Autore-
active T cells are similarly present in healthy tissues and in circulating 
peripheral blood15,16, suggesting that cognate T cell help is available 
to support a peripheral breach of B cell tolerance under permissive 
conditions17. Such ‘hidden’ self-reactivity can become activated 
under the influence of genetic factors and/or various contextual 
environmental cues, such as exposure to cytokines and autoan-
tigens, arising from both systemic inflammation and local tissue  
microenvironments (Fig. 1).

B cell clones bearing self-reactive specificities are normally con-
strained by multiple tolerance checkpoints18–21. Nevertheless, some 
degree of residual self-reactivity is retained as a trade-off for maintain-
ing the breadth of responses needed to defend against diverse foreign 
antigens. In this context, rather than defining a fixed threshold for 
the frequency of self-reactive B cells, researchers have introduced 
a spectrum-based view of autoreactivity, in which B cell repertoires 
exhibit a continuum of self-reactivity, including clones that fall below 
the detection limits of current ex vivo antigen-binding assays yet 
remain biologically and functionally relevant in vivo21. Further work 
suggests that certain autoreactive clones are actively selected into the 
mature repertoire through autoantigen engagement, and that distinct 
B cell lineages (such as B1a cells, follicular B cells and marginal-zone 
B cells) might follow lineage-specific antigen-dependent positive selec-
tion thresholds. Adding further complexity, genetic polymorphisms 
within the germline antibody repertoire influence antibody specificity 
and function, complicating efforts to define inherent self-reactivity22–24. 
For example, allelic variation at the IGHV1-69 locus can fine-tune the 
self-reactive features of broadly neutralizing antibodies against influ-
enza A virus, contributing to population-level variation in autoimmune 
susceptibility23.

The conversion of germline-encoded autoreactivity into autoim-
mune disease has been demonstrated across numerous human and 
murine studies. For example, although SLE flares involve highly poly-
clonal differentiation of antibody-secreting cells (ASCs), cells express-
ing one heavy-chain variable gene segment — IGHV4-34 — become 
disproportionately expanded. IGHV4-34 can be targeted by the 9G4 
anti-idiotype antibody, and is over-represented in naive B cells, memory 
B cells and ASCs during flares, highlighting the selective expansion of 
a pre-existing autoreactive clone25–27. Similarly, IGHV1-69 is distinctly 
dominant in cryoglobulinaemic vasculitis following hepatitis C virus 

Key points

	• Intrinsic autoreactivity is embedded in naive T cell and B cell 
repertoires and autoimmune environments drive autoreactive B cells 
towards germinal-centre or extrafollicular fates.

	• Autoreactive B cell fate commitment is shaped by contextual, 
genetic and metabolic cues.

	• Autoreactive germinal centres indicate peripheral B cell tolerance 
breakdown in systemic lupus erythematosus (SLE) and serve as 
T cell-dependent sites of pathogenic autoantibody diversification.

	• Extrafollicular B cell responses provide rapid production of 
autoantibodies in SLE, supported by heterogeneous CD4+ T cell help.

	• Mechanistic characterization of autoreactive B cell fate decisions 
informs memory B cell dynamics and supports the development of 
precision therapies in SLE.

Introduction
Systemic lupus erythematosus (SLE) is often used as the prototype 
disease model for studying the mechanisms that drive autoantibody- 
mediated systemic autoimmunity. In SLE, the production of autoan-
tibodies reflects a breach in B cell tolerance, in which B cells bearing 
autoreactive B cell receptors (BCRs) — also termed naive autoreactive 
B cells — are inappropriately selected for activation, proliferation and 
differentiation. Similar to responses against foreign antigens, autoreac-
tive B cells can either enter the germinal centre, where the cells undergo 
extensive affinity-based selection, or differentiate extrafollicularly, 
undergoing more limited selection over a shorter time window1–5. 
Together, these pathways contribute to the diverse autoantibody 
landscape characteristic of SLE, reflecting serological activity and 
potentially contributing to substantial disease heterogeneity6. The 
germinal-centre response contributes to disease progression through a 
process known as epitope spreading7,8. In parallel, recent studies within 
the past decade highlight a major role for the extrafollicular pathway 
in generating pathogenic B cells in SLE, underscoring the need for 
in-depth mechanistic investigations9–12.

Research into fate bifurcation between extrafollicular and 
germinal-centre pathways has long been intertwined with studies of 
primary immune responses, follicular exclusion and the mechanisms 
underlying tolerance breakage in secondary lymphoid organs. Work in 
mouse models using transgenic antigens and BCRs, as well as studies 
of vaccination and infection, has shown that extrafollicular responses 
do not always preclude the formation of a germinal-centre response 
but rather precede it. As accumulating evidence highlights the critical 
roles of extrafollicular B differentiation in SLE, our understanding of 
how germinal-centre and extrafollicular pathways collectively shape 
autoimmune responses continues to rapidly evolve. This growing body 
of work provides a timely foundation for reviewing the context-specific 
factors that drive these responses and for considering their broader 
implications for disease.

In this Review, we first outline the key regulators that govern 
germinal-centre versus extrafollicular fate decisions in conventional 
secondary lymphoid organs, with a particular focus on the environ-
mental cues that activate naive autoreactive B cells and selectively 
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infection28,29. Mixed bone marrow chimeric autoimmune mice (Box 1) 
further demonstrate selective clonal expansion of wild-type B cells 
within germinal centres when subjected to autoimmune pressure 
imposed by an autoreactive BCR transgenic compartment1. These chi-
meras also show shared baseline B cell clones across germinal-centre-
derived ASC and memory compartments, albeit expanded to different 
degrees, suggesting functional divergence among redundant autore-
active clones. Notably, the autoimmune chimeras also showed heavy 
usage of IGHV3-6, the murine orthologue of human IGHV4-34 (ref. 30). 
Altogether, these studies illustrate that intrinsic autoreactivity within 
immune cell repertoires functions as a double-edged sword, with 
both local and systemic environments functioning as critical modu-
lators that selectively skew this intricate balance. Although inherent 
autoreactivity does not predetermine autoimmune diseases, such 
in-born self-reactivity provides the substrate for germinal-centre and 
extrafollicular B cell responses in autoimmune diseases such as SLE 
by supplying B cell clones that can be preferentially recruited under 
autoimmune-prone conditions.

Germinal-centre and extrafollicular  
B cell pathways
With intrinsic self-reactivity providing the substrate for B cell-driven 
autoimmunity, activated autoreactive B cells commit to either 
germinal-centre or extrafollicular differentiation pathways. Mecha-
nistic insights into these processes have come largely from mouse 
models tailored to specific questions. Together, these pathways con-
verge as complementary routes that shape the diverse autoantibody 
landscape of SLE.

Germinal-centre dynamics
The germinal centre is classically regarded as the site of B cell selec-
tion, class-switch recombination and antibody affinity maturation, 
and contemporary vaccine development is accordingly aimed at 
eliciting robust germinal-centre responses. However, analyses of 
germinal-centre output over the past 2–3 years have prompted 
a re-evaluation of the long-held view that germinal centres exclu-
sively produce high-affinity antibodies. Studies examining the affin-
ity of antibodies produced by germinal-centre-derived plasma cells 
have revealed a broad continuum of low-affinity to high-affinity 
specificities31,32. Such observations reframe earlier work describ-
ing the germinal centre as an open structure for B cell circulation33, 
challenging the assumption that high affinity is a requirement for 
plasma-cell differentiation34. The nature of B cell selection and 
differentiation in the germinal centre has fundamental implica-
tions for the cycling and selection of self-reactive B cells. Using the 
anti-idiotype antibody 9G4, which detects human B cells expressing 
the autoreactivity-associated IGHV4-34 gene segment, researchers 
have demonstrated that 9G4-positive self-reactive B cells are excluded 
from the germinal centre in the tonsils of otherwise healthy individu-
als. By contrast, these cells are present within the germinal centre 
B cell compartment in patients with SLE, indicating that defective 
exclusion of autoreactive B cell exclusion from germinal centres 
represents a hallmark of SLE35. Additionally, work in multiple mouse 
models demonstrates that self-reactive B cells can form spontane-
ous germinal centres and undergo affinity maturation, establishing 
germinal centres as potent sources of autoantibodies with diverse 
reactivity1,36–39. Thus, spontaneous germinal-centre formation is a 
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Fig. 1 | Drivers of autoreactive B cell activation 
and differentiation. A healthy B cell repertoire 
naturally contains clones with varying degrees of 
autoreactivity. Naive B cells that carry self-reactive 
B cell receptor (BCRs) have the potential to drive 
autoimmunity under chronic exposure to their 
cognate self-antigens. B cell-intrinsic factors 
(such as BCR binding affinity and transcriptional 
programmes) and extrinsic signals (including 
autoantigen availability, cytokine milieu, T cell help 
and metabolic resources) collectively contribute 
to an autoreactive environment and shape the fate 
of a naive autoreactive B cell. Upon activation, naive 
autoreactive B cells can differentiate through either 
the germinal-centre or the extrafollicular pathway 
to generate antibody-secreting cells (ASCs) and 
memory B cells (MBCs), guided by coordinated 
transcriptional and epigenetic programmes. B cell 
commitment to either developmental pathway is 
influenced by the extent of cognate and bystander 
T cell help, antigen affinity and innate immune 
receptor engagement (represented as gradient-
shaded triangles). Arrow thickness denotes the 
relative contributions of each pathway to the 
production of long-lived and short-lived ASCs, and 
atypical and conventional memory B cells. Dotted 
arrows with question marks indicate processes in 
which experimental evidence is suggestive but not 
yet fully established. DN, double negative. ABCs,  
age-associated B cells.
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key signature of peripheral B cell tolerance breakdown in SLE and 
contributes to the pool of pathogenic autoantibodies.

The extrafollicular response
In contrast to the germinal-centre response, the extrafollicular path-
way is characterized by rapid differentiation of ASCs and prompt 
production of antibodies, where plasma cells expand exponentially 
within extrafollicular foci by ~4–5 days after immunization5,40. In mice, 
extrafollicular differentiation during the foreign antigen response 
has traditionally been described as occurring through four stages, 
beginning with the initial antigen encounter, progressing through T 
cell–B cell interactions, B cell expansion and subsequent plasmablast 
and plasma-cell differentiation, and, ultimately, the development of 
long-lived plasma cells41. In autoimmunity, the longevity of plasma 
cells produced during extrafollicular response remains incompletely 
understood. Studies in mice more often point towards a transient lifes-
pan for extrafollicularly derived plasma cells42–44 (Fig. 1). However, 
in-depth assessments across different model systems and in humans 
are needed to fully define plasma-cell longevity and the regulatory 
factors that support plasma-cell survival. The complexity of B cells 
destined for the extrafollicular pathway has been extensively reviewed 
elsewhere45. Marginal-zone B cells were traditionally regarded as a 
major source of extrafollicular ASCs5,46–48, but more recent work in both 
humans and mice has shown that naive follicular B cells can also sub-
stantially contribute9,11. Autoantibodies produced through this route are 

usually of lower affinity and can display polyreactivity towards multiple  
autoantigens13,49.

In SLE, accumulating evidence supports a major contribution 
for the extrafollicular pathway in autoantibody production. BCR 
sequencing of circulating ASCs from patients with SLE during flares 
has revealed markedly lower rates of somatic hypermutation than in 
healthy individuals, along with marked polyclonality, consistent with 
autoantibody production occurring largely outside germinal centres26. 
Within this ASC population, expansions of IGHV4-34-expressing clones 
display hallmarks of naive B cell origin and broad polyreactivity, sug-
gesting antigen-driven selection of germline-encoded autoreactivity 
without extensive somatic hypermutation26. The contribution of the 
extrafollicular pathway to human SLE has been further clarified by 
characterization of IgD−CD27− double-negative (DN) B cells in the 
peripheral blood of patients. These cells arise from activated naive 
B cells9,50, and can be subdivided into DN1–DN4 subsets on the basis 
of CXCR5 and CD11c expression. Among these subsets, the DN2 subset 
(IgD−CD27−CXCR5−CD11c+) shows particularly robust expansion in SLE 
and displays features of extrafollicular origin, including the absence 
of CXCR5 (ref. 9). DN2 cells readily differentiate into ASCs and thus 
have considerable clinical relevance. A key feature of DN2 cells is the 
low or absent expression of complement receptor 2 (CR2; also known 
as CD21) (Box 2).

Mechanistic insight from mouse models aligns closely with these 
human observations. When B cells from healthy mice are transferred 

Box 1 | Models of systemic lupus erythematosus for studying germinal-centre and 
extrafollicular B cell responses
 

SWHEL mice36

	• Express high-affinity anti-egg lysozyme (HEL) B cell receptors 
(BCRs) and undergo normal somatic hypermutation.

	• Used to study how self-antigen affinity and accessibility influence 
germinal-centre recruitment.

TLR7 gain-of-function (kika) mice180

	• Carry the gain-of-function TLR7Y264H mutation identified in 
paediatric systemic lupus erythematosus.

	• Develop spontaneous germinal centres plus extrafollicular 
T helper cells and age-associated B cells (ABCs).

	• Crossing onto a germinal-centre B cell-depleted Cd23-cre Bcl6fl/fl 
background highlights strong germinal-centre-independent activity.

MRL/lpr mice181–183

	• Faslpr mutation arising spontaneously within the MRL autoimmune 
strain.

	• Accelerated disease development, including broad autoantibodies 
and systemic disease; autoreactive responses are predominantly 
extrafollicular.

AM14 H-Tg, Fas-deficient mice42,184,185

	• AM14 heavy-chain transgene encodes rheumatoid factor specifically.
	• Crossing onto the Fas-deficient MRL/lpr background yields age- 
dependent, spontaneous extrafollicular autoantibody-forming cells.

	• Robust extrafollicular B cell responses and somatic hypermutation 
after IgG anti-chromatin antibody challenge.

The 564Igi mouse37

	• Knock-in model expressing pre-arranged autoreactive heavy and 
light chains to nuclear antigens.

	• Creates an autoantigen-rich and IFN-rich environment promoting 
tolerance breach; autoimmunity is TLR7-driven.

Mixed bone-marrow chimeras1,17,70

	• Wild-type (WT) and 564Igi bone marrow are co-transferred into 
irradiated B6 recipients; 564Igi B cells initiate autoimmunity  
but are deleted, whereas WT B cells sustain spontaneous  
germinal centres.

	• Enables study of normal autoreactive B cell dynamics, repertoire 
evolution and follicular T cell responses; germinal-centre 
reporters (such as S1PR2-CreERT2 TdTomato) can be used to track 
germinal-centre-experienced donor cells.

	• Not suitable for extrafollicular studies owing to the lack of 
extrafollicular-specific labelling.

B cell adoptive transfer and parabiosis models2,11

	• WT or gene-modified B cells transferred into 564Igi recipients to 
track early tolerance breakdown. Adoptive transfer enables rapid 
tracking of donor B cell germinal-centre entry, clonal evolution, 
and time-stamped extrafollicular responses.

	• Parabiosis (WT–564Igi pairs) enables study of WT cell invasion into 
autoreactive germinal centres.
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into 564Igi transgenic autoimmune mice, a subset of naive follicular 
B cells rapidly downregulate the expression of CD21 immediately after 
activation and before proliferation2,11 (Box 1). These CD21lo cells, which 
resemble human DN2 cells, are potent producers of autoantibodies 
in autoimmune environments and seem to represent a transitional 
state preceding extrafollicular ASC differentiation11. Crucially, func-
tionally blocking the CD21 receptor reduces donor-cell proliferation 
and diminishes extrafollicular ASC formation11. Thus, the phenotypic 
characterization of disease-associated human B cell subsets is com-
plemented by mouse studies that permit tissue-level investigation 
of mechanisms relevant to SLE pathogenesis. Because nomenclature 
for B cells destined for extrafollicular differentiation has varied across 
studies and biological contexts, in this Review, we refer to the classic 
naive-activated, circulating human extrafollicular B cell subset as DN2 
cells; to phenotypically similar populations first described in aged and 
autoimmune mice as age-associated B cells (ABCs); and to analogous 
subsets identified during infections, such as Plasmodium falciparum 
and Salmonella infections, as atypical B cells (atBCs)9,45,51–55.

Mouse models for studying autoreactive B cell fate
Transgenic and spontaneous models of SLE enable mechanistic char-
acterization of autoreactive B cell fate, germinal-centre dynamics and 
extrafollicular responses, although their often-complex genetics limit 
direct translation to human SLE56,57. Much of our understanding of sys-
temic B cell tolerance, and how it is shaped by BCR specificities, derives 
from studies using transgenic mice expressing defined BCRs (immu-
noglobulin transgenic mouse models) that typically bind antigen with 
affinities higher than those present in a physiologically naive repertoire 
and exhibit a restricted B cell repertoire that limits BCR evolution. These 
models commonly rely on direct challenging by cognate ‘self’ antigen, 
or adoptive transfer of antigen-specific B cells into autoimmune-prone 
recipient mice, followed by donor cell-specific antigen inoculation. 
Classic systems, such as the hen egg lysozyme (HEL) models or the 
AM14 anti-chromatin model, have been instrumental in defining the 
fundamental principles of B cell tolerance42,58–64. Additional examples 

are highlighted in Box 1. However, dissecting how B cells commit to 
germinal-centre and extrafollicular fates requires spatial and kinetic 
insight from secondary lymphoid organs in settings that more accu-
rately mirror the complexity of human autoimmunity. For example, 
clarifying how contextual factors — such as the timing and source of 
inflammation — shape the B cell responses and evolution would ben-
efit from systems that preserve a fully diverse B cell repertoire. In this 
context, the 564Igi mouse model offers distinct advantages: through 
wild type mixed bone-marrow chimeras and adoptive B cell transfers, 
this approach provides a more modular and physiologically relevant 
alternative to fixed transgenic models, enabling analysis of the role of 
naturally autoreactive B cells in autoimmunity, while also providing 
precise kinetic windows, to understand how individual cells commit 
to extrafollicular or germinal-centre fates1,11,17,65 (Box 1 and Fig. 2).

Determinants of germinal-centre versus 
extrafollicular fate
The mechanisms that precisely direct B cell differentiation along 
the germinal-centre or extrafollicular pathway remain incompletely 
defined. Proposed determinants include the strength and quality of 
BCR signalling, the nature of cognate T cell interactions, and the influ-
ence of local environmental cues, including cytokines and metabolic 
resources. Other reviews have examined BCR signalling and extrafol-
licular differentiation in detail66–68, and T cell help is discussed in a 
later section. Hence, in this section we focus on the importance of a 
pro-inflammatory environment in shaping fate commitment among 
B cells with diverse BCR repertoires (Fig. 2).

Antigen stability and availability
Understanding the dynamics of B cell differentiation pathways in 
response to self-antigens requires careful consideration of antigen 
recognition within a physiological context. Responses to self differ 
fundamentally from responses to infection or vaccination, because 
self-antigens often remain continuously present. Kinetic tracing of 
antigen-specific B cell dynamics in humans remains nearly impossible, 

Box 2 | The complement pathway in B cell activation and differentiation
 

Complement C3 is a central component of the complement cascade 
and, upon activation, is cleaved into C3a and C3b. C3a functions as 
an anaphylatoxin that facilitates immune-cell recruitment, whereas 
C3b opsonizes antigen surfaces to facilitate phagocytosis. C3b is 
further cleaved into iC3b and, upon cofactor binding, into C3dg 
and C3d, all of which remain bound to the antigen surface and can 
engage the complement receptor CD21 (ref. 186). CD21 forms a 
heterodimer with CD19 and is part of the B cell co-receptor complex. 
Co-ligation of the CD19–CD21 complex with the B cell receptor 
(BCR) by antigen opsonized with C3d or iC3b — including immune 
complexes containing small nuclear ribonucleoproteins (RNPs), 
a major complement-opsonized autoantigen in systemic lupus 
erythematosus — induces signal transduction through the BCR and 
CD19 and lowers the activation threshold for naive autoreactive 
B cells187 (see the figure). Following ligand engagement, surface CD21 
on naive autoreactive B cells is rapidly downregulated together with 
CD19. The precise mechanism(s) of this downregulation is unknown, 
although early biochemical data point to receptor shedding as a 
possible explanation188–190. Early naive-activated CD21lo DN2-like  

cells preferentially undergo extrafollicular differentiation into 
antibody-secreting cells. Inhibition of CD21 ligand binding impairs 
B cell proliferation and antibody-secreting cell formation, indicating 
that CD21 functions as an initiator of autoimmune B cell activation 
and extrafollicular differentiation51. Although the precise role of CD21 
in autoreactive germinal-centre responses is still under investigation, 
the receptor probably exhibits nuanced functions on follicular 
dendritic cells and on germinal-centre B cells.

Naive autoreactive B cell Activated autoreactive B cell
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but knockout in mouse models with defined BCR specificities allows 
time-resolved analyses of the activation of antigen-specific B cells. 
During primary murine immune response to foreign challenge, ASCs 
emerge in the splenic red pulp within 2–4 days following challenge, 
for T cell-dependent and T cell-independent stimuli, and appear in the 
medullary cords of lymph nodes41. Similarly, in human studies, circulat-
ing ASCs become detectable in the blood 4–7 days after vaccination 
or infection69,70. Notably, these events coincide with two sometimes 
overlooked milestones: the intrinsic timing necessary for activated 
B cells to differentiate into ASCs71 and, crucially, the disappearance 
of antigen from the splenic red pulp, accompanied by subsequent 
accumulation within follicles72–74.

In vivo, the amount and persistence of antigen shape the tim-
ing and relative prominence of extrafollicular responses versus 
the emergence of the germinal-centre pathway. In the B1-8hi mouse 
model, in which B cells recognize a defined model antigen (4-hydroxy- 
3-nitrophenylacetyl), this antigen remains detectable in the spleen for 
roughly 4 days after immunization. This window coincides with key 
events, including B cells moving to the germinal centre72, the surge 
of plasmablasts and the emergence of a subset of memory-like B cells 
that express the key ABC-fate transcription factor ZEB2 (as discussed 
in a later section)75,76. Detailed analysis using fluorescence resonance 
energy transfer-based cleavage-sensitive probes demonstrate that 
antigens are protected from degradation within B cell follicles, but are 

rapidly degraded by metalloproteases outside follicles within 3 days 
after immunization73. Indeed, these observations help to explain the 
longstanding proposal that controlling antigen release and deliv-
ery can enhance the efficacy of vaccines designed to elicit strong 
germinal-centre reactions74,77. Inside follicles, follicular dendritic cells 
protect antigens over time, sustaining germinal-centre activity78. In 
autoimmune settings, by contrast, antigen is often abundant and con-
tinually available, making it unlikely to constrain extrafollicular expan-
sion. Although extrafollicular responses are commonly associated 
with high-affinity B cells, work in the HEL system shows that increased 
antigen density — even when antibody affinity is modest — can bias acti-
vated B cells towards extrafollicular differentiation, whereas reduced 
antigen density favours germinal-centre commitment58. These findings 
suggest that abundant antigen can override affinity thresholds that 
normally limit extrafollicular predominance, probably in conjunction 
with some T cell help. Indeed, distinct T cell subsets can provide signals 
that support, but do not by themselves dictate, whether activated 
B cells follow extrafollicular versus germinal-centre trajectories; this 
influence is largely dependent on the spatial and inflammatory context 
in which the interaction occurs.

Thus, defective clearance of self-antigens could contribute to 
downstream autoimmune phenotypes and skew the balance between 
extrafollicular and germinal-centre responses. Failures in nuclease 
activity exemplify this principle: the absence or failure of DNases 
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Fig. 2 | Contextual determinants of extrafollicular and germinal-centre 
B cell pathways. In an autoimmune environment, naive autoreactive B cells are 
activated through recognition of self-antigens via the B cell receptor (BCR) and 
by sensing TLR agonists, together with exposure to inflammatory cytokines 
such as interferons. The activated B cells can follow distinct pathways, shaped 
by antigen availability and the nature of T cell help. Top: in the extrafollicular 
response, which is rapid and often driven by abundant antigen together with 
bystander T cell support, activated naive B cells differentiate into double-

negative (DN) B cells (IgD−CD27−) and subsequently into plasma cells. Bottom: 
in the germinal-centre pathway, strong and sustained cognate interactions with 
T cells drive affinity maturation clonal diversification and epitope spreading, 
culminating in the generation of self-reactive plasma cells. Both pathways 
also generate memory B cells and sustain disease through the production of 
pathogenic autoantibodies. TCR, T cell receptor; TFH cells, T follicular helper 
cells; TH cells, T helper cells.
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results in accumulation of extracellular DNA and drives autoimmune 
disease79–82. Complement components similarly maintain tolerance 
by supporting efficient removal of apoptotic material83–85. Mice defi-
cient in complement C4 develop autoantibodies and exhibit defective 
clearance of apoptotic debris86,87, and mixed bone marrow chimeras 
generated between C4-sufficient or C4-deficient mice and 564Igi lupus 
mice demonstrate that C4 has a critical role in maintaining B cell toler-
ance at the transitional stage. Notably, 564Igi mice expressing differ-
ent C4A or C4B isotypes have distinct patterns of self-reactivity88,89. 
Beyond antigen availability, the relevance of the nature of an antigen 
(including the molecular form, such as nucleic acids or proteins) and 
its size in modulating autoreactive B cell fate remains unclear. Stud-
ies indicate that antigens above roughly 70 kDa differ markedly from 
smaller molecules in their capacity to access specific microenviron-
ments, altering their availability for extrafollicular or germinal-centre 
responses. Antigens of varying size and physicochemical properties 
follow distinct kinetic routes and have different distributional limits 
within secondary lymphoid organs90–92. Antigen availability clearly 
represents a predominant feature to explore in human autoimmune 
disease and might help to explain the evolution and heterogeneity of 
self-reactivity in patients with SLE.

Cytokine regulation
During differentiation, autoreactive B cells encounter diverse local 
environments and are shaped in part by cytokine signals that influ-
ence their fate. One of the best defined examples of cytokine-driven 
extrafollicular bias comes from studies of immune responses to 
Salmonella enterica serovar Typhimurium. In this infection model, 
IL-12 alone drives robust extrafollicular plasmablast formation and 
suppresses the germinal-centre pathway by modulating and hamper-
ing the differentiation of T helper cells93. Related work in the same 
system showed that Sca1+ monocytes dampen germinal-centre 
activity, reinforcing the idea that identifying factors that inhibit 
germinal-centre activity can reveal drivers of the extrafollicular 
pathway94. IL-12-stimulated B cells responding to Salmonella also 
secrete IFNγ, establishing a B cell-intrinsic positive feedback loop 
that strengthens the extrafollicular trajectory95. Interferon signatures 
are a hallmark of SLE, although the specific contributions of type I,  
type II and type III interferons to B cell fate and disease progression 
continue to be defined96. T cell-derived IFNγ is a central driver of 
DN2 cell development in human SLE, and promotes the differentia-
tion of ABCs and atBCs in mice9,52,53,97,98, in part through induction 
of the transcription factor T-bet. Additionally, T cell-derived IL-2 in 
mice drives the differentiation of B cells into plasma cells in vitro 
and in vivo, biasing B cells towards an extrafollicular fate through 
mTOR-dependent signalling that precedes IRF4 upregulation, a major 
regulator of plasma-cell differentiation99. IL-21 and IL-10 further modu-
late T cell-dependent extrafollicular responses, as discussed in more 
detail in later sections100,101. Collectively, these studies highlight that 
cytokines — including IL-2, IL-10, IL-12, IL-21 and interferons — shape 
the inflammatory microenvironments that direct B cell fate decisions 
with lasting effects.

Transcriptional and epigenetic regulation
Commitment to extrafollicular and germinal-centre pathways is 
regulated by multilayered transcriptional programmes (as reviewed 
elsewhere4). Cytokine signalling in B cells often leads to transcriptional 
and epigenetic changes that could amplify local inflammation through 
the release of additional cytokines, creating feedforward circuits that 

reinforce specific effector fates. One illustrated example is ZEB2, a 
transcription factor required for the development of ABCs in autoim-
mune settings and atBCs during P. falciparum infection, where this 
transcription factor drives the expression of characteristic surface 
markers54,75. ZEB2 also regulates the balance between the expression 
of MEF2B and MEF2C, two transcriptional regulators whose relative 
abundance influences whether activated B cells can enter the ger-
minal centre, with MEF2B required for germinal-centre transition. 
In addition, ZEB2 deficiency impairs B cell-intrinsic IFNγ production, 
further disrupting extrafollicular development75. Although genetic 
predisposition contributes to SLE, chronic inflammation and cytokine 
exposure can impose epigenetic modulations that precondition B cells 
towards a specific pathway102. Indeed, naive B cells in individuals with 
SLE exhibit an epigenetic profile consistent with a predisposition 
towards extrafollicular differentiation103,104.

Metabolic regulation
Metabolic resources represent an additional important limiting factor 
in B cell-fate bifurcation. Clinical and rodent studies of P. falciparum 
infection have long documented an impairment of germinal-centre 
responses accompanied by a marked expansion of the extrafollicular 
B cell compartment and poor establishment of B cell memory. One 
proposed mechanism is that the high metabolic requirements of 
extrafollicular plasmablasts might starve the environment and limit 
the development of germinal centres. In a mouse model of P. falcipa-
rum infection, this nutrient limitation was traced specifically to the 
availability of l-glutamine; supplementation of l-glutamine during 
an ongoing P. falciparum infection reestablished the germinal-centre 
responses. Consistent with this observation, malaria-naive humans 
exposed to P. falciparum develop a strong plasmablast response in 
their first encounter with the parasite105.

B cells have distinct metabolic requirements at different stages of 
differentiation and across subsets106,107. For example, dynamic mTOR 
complex 1 (mTORC1) activity is essential for regulating the proliferative 
cycling of germinal-centre B cells108,109. Notably, genetic disruption of 
lactate dehydrogenase A (LDHA) — the enzyme responsible for convert-
ing pyruvate to lactate — in ‘resting’ naive B cells abolishes germinal-cen-
tre responses while leaving extrafollicular response intact. By contrast, 
deletion of LDHA in activated B cells does not affect their capacity to 
undergo germinal-centre maturation. Thus, requirements for aerobic 
glycolysis differ across the various stages of B cell activation110.

Clinically, individuals with severe COVID-19 exhibit a markedly 
expanded extrafollicular response, whereas mild disease is dominated 
by germinal-centre responses111,112. Uncontrolled B cell activation and 
aberrant extrafollicular reactions are normally restrained by the induc-
tion of mitochondrial dysfunction113. Reduced levels of mitochondrial 
dysfunction is associated with severe COVID-19, resulting in patho-
genic extrafollicular B cell expansion and a limited capacity to produce 
germinal-centre-derived antibodies necessary to curtail the infection. 
These observations suggest that mitochondrial dysfunction serves 
as a regulatory mechanism to block exacerbated extrafollicular B cell 
differentiation in humans.

Comparative studies of B cells from healthy individuals and patients 
with SLE have helped to identify disease-metabolic pathways. How-
ever, limited information exists regarding the specific contributions 
of metabolic programmes to the development of extrafollicular versus 
germinal-centre responses in autoimmunity114. Work shows that DN2-like 
CD11c+ B cells in SLE exhibit increased expression of the 6-methyladeno-
sine (m6A) demethylase fat mass and obesity-associated protein (FTO).  
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Mechanistically, epigenetic modification of m6A promotes human extra-
follicular DN2 formation through a TLR7–FTO–ATPase H+-transporting 
V1 subunit G1 (ATP6V1G1) signalling axis that enhances mitochondrial 
oxidative phosphorylation115. These findings suggest that strong TLR7 
signalling can skew B cells towards the extrafollicular fate by trigger-
ing distinct metabolic programmes. Collectively, further mechanistic 
insights are required to better determine the contribution of metabolic 
resources to autoreactive B cell fate commitment.

Germinal-centre dynamics in systemic  
lupus erythematosus
Germinal centres are fundamental for protective immunity, refining 
B cell clones into highly specific and durable responders following 
infection or vaccination. In SLE, however, these same structures oper-
ate under altered regulatory conditions, enabling breaches in toler-
ance that intensify and support the evolution of autoreactive B cell 
populations.

Germinal centres support autoreactive B cell evolution
Germinal centres can generate autoreactive B cells through two main 
routes: intrinsically self-reactive clones that enter germinal-centre 
reactions despite tolerance mechanisms, and initially non-self-reactive 
B cells that acquire self-reactivity through the germinal-centre reaction 
and are not effectively purged. Self-reactive clones already present 
in the repertoire can also diversify further within germinal centres, 
broadening their specificities towards new targets as they evolve116,117. 
Thus, in SLE, breaches in tolerance in the pre-germinal-centre com-
partments are often amplified during germinal-centre maturation. 
Work in the 564Igi lupus model illustrates this amplification. Germinal 
centres seeded by autoreactive 564Igi B cells can recruit B cells from 
a wild-type repertoire118. In mixed bone-marrow chimeras containing 
both 564Igi and wild-type B cell populations, these wild-type B cells 
enter autoreactive germinal centres and undergo clonal expansion and 
diversification1. This recruitment contributes to epitope spreading1, 
broadening antigen reactivity beyond the initiating 564lgi specificity, 
while maintaining similar germline BCR usage in autoimmune and 
immunized settings30. Notably, although germinal centres amplify and 
diversify autoreactive clones, they are not required for the production 
of self-reactive antibody-secreting cells. Systemic abrogation of the 
germinal-centre response via genetic deletion of B cell-specific B cell 
lymphoma 6 (BCL6) — a critical transcriptional repressor essential for 
germinal-centre differentiation — does not dampen the development 
of self-reactive ASCs and instead enhances extrafollicular pathways 
and expands the pool of self-reactive ASCs10.

Interestingly, B cells that acquire self-reactivity during germinal- 
centre evolution are only eliminated when the relevant self-antigen is 
locally available; by contrast, self-reactivity to antigens expressed in 
distant organs is not necessarily eliminated, suggesting that systemic 
patterns of antigen localization help to maintain a peripheral tolerance 
threshold36. Why, then, does the immune system retain self-reactive 
clones that are permitted to enter and participate in germinal centres? 
One proposed explanation is clonal redemption, in which problematic 
B cell clones can undergo somatic mutation within germinal centres 
to lose self-reactivity and acquire foreign-antigen specificity. How-
ever, clonal redemption alone does not explain how these self-reactive 
clones gain entry, survive selection and persist long enough within 
germinal centres to undergo such re-shaping, highlighting that addi-
tional mechanisms governing germinal-centre tolerance remain  
to be fully defined119,120.

T follicular helper cells propagate autoreactive  
germinal centres
Within the autoreactive germinal centre, T follicular helper cells 
(TFH cells) and T follicular regulatory cells (TFR cells) interact with 
B cells to shape peripheral tolerance. An imbalance — with pathogenic 
TFH cells promoting autoimmunity and regulatory TFR cells failing to 
constrain it — contributes to dysregulated B cell responses121 (Fig. 3). 
Circulating human CCR7loPD1hiCXCR5+ TFH precursor cells also support 
TFH cell activity and are expanded in autoimmune disease122. Across 
mouse and human studies, TFH cells show altered frequency, function, 
gene expression and metabolic profiles in autoimmune disease17,123–129. 
Mounting evidence suggests that TFH cells adopt a permissive — rather 
than regulatory — role in the loss of B cell tolerance. Indeed, similar 
to the B cell repertoire, the endogenous CD4+ T cell repertoire natu-
rally contains self-reactive clones capable of driving autoantibody 
production. Notably, these autoreactive T cells spontaneously adopt 
TFH-like phenotypes when transferred in mice, potentially providing an 
abundant source of support for autoreactive germinal-centre B cells16. 
Genetic studies further underscore the centrality of TFH cells: defi-
ciency of BCL6 or SLAM-associated protein (SAP) — both essential for 
TFH and germinal-centre formation — abrogates autoimmune disease in 
Roquinsan/san mice130. Similarly, in mixed bone-marrow chimeras, induc-
ible T cell co-stimulator (ICOS) or SAP deficiency prevents the forma-
tion of autoimmune germinal centres following epitope spreading17. 
Continuous T cell help is necessary to maintain autoimmune germinal 
centres, as T cell-specific deletion of BCL6 reduces the frequency of 
autoimmune germinal centres17. Furthermore, although follicular T cell 
repertoires from immunized and autoimmune mice are polyclonal 
and share predicted specificities131, a minority of clonotypes become 
selectively enriched in autoimmune settings132. Retrogenic chimeras 
show that these enriched T cell receptors (TCRs) are sufficient to res-
cue autoimmune germinal-centre formation and epitope spreading17, 
suggesting that follicular T cell specificity can influence loss of B cell 
tolerance.

Evidence suggests that autoreactive germinal centres origi-
nate from an initiator B cell clone positioned in the extrafollicular 
bridging channel — the anatomical corridors in the spleen that guide 
activated B cells from the marginal zone towards the T cell–B cell 
border. In this niche, B cells present self-antigen to a cognate auto-
reactive T cell, which in turn provides the helper signals required to 
establish and propagate an autoreactive germinal centre8. Bystander 
expansion of T cells further complicates this process. This phenom-
enon refers to the non-specific activation of T cells with specifici-
ties for antigens other than those inducing the primary response, 
either through dendritic-cell presentation of alternative antigens, 
or through cytokine-driven activation131,133,134. Repertoire analyses of 
mouse TFH and TFR cells suggest that follicular T cells undergo substan-
tial bystander expansion131–134 and harbour autoreactive TCRs16,135,136. 
The combined effects of bystander expansion and endogenous T cell 
autoreactivity probably broaden foreign-antigen coverage, but at 
the evolutionary cost of permitting autoreactivity. Indeed, mount-
ing evidence suggests that similar mechanisms exist in the B cell 
repertoire and are responsible for both diverse immunity and the 
development of autoimmunity23,137–140. Therefore, these observations 
support a model in which loss of tolerance in the germinal centre 
occurs when an autoreactive B cell gains access to T cell help and an 
autoreactive T cell, in turn, engages B cells, an outcome made possible 
by the inherent autoreactivity embedded within both repertoires. 
The mechanisms responsible for preventing such reciprocal breaks 

http://www.nature.com/nrrheum


Nature Reviews Rheumatology

Review article

in tolerance, including clonal anergy and T cell ignorance, remain 
incompletely defined.

T cell-dependent extrafollicular B cell responses 
in systemic lupus erythematosus
Although germinal-centre response drives clonal diversification, 
selection and epitope spreading, extrafollicular responses provide 
a rapid and persistent source of autoantibodies in SLE. Research pro-
gress over the past decade on various aspects of extrafollicular B cell 
responses has been extensively reviewed44,45,66,68,141,142. Historical and 
current experimental evidence indicates that extrafollicular B cell 
responses depend on T cell help. However, substantial gaps remain 
regarding the heterogeneity and variability of the T cell subsets involved 
and the requirement for direct T cell–B cell interactions. This section 
therefore summarizes existing studies and highlights areas in need of 
further investigation.

T cell-derived signals governing extrafollicular autoimmunity
As outlined in an earlier section, the extrafollicular antibody response 
proceeds through a defined series of stages, with T cell–B cell interac-
tions and rapid B cell expansion occurring within 24 h after the primary 
antigen encounter41. Mechanistic studies of T cell-dependent extrafol-
licular B cell response in autoimmunity remain limited, and much of our 
understanding derives from immunization and infection models using 
foreign antigens (Box 3). In autoimmunity, B cells that break tolerance 
typically exhibit low antigen-binding affinity and yet display substantial 
clonal diversity, reflecting activation by a diverse pool of autoantigens. 
The enormous diversity of the T cell repertoire further complicates 
T cell–B cell interactions in the extrafollicular pathway and potentially 
shapes distinct cellular dynamics within the lymphoid environment143. 
Although T cell help is widely recognized as a positive regulator of the 
extrafollicular response, the relative contributions of antigen-specific 

versus bystander T cells remain debated. In acute lymphocytic chori-
omeningitis virus (LCMV) infection in mice, germinal-centre-independ-
ent TFH cell help is necessary for the generation of ABC-like T-bet+CD11c+ 
B cells144. By contrast, extrafollicular T cell help is ICOS dependent145 
yet SAP independent in autoimmune mouse models17, suggesting that 
stable, long-lived T cell–B cell contacts — crucial for germinal-centre 
reactions — are less essential in the extrafollicular pathway.

Dnase1l3−/− mice generate autoantibodies via extrafollicular ASCs, 
a process that requires T cell help mediated by CD40L82. Consistent 
with this requirement, MHC class II-deficient B cells — which cannot 
receive cognate T cell help — produce markedly fewer plasma cells 
when transferred into 564Igi hosts, suggesting that extrafollicular ASC 
differentiation depends on antigen-specific T cell interactions118,141. 
In the MRL/lpr lupus strain, PSGL1lo T cells represent a distinct pop-
ulation of ICOS-dependent extrafollicular helper T cells that drive 
extrafollicular B cell responses through IL-21 and CD40L produc-
tion. Notably, these PSGL1lo T cells also require B cells for their own 
development, demonstrating a reciprocal extrafollicular T cell–B cell 
co-dependency145. Conversely, some studies suggest that T cell help 
augments extrafollicular B cell responses, but does not constitute a 
strict requirement. For example, in MLR/lpr mice expressing the AM14 
heavy-chain transgene (Box 1), extrafollicular activation and somatic 
hypermutation of anti-chromatin AM14 B cells occur independently 
of T cells and instead rely on TLR7 and TLR9 signalling, although CD4+ 
T cells amplify the response64. Therefore, the requirement for T cell help 
during extrafollicular B cell responses seem to be in part dependent 
on the presence of TLR co-stimulation. Nevertheless, T cells do seem 
necessary for spontaneous conversion of autoreactivity in this model 
when mice are not experimentally stimulated with anti-chromatin 
antibodies64. Similarly, AM14 BCR-transgenic BALB/c B cells generate 
antibody-forming cells within 6 days of IgG2a anti-chromatin antibody 
stimulation, even in hosts lacking T cells or expressing non-cognate 
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Fig. 3 | Components of an autoreactive germinal 
centre. Spontaneous autoreactive germinal centres 
arise during chronic exposure to autoantigens and 
function as open structures that permit the entry, 
selection, evolution and expansion of autoreactive 
B cell clones. Within these germinal centres, 
autoreactive B cells evolve towards pauciclonality as 
selected clones undergo extensive proliferation and 
somatic hypermutation, ultimately differentiating 
into antibody-secreting cells (ASCs)1. Under 
homeostatic conditions, self-reactive T follicular 
helper cells (TFH cells) are regulated by T follicular 
regulatory cells (TFR cells) to prevent aberrant 
activation and autoimmunity. In autoimmune 
conditions, activated autoreactive TFH cells promote 
the establishment of autoreactive germinal centres, 
and impaired TFR cell function further supports 
the persistence of these germinal centres17,121. 
FDC, follicular dendritic cell; TH cell, T helper cell.
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TCRs, albeit at lower levels than in wild-type recipients63. These find-
ings indicate that antigen-specific T cells enhance but do not dictate 
extrafollicular B cell response in this setting. IL-21 and CD40L mediate 
bystander and cognate T cell help, respectively, in this model and 
notably these T cell-derived signals persist despite inducible T cell 
co-stimulator ligand blockade63. Collectively, these observations show 
that, unlike germinal-centre-dependent autoreactivity, the degree 
and nature of T cell dependence in extrafollicular responses varies 
across model systems, with TLR signalling having a substantial role in 
calibrating this dependence.

Although the abovementioned mouse studies point to distinct 
subsets of T cells that support extrafollicular B cell differentiation in 
SLE, considerable technical and conceptual challenges in defining TCR 
antigen specificity continue to limit detailed exploration of cognate 
T cell–B cell interactions during the extrafollicular B cell response. 
Notably, autoreactive T cell clones that accumulate in the spleen and 
non-lymphoid tissue after sustained TFR depletion in mice exhibit a 
TFH-like phenotype and secrete IFNγ, yet have low BCL6 expression16. 
However, characterization of the autoreactive potential of T cell rep-
ertoires equipped with extrafollicular B helper functions remains lim-
ited. Given that a single self-reactive TFH clone can drive autoreactive 
germinal-centre development, an intriguing question is whether such 
a clone could also support extrafollicular responses17. Furthermore, 
given that a subset of extrafollicularly destined B cells can differenti-
ate independently of T cell help, comprehensive characterization of 
the corresponding BCR repertoire and antigen specificities remains 
essential for defining the factors that determine reliance on T cell 
help during tolerance breakdown. For example, in the absence of TLR 
and/or complement receptor stimulation, extrafollicularly destined 

autoreactive B cells might show increased dependence on T cell help 
for differentiation.

Extrafollicular T helper cell subsets driving  
pathogenic responses
Following numerous patient studies describing pathogenic extrafollicu-
lar B cells such as DN2 cells and ABCs, considerable effort has been made 
in characterizing the T cell populations that provide extrafollicular 
help and promote pathogenic antibody responses. Among these cells, 
T peripheral helper cells (TPH cells) and T helper 10 cells (TH10 cells) 
have emerged as major T cell subsets supporting extrafollicular B cell 
responses in SLE, albeit through distinct mechanisms (Fig. 4a). TPH cells 
were initially identified in the synovium of patients with rheumatoid 
arthritis (RA) and were later also described in the peripheral blood of 
patients with SLE, where their frequency correlated with that of CD11c+ 
B cells146,147. TPH cells exhibit a PD1hiCXCR5−CD4+ surface signature and 
express high levels of IL-21, CXCL13 and SAP148, in part consistent with 
a potent capacity to drive extrafollicular B cell activation. However, as 
the cognate receptor for CXCL13, CXCR5, is not expressed on bona fide 
extrafollicular B cells, TPH cells might also perform functions beyond 
direct recruitment and activation of these B cells. TPH cells also have 
unique expression of CCR2, CX3CR1 and CCR5, possibly driving the 
migration of TPH cells to sites of inflammation.

In paediatric-onset SLE, a phenotypically similar yet functionally 
distinct subset of CXCR5−CXCR3+PD1hiCD4+ helper T cells — referred 
to as TH10 cells owing to their IL-10-producing capacity — has been 
identified in the blood and in the tubulointerstitial compartment of 
individuals with proliferative lupus nephritis. This subset lacks IL-21 
and BCL6 expression, indicating IL-21-independent activity. The lack 
of CXCR5 expression combined with CXCR4 expression suggests 
extrafollicular confinement. In contrast to TPH cells, TH10 cell B helper 
function is driven by IL-10 and succinate, and is amplified by oxidized 
mitochondrial DNA (mtDNA)-activated plasmacytoid dendritic cells, 
potentially through ICOS engagement and IFN-mediated signalling149 
(Fig. 4a). The precise roles of IL-10 and succinate in promoting patho-
genic B cell autoantibody production remain unresolved. Moreover, 
TH10 cells can promote IgD−CD27+ B cell and CD27+CD38+ plasmablast 
differentiation and antibody production in vitro, and correlate with ABC 
expansion in SLE, but whether these cells also support extrafollicular 
IgD−CD27− double-negative cells, including DN2 cells, is unknown.

As previously discussed, the transcription factor ZEB2 drives 
ABC development and possibly also promotes CD11c expression75. 
A related role has been proposed for ZEB2 in promoting the B 
helper functions of a CXCR3midCD4+ effector memory T cell subset, 
named age-associated T helper cells (THA cells). These cells repre-
sent another subset distinct from TPH cells and are characterized by 
a surface phenotype of CD25−CXCR5−CCR6−CCR4− and the unique 
feature of age-dependent expansion76 (Fig. 4a). Interestingly, the 
expression of granzyme A, granzyme B and perforin in these cells 
suggests cytotoxic potential, pointing to functional diversity within 
the subset. Whether THA cells support B cells with an ABC-like or 
DN2-like phenotype remains unresolved. Their phenotypic profile, 
including the expression of TBX21 (encoding T-bet), raises the pos-
sibility of cytokine-mediated polarization in parallel with their B  
cell counterparts.

IL-21 signals through IL-21R on B cells via the JAK–STAT pathway by 
phosphorylating and activating STAT3, which in turn, induces a tran-
scriptional programme that includes B lymphocyte-induced maturation 
protein 1 (BLIMP1) and activation-induced cytidine deaminase, thereby 

Box 3 | Early insights into T cell help 
in extrafollicular B cell responses
 

Early work challenged the notion that T cell help is restricted to 
thymus-dependent antigen responses. These studies showed that 
antibody production against thymus-independent type 2 antigens 
nevertheless requires antigen-primed CD4+ T cells191,192. Subsequent 
investigations showed that T cells can deliver bystander help 
through ‘soluble helper factors’ to facilitate antibody response to 
the thymus-independent type 2 antigen DAGG–Ficoll193.

A clearer extrafollicular T cell identity emerged with the 
discovery of a specific BCL6+PD1lo population of pre-germinal-
centre T follicular helper cells (TFH cells) located at the T cell–B cell 
border in mice. These pre-germinal-centre TFH cells prime B cells 
for early extrafollicular responses. Although BCL6 was often 
described as a key transcription factor that drives germinal-centre 
B cell differentiation, these pre-germinal-centre TFH cells also 
require BCL6 to drive extrafollicular plasmablast differentiation 
and antibody production194. BCL6+ pre-germinal-centre TFH cells 
mediate extrafollicular antibody response through IL-21, consistent 
with previous reports63,145,195,196. During Salmonella infection, 
pre-germinal-centre TFH cells emerge 4 days post-transfer at the 
T cell–B cell border and initiate the extrafollicular plasmablast 
response, preceding the emergence of PD1hi T cells. Immunization 
with hen-egg lysozyme-ovalbumin further confirmed that 
BCL6-dependent pre-germinal-centre TFH cells function in an 
antigen-specific manner194.
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promoting plasma-cell differentiation and potent immunoglobulin 
production150–153. Interestingly, IL-21 exhibits context-dependent func-
tions that vary according to co-stimulatory conditions and B cell states. 
In addition to inducing plasma-cell differentiation, IL-21 can support 
germinal-centre entry and maintenance and, in the absence of BCR 
co-stimulation, promotes B cell apoptosis100. Notably, positive IL-21 
signalling is considerably amplified with CD40 co-stimulation, under-
scoring the synergistic functions of multiple T cell-derived helper 
signals152,154. The outcome of IL-21 signalling also seems to depend 
on the expression level of IL-21R across B cell subsets. For instance, 
CD11chiCD21lo B cells demonstrate substantially elevated expression 
of IL-21R compared with naive and CD27+ memory cells, alongside 
a corresponding increased expression of IL-21-inducible genes155. 
Consequently, IL-21 drives the expansion and plasma-cell differen-
tiation of DN2-like CD11chi cells in both patients with SLE and infected 
mice155,156. TPH cells expressed higher levels of IL-21 than CXCR5+ T cell 
populations, and together with the elevated expression of IL-21R on 
extrafollicularly committed B cells, this cytokine environment prob-
ably promotes B cell retention and activation in extrafollicular niches, 
facilitating terminal ASC differentiation143. Interestingly, the require-
ment for CD40 engagement in the development and activity of extra-
follicular B cells remains contentious across species (particularly mice 
versus humans). For instance, in humans, stimulation with trimerized 
CD40L activates resting naive B cells, but not DN2 cells, as demon-
strated by the lack of CD25 upregulation9. Instead, DN2 cells are highly 

responsive to TLR7 signalling, suggesting a reduced reliance on cognate  
T cell help.

The identification of different extrafollicular T cell subsets high-
lights the unique developmental and metabolic requirements of 
disease-associated B cell subsets in SLE (Fig. 4b), while also raising sev-
eral unresolved questions. For instance, a key priority is to delineate the 
developmental trajectories of extrafollicular T helper cells and identify 
the signals that drive their polarization. TPH cells share substantial clonal 
overlap with TFH cells in both patients with SLE and pristane-treated 
mice143. In patients with SLE, transcriptomic pseudotime analysis posi-
tions TPH cells downstream of TFH cells in the developmental hierarchy143. 
However, this proposed trajectory requires further experimental 
validation and characterization. Variability in B helper T cell subsets 
between childhood-onset and adult-onset SLE could potentially reflect 
differences in organ involvement, including the higher frequency of 
renal manifestations in paediatric disease157. Another open question 
is whether distinct extrafollicular T cell and B cell subsets preferen-
tially interact as functional pairs in mediating antibody responses. 
More stringent definitions of extrafollicular development are needed, 
particularly in the context of SLE. The assignment of pathogenic B cell 
subsets to either germinal-centre or extrafollicular developmental 
origin is further complicated by evidence that somatic hypermuta-
tion and affinity maturation can occur at extrafollicular sites42,158,159. 
Thus, as with the expanding catalogue of extrafollicular B cell subsets, 
rigorous functional and tissue-specific characterization — beyond  
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Fig. 4 | Germinal-centre-independent T cell help in extrafollicular B cell 
responses. Multiple helper T cell subsets and co-stimulatory pathways could 
coordinate to drive extrafollicular autoreactive B cell responses. a, Extrafollicular 
T cell help contributes to the activation and differentiation of systemic lupus 
erythematosus (SLE)-associated B cells. Top: plasmacytoid dendritic cells (pDCs) 
are activated by neutrophil-derived oxidized mitochondrial DNA (mtDNA), 
and to a lesser extent, CpGA, leading to the induction of T helper 10 cells (TH10 
cells) (PD1hiCXCR3+CXCR5−CD4+). These inducible T cell co-stimulator ligand 
(ICOSL)-dependent TH10 cells produce succinate, IL-10 and IFNγ and promote 
IgD−CD27+ B cell and CD27+CD38+ plasmablast differentiation in vitro149. Middle: 
MAF-dependent T peripheral helper cells (TPH cells) (PD1hiCXCR5−CD4+) produce 
IL-21 and CXCL13, drive plasmablast differentiation from CD27+IgD− memory 
cells in vitro, and correlate with CD11c+ B cell responses in patients with SLE146,147.  

Bottom: age-associated T helper cell (THA cell) (CXCR3midCXCR5−CD4+) 
development is driven by T-bet and ZEB2; these cells secrete IL-21 and CXCL13, 
and also express CD84 to facilitate T cell–B cell interactions76. b, Cognate and 
bystander signals shape extrafollicular differentiation of autoreactive B cells. 
Naive autoreactive B cells commit to extrafollicular differentiation pathways 
via cognate CD4+ T helper cell (TH cell) interactions, indirect T cell help (through 
IL-21, succinate, IL-10 and IFNγ) and B cell-intrinsic TLR signalling and CD21 
engagement. BLIMP1, IRF4, ZEB2 and T-bet are key transcription factors driving 
extrafollicular B cell responses and a DN2-like phenotype, whereas BCL6 and 
PAX5 activities are suppressed. Blocking the interaction between C3d or iC3b 
and CD21 with an anti-human CD21 antibody disrupts complement-mediated 
co-stimulation and thereby interferes with B cell activation. ABCs, age-associated 
B cells; ASCs, antibody-secreting cells; RNP, ribonucleoprotein.
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surface receptor phenotyping — is needed to establish the identity and 
developmental programmes of extrafollicular T cells.

Future perspectives
Both germinal-centre and extrafollicular responses generate memory 
B cells, albeit with important phenotypic and functional distinctions 
that remain incompletely understood. A deeper mechanistic under-
standing of the germinal-centre and extrafollicular B cell differentiation 
pathways is essential for guiding the development of non-depleting, 
pathogenic target-specific therapeutic strategies. In this section, we 
summarize advances and future perspectives in these two areas.

Memory B cell response and dynamics
An intriguing and debated area of SLE research concerns the nature 
of the memory B cell response and the relative contributions of the 
extrafollicular and germinal-centre pathways. Conventional switched 
memory B cells (IgD−CD27+), generally considered to be germinal-centre 
derived, seem largely unaffected in SLE9. By contrast, potential extra-
follicular B cell memory responses in autoimmunity have received 
comparatively little attention, although early studies provide com-
pelling evidence for germinal-centre-independent waves of memory 
B cells. For example, 4-hydroxy-3-nitrophenylacetyl-specific IgG1+ 
B cells with a resting phenotype emerge in Rag1−/− mice reconstituted 
with Bcl6−/− bone marrow 60 days after primary immunization with 
4-hydroxy-3-nitrophenylacetyl-CG160. Similarly, IgG1hiCD38+ B cells with 
low somatic hypermutation develop in C57BL/6 mice 10–70 days after 
immunization with 4-hydroxy-3-nitrophenylacetyl-CG when germinal-
centre formation is blocked by anti-ICOS antibody administration161. 
In another model, non-proliferating, non-germinal-centre, unmutated 
B220highBCRhigh B cells develop as early as 5 days after HEL2x-SRBC 
immunization and are characterized as possible early memory B cells40.

A major challenge in defining the extrafollicular versus 
germinal-centre developmental origins of disease-associated memory 
B cell populations in SLE is the absence of definitive surface markers 
for a specific memory subset, coupled with limited insight into their 
longevity in tissue. DN2-like cells, often labelled ‘atypical memory 
B cells’ in bacterial and parasitic infections, are frequently assumed 
to be extrafollicularly derived162,163. However, accumulating evidence 
suggests that DN2 cells actually emerge from naive precursors and 
function primarily as immediate ASC progenitors, rather than forming 
a stable, long-lived memory pool9,164.

In infectious settings, integrated single-cell transcriptomics and 
pseudotime lineage analyses suggest that certain memory B cell and 
atBC subsets develop along pathways divergent from conventional 
memory B cells. Notably, atBCs can be effectively recalled following 
P. falciparum sporozoite vaccine boosts, supporting their functional 
memory identity163. However, the lack of subset-specific markers com-
plicates lineage tracking in vivo. This ambiguity is exemplified by T-bet, 
which characterizes non-recirculating, spleen-restricted, influenza 
HA-specific memory B cells of possible germinal-centre origin, but is 
also expressed by DN2 cells in patients with SLE and a subset of ABCs 
in mice9,155,165–168.

Studies of mRNA vaccination and acute SARS-CoV-2 infection 
have further investigated the durability of memory B cell subsets164,169. 
Spike-specific DN cells showed overall durability, but the persistence of 
specific sub-populations varied across studies. Beyond conventional 
germinal-centre-derived memory B cells (IgD−CD27+CXCR5+CD11c−), 
DN1 B cells (IgD−CD27−CXCR5+CD11c−CD21+) were identified as durable 
memory subsets, with relatively low mutation frequencies, suggesting a 

possible extrafollicular origin. However, DN1 cells express CXCR5, con-
trasting with conventional germinal-centre-independent subsets9. By 
contrast, DN2 cells showed limited durability in one study (disappearing 
within 2 months post-boost), but persisted for over 4 months in healthy 
individuals and patients with SLE in another study164,169. All together, 
these findings underscore the need for comprehensive developmental 
and functional characterization of various memory B cell populations 
in SLE. Establishing a widely applicable and consistent nomenclature 
system will be essential for clarifying their contribution to SLE and, 
potentially to the pathogenesis of other autoimmune diseases.

B cell-targeted therapies in systemic lupus erythematosus
A range of therapies has been developed or repurposed in recent dec-
ades to achieve broad removal of B cell repertoires in SLE and other 
autoimmune diseases. Monoclonal antibodies targeting CD19, CD20 and 
BAFF, as well as small-molecule BTK inhibitors, have shown variable effi-
cacy170. CD19-targeted and B cell maturation antigen (BCMA)-targeted 
chimeric antigen receptor (CAR) T cell therapies have produced promis-
ing early results, including possible long-term remission and evidence 
of an immunological ‘reset’ in which reconstituting B cell repertoires 
remain non-autoreactive following depletion of the CAR T cells171. Nota-
bly, minimal circulating self-reactive antibodies and CD11c+CD21− B cells 
were detected at 6 months to 1 year following CD19 CAR T cell therapy 
in patients with SLE172,173. However, a modest rebound in circulating 
memory B cells was observed at 1-year follow-up, suggesting potential 
re-emergence of germinal-centre-mediated activity173. Persistence of 
long-lived plasma cells and antibody response has also been reported 
in recipients of the CD19-targeted CAR T cell therapy CTL019 (ref. 174).

These findings highlight the importance of the long-term moni-
toring of reconstituting B cell clonal repertoires, as well as potential 
shifts in T cell clonality following B cell depletion, to better understand 
treatment biology and to capture any repertoire shifts that might imply 
return of autoreactivity. Access to tissue biopsies would further enable 
surveillance of ‘hidden’ long-lived populations that might evade initial 
deletion yet retain pathogenic potential. Work in TLR7 gain-in-function 
mice provides additional insight: autoantibody relapse after CD19-
targeted CAR T cell treatment was probably largely driven by newly 
generated B cells rather than treatment-resistant plasma cells, whereas 
relapse following BCMA-targeted CAR T cell treatment showed a mixed 
origin175. These early results highlight both the variable efficacy and 
distinct mechanisms of depletion across CAR T cell platforms, as well 
as the enduring influence of an autoimmune environment. Additional 
work is needed to define the environmental changes induced by B cell 
depletion — particularly those that might predict the nature and fate of 
returning repertoires and shape the antibody landscape. Close moni-
toring of factors such as cytokine profiles and interferon activity will 
be essential, given their modulatory functions in antibody responses 
discussed throughout this Review.

Last, DN2 and resting naive B cells from patients with SLE exhibit 
an epigenetic predisposition to activation100. Disease-associated 
epigenetic imprinting in naive B cells, together with developmental 
defects in progenitor B cells, suggest sustained changes in B cell physi-
ology that could be resistant to peripheral B cell depletion103,176. These 
insights underscore the need to continue exploring other non-pan  
B cell-targeted treatments aimed at modulating pathogenic B cell func-
tions. For instance, targeting the BCR complex, CD19, IFN receptors 
and complement receptors such as CD21 represent one such strategy, 
as targeting these pathways could modulate activation signalling and 
B cell differentiation without eliminating the entire repertoire177,178. 
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The autoreactive B cell repertoire might also be indirectly modulated 
by targeting T cell populations that provide B-helper or supportive 
functions121. In addition, CAR T cells that specifically target B cells 
expressing SLE-associated IGHV4-34 show early promise as a non-
depleting therapeutic approach179. As discussed earlier in this Review, 
germinal-centre and extrafollicular B cell differentiation lead to the 
production of autoantibodies with distinct kinetics and properties. 
Thus, instead of depleting B cells altogether, selectively modulating 
or redirecting the routes of autoantibody production in a reversible 
way might suppress autoreactivity while preserving protective immu-
nity during vaccination or infection. Hence, an improved mechanis-
tic understanding of the germinal-centre and extrafollicular B cell 
responses — and the embedded T cell–B cell interactions within these 
pathways in health and autoimmunity — could effectively inform the 
development of targeted therapies in the treatment of SLE.

Conclusion
Inherent autoreactivity within healthy B cell and T cell repertoires 
provides the foundation for autoantibody responses in SLE, and 

various exogenous factors converge to drive tolerance breakdown 
and promote the positive selection of specific autoreactive clones 
into effector pathways. The choice between extrafollicular and 
germinal-centre pathways is shaped by the combined selection pres-
sure exerted by environmental cues, including antigen accessibility, 
metabolic resources and cytokine exposure. Autoreactive germinal 
centres are open structures that permit clonal entry and facilitate 
diversification of autoreactive B cells and epitope spreading. T cell 
help is a cornerstone in shaping the development and clonal com-
position of autoreactive germinal centres. Meanwhile, both histori-
cal and emerging evidence indicate that the extrafollicular antibody 
response is also guided by cognate and bystander help conferred by 
distinct, extrafollicularly confined T cell subsets. Overall, our evolving 
narrative of B cell-driven autoreactivity increasingly emphasizes the 
importance of studying B cells in the context of their inflammatory 
milieu and cellular interactors, rather than as isolated producers of  
autoantibodies.
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Glossary

Affinity maturation
The process by which B cells 
progressively acquire increased 
antigen-binding specificity and affinity 
through somatic hypermutation and 
selection in the germinal centre197.

Age-associated B cells
(ABCs). A non-germinal-centre 
non-antibody-secreting murine 
B cell subset that expands with age 
and accumulates more rapidly in 
autoimmune strains, initially defined as 
CD19+B220+CD11c+CD21−CD23−52,53,198.

Atypical B cells
(atBCs). A pathogenic B cell subset 
observed in infectious settings 
and phenotypically analogous 
to age-associated B cells199.

B1a cells
A self-renewing, innate-like B cell 
lineage that resides mostly in the 
peritoneal and pleural cavities; these 
cells carry repertoires biased towards 
bacterial and self-antigens and produce 
naturally occurring polyreactive IgM 
antibodies200.

Class-switch recombination
A B cell-specific DNA rearrangement 
mechanism that replaces IgM 
expression with IgG, IgE or IgA201.

Clonal anergy
A peripheral tolerance mechanism 
in which a self-reactive B cell is 
reprogrammed to become functionally 
unresponsive, exhibiting reduced 
responsiveness to B cell receptor 
stimulation and diminished expression 
of IgM120,202.

Clonal redemption
The process by which anergic 
self-reactive B cell clones regain 
functionality through the selection of 
mutated progeny with reduced inherent 
autoreactivity compared with before 
entry into the germinal centre119,120,203.

Epitope spreading
The diversification and shifting of 
antigenic targets recognized by the 
autoantibody repertoire7.

Extrafollicular bridging channel
An anatomical region in the spleen that  
bridges the T cell zone and the red pulp45.

Follicular B cells
Recirculating mature B cells derived 
from bone-marrow B2 lineage 
precursors; these cells localize to the 
B cell follicles and typically display an 
IgDhiIgMlowCD21mid (follicular type 1) 
or IgDhiIgMhiCD21mid (follicular type 2) 
phenotype204.

Marginal-zone B cells
A B2-derived B cell enriched in the 
splenic marginal zone between marginal 
sinus and red pulp; in rodents, these cells 
are non-recirculating and characterized 
by IgMhiIgDlowCD21hiCD1dhiCD23− and 
mount rapid responses to blood-borne 
pathogens and lipid antigens204,205. In 
humans, marginal-zone B cells are found 
in the lymphoid organs and circulation, 
and exhibit a IgMhiIgDloCD23−CD21+CD1c+ 
surface phenotype206.

Secondary lymphoid organs
Lymph nodes, spleen, Peyer’s patches, 
tonsils, adenoids and (in rodents) 
nasal-associated lymphoid tissue; 
these anatomically organized lymphoid 
structures serve as major sites of 
immune responses and tolerance 
induction207.

Somatic hypermutation
A diversification process in which 
antigen-experienced B cells acquire 
rapid point mutations in immunoglobulin 
V-region genes, mediated by the 
enzyme activation-induced cytidine 
deaminase (AID); occurs at high 
frequency in germinal-centre B cells 
and at a low frequency in extrafollicular 
responses64,197.

T cell ignorance
A form of immunological tolerance in 
which antigen-specific T cells remain 
clonally ignorant despite the presence 
of their target antigen, maintaining a 
naive phenotype208.

T follicular helper cells
(TFH cells). Specialized 
CD4+CCR7lowPSGL1low helper T cells 
that are essential for germinal-centre 
formation and antibody production; 
the majority of germinal-centre 
T follicular helper cells are 
PD1hiBCL6hiSAPhiCXCR5hi. B cells  
receive cognate and indirect help  
from T follicular helper cells via  
CD40L, IL-4 and IL-21 for activation  
and differentiation17,121,209.

T follicular regulatory cells
(TFR cells). A population of CD4+ T cells 
that differentiate from CD25hiFOXP3+ 
regulatory T cells and that migrate to 
B cell follicles and germinal centres 
upon antigen stimulation and regulate 
development and differentiation of 
T follicular helper cells210.

http://www.nature.com/nrrheum


Nature Reviews Rheumatology

Review article

References
1.	 Degn, S. E. et al. Clonal evolution of autoreactive germinal centers. Cell 170, 913–926.e19 

(2017).
2.	 van den Broek, T. et al. Invasion of spontaneous germinal centers by naive B cells is rapid 

and persistent. Sci. Immunol. 9, 1–11 (2024).
3.	 Malkiel, S., Barlev, A. N., Atisha-Fregoso, Y., Suurmond, J. & Diamond, B. Plasma cell 

differentiation pathways in systemic lupus erythematosus. Front. Immunol. 9, 427 (2018).
4.	 Jenks, S. A., Cashman, K. S., Woodruff, M. C., Lee, F. E. H. & Sanz, I. Extrafollicular 

responses in humans and SLE. Immunol. Rev. 288, 136–148 (2019).
5.	 García De Vinuesa, C., O’Leary, P., Sze, D. M. Y., Toellner, K. M. & MacLennan, I. C. M. 

T-independent type 2 antigens induce B cell proliferation in multiple splenic sites, but 
exponential growth is confined to extrafollicular foci. Eur. J. Immunol. 29, 1314–1323 (1999).

6.	 Arbuckle, M. R. et al. Development of autoantibodies before the clinical onset of 
systemic lupus erythematosus. N. Engl. J. Med. 349, 1526–1533 (2003).

7.	 Cornaby, C. et al. B cell epitope spreading: mechanisms and contribution to autoimmune 
diseases. Immunol. Lett. 163, 56–68 (2015).

8.	 Fahlquist-Hagert, C. et al. Antigen presentation by B cells enables epitope spreading 
across an MHC barrier. Nat. Commun. 14, 6941 (2023).

9.	 Jenks, S. A. et al. Distinct effector b cells induced by unregulated toll-like receptor 7 
contribute to pathogenic responses in systemic lupus erythematosus. Immunity 49, 
725–739.e6 (2018).

10.	 Voss, L. F. et al. The extrafollicular response is sufficient to drive initiation of 
autoimmunity and early disease hallmarks of lupus. Front. Immunol. 13, 1–19 (2022).

11.	 Zhu, D. Y. et al. CD21 primes extrafollicular differentiation of autoreactive B cells in  
a TLR7-driven lupus model. Sci. Immunol. 10, eads8226 (2025).

12.	 Baxter, R. M. et al. Expansion of extrafollicular B and T cell subsets in childhood-onset 
systemic lupus erythematosus. Front. Immunol. 14, 1208282 (2023).

13.	 Wardemann, H. et al. Predominant autoantibody production by early human B cell 
precursors. Science 301, 1374–1377 (2003).

14.	 Meffre, E. The establishment of early B cell tolerance in humans: lessons from primary 
immunodeficiency diseases. Ann. N. Y. Acad. Sci. 1246, 1–10 (2011).

15.	 Danke, N. A., Koelle, D. M., Yee, C., Beheray, S. & Kwok, W. W. Autoreactive T cells in 
healthy individuals. J. Immunol. 172, 5967–5972 (2004).

16.	 Lee, V. et al. The endogenous repertoire harbors self-reactive CD4+ T cell clones that 
adopt a follicular helper T cell-like phenotype at steady state. Nat. Immunol. 24, 487–500 
(2023).

17.	 Akama-Garren, E. H. et al. T cell help shapes B cell tolerance. Sci. Immunol. 9, eadj7029 
(2024).

18.	 Cashman, K. S. et al. Understanding and measuring human B-cell tolerance and its 
breakdown in autoimmune disease. Immunol. Rev. 292, 76–89 (2019).

19.	 Nemazee, D. Mechanisms of central tolerance for B cells. Nat. Rev. Immunol. 17, 281–294 
(2017).

20.	 Nemazee, D. A. & Biirki, K. Clonal deletion of B lymphocytes in a transgenic mouse 
bearing anti-MHC class I antibody genes. Nature 337, 562–566 (1989).

21.	 Tan, C., Noviski, M., Huizar, J. & Zikherman, J. Self-reactivity on a spectrum: a sliding scale 
of peripheral B cell tolerance. Immunol. Rev. 292, 37–60 (2019).

22.	 Fischer, A. A., Corcoran, M., Brouwer, P. J. M. & Chernyshev, M. Isolation of genetically 
diverse influenza antibodies highlights the role of IG germline gene variation and  
informs the design of population- comprehensive vaccine strategies. Preprint at bioRxiv 
https://doi.org/10.1101/2025.07.04.663145 (2025).

23.	 Sangesland, M. et al. Allelic polymorphism controls autoreactivity and vaccine  
elicitation of human broadly neutralizing antibodies against influenza virus. Immunity  
55, 1693–1709.e8 (2022).

24.	 Rodriguez, O. L. et al. Genetic variation in the immunoglobulin heavy chain locus shapes 
the human antibody repertoire. Nat. Commun. 14, 1–18 (2023).

25.	 Richardson, C. et al. Molecular basis of 9G4 B cell autoreactivity in human systemic 
lupus erythematosus. J. Immunol. 191, 4926–4939 (2013).

26.	 Tipton, C. M. et al. Diversity, cellular origin and autoreactivity of antibody-secreting  
cell population expansions in acute systemic lupus erythematosus. Nat. Immunol. 16, 
755–765 (2015).

27.	 Isenberg, D. A. et al. Correlation of 9G4 idiotope with disease activity in patients with 
systemic lupus erythematosus. Ann. Rheum. Dis. 57, 566–570 (1998).

28.	 Charles, E. D. et al. Clonal B cells in patients with hepatitis C virus-associated mixed 
cryoglobulinemia contain an expanded anergic CD21low B-cell subset. Blood 117, 
5425–5437 (2011).

29.	 Visentini, M. et al. The VH1-69-expressing marginal zone B cells expanded in 
HCV-associated mixed cryoglobulinemia display proliferative anergy irrespective of 
CD21low phenotype. Blood 118, 3440–3441 (2011).

30.	 Castrillon, C. et al. Complex subsets but redundant clonality after B cells egress from 
spontaneous germinal centers. eLife 12, 1–21 (2023).

31.	 Sprumont, A., Rodrigues, A., McGowan, S. J., Bannard, C. & Bannard, O. Germinal 
centers output clonally diverse plasma cell populations expressing high- and low-affinity 
antibodies. Cell 186, 5486–5499.e13 (2023).

32.	 Sutton, H. J. et al. Lack of affinity signature for germinal center cells that have initiated 
plasma cell differentiation. Immunity 57, 245–255.e5 (2024).

33.	 Schwickert, T. A. et al. In vivo imaging of germinal centres reveals a dynamic open 
structure. Nature 446, 83–87 (2007).

34.	 Tachó-Piñot, R. & Vinuesa, C. G. Affinity-independent plasma cell differentiation in 
germinal centers. Trends Immunol. 45, 234–236 (2024).

35.	 Cappione, A. et al. Germinal center exclusion of autoreactive B cells is defective in 
human systemic lupus erythematosus. J. Clin. Invest. 115, 3205–3216 (2005).

36.	 Chan, T. D. et al. Elimination of germinal-center-derived self-reactive b cells is governed 
by the location and concentration of self-antigen. Immunity 37, 893–904 (2012).

37.	 Berland, R. et al. Toll-like receptor 7-dependent loss of B cell tolerance in pathogenic 
autoantibody knockin mice. Immunity 25, 429–440 (2006).

38.	 van der Poel, C. E. et al. Follicular dendritic cells modulate germinal center B cell 
diversity through FcγRIIB. Cell Rep. 29, 2745–2755.e4 (2019).

39.	 Sanchez, G. M. et al. Aberrant zonal recycling of germinal center B cells impairs 
appropriate selection in lupus. Cell Rep. 43, 114978 (2024).

40.	 Chan, T. D. et al. Antigen affinity controls rapid T-dependent antibody production by 
driving the expansion rather than the differentiation or extrafollicular migration of early 
plasmablasts. J. Immunol. 183, 3139–3149 (2009).

41.	 MacLennan, I. C. M. et al. Extrafollicular antibody responses. Immunol. Rev. 194, 8–18 
(2003).

42.	 Herlands, R. A., William, J., Hershberg, U. & Shlomchik, M. J. Anti-chromatin antibodies 
drive in vivo antigen-specific activation and somatic hypermutation of rheumatoid factor 
B cells at extrafollicular sites. Eur. J. Immunol. 37, 3339–3351 (2007).

43.	 Liu, Z., Zou, Y. R. & Davidson, A. Plasma cells in systemic lupus erythematosus: the long 
and short of it all. Eur. J. Immunol. 41, 588–591 (2011).

44.	 Baumgarth, N. Extrafollicular B cell responses — is one tent big enough? Immunol. Rev. 
336, 1–9 (2025).

45.	 Eisenbarth, S. C. et al. A roadmap for defining “extrafollicular” B cell responses. Immunity 
58, 2627–2645 (2025).

46.	 Balázs, M., Martin, F., Zhou, T. & Kearney, J. F. Blood dendritic cells interact with splenic 
marginal zone B cells to initiate T-independent immune responses. Immunity 17, 341–352 
(2002).

47.	 Martin, F., Oliver, A. M. & Kearney, J. F. Marginal zone and B1 B cells unite in the early 
response against T-independent blood-borne particulate antigens. Immunity 14, 617–629 
(2001).

48.	 Siu, J. H. Y. et al. Two subsets of human marginal zone B cells resolved by global analysis 
of lymphoid tissues and blood. Sci. Immunol. 7, eabm9060 (2022).

49.	 Yurasov, S. et al. Defective B cell tolerance checkpoints in systemic lupus erythematosus. 
J. Exp. Med. 201, 703–711 (2005).

50.	 Wei, C. et al. A new population of cells lacking expression of CD27 represents a notable 
component of the B cell memory compartment in systemic lupus erythematosus.  
J. Immunol. 178, 6624–6633 (2007).

51.	 Weiss, G. E. et al. Atypical memory B cells are greatly expanded in individuals living  
in a malaria-endemic area. J. Immunol. 183, 2176–2182 (2009).

52.	 Hao, Y., O’Neill, P., Naradikian, M. S., Scholz, J. L. & Cancro, M. P. A B-cell subset uniquely 
responsive to innate stimuli accumulates in aged mice. Blood 118, 1294–1304 (2011).

53.	 Rubtsov, A. V. et al. Toll-like receptor 7 (TLR7)-driven accumulation of a novel CD11c+ 
B-cell population is important for the development of autoimmunity. Blood 118, 1305–1315 
(2011).

54.	 Gao, X. et al. Zeb2 drives the formation of CD11c+ atypical B cells to sustain germinal 
centers that control persistent infection. Sci. Immunol. 4748, eadj4748 (2024).

55.	 Oliviero, B. et al. Expansion of atypical memory B cells is a prominent feature of 
COVID-19. Cell. Mol. Immunol. 17, 1101–1103 (2020).

56.	 Fields, M. L. & Erikson, J. The regulation of lupus-associated autoantibodies: 
Immunoglobulin transgenic models. Curr. Opin. Immunol. 15, 709–717 (2003).

57.	 Shlomchik, M. J. Sites and stages of autoreactive B cell activation and regulation. 
Immunity 28, 18–28 (2008).

58.	 Paus, D. et al. Antigen recognition strength regulates the choice between extrafollicular 
plasma cell and germinal center B cell differentiation. J. Exp. Med. 203, 1081–1091 
(2006).

59.	 Goodnow, C. C. et al. Altered immunoglobulin expression and functional silencing of 
self-reactive B lymphocytes in transgenic mice. Nature 334, 676–682 (1988).

60.	 Lau, C. M. et al. RNA-associated autoantigens activate B cells by combined B cell antigen 
receptor/Toll-like receptor 7 engagement. J. Exp. Med. 202, 1171–1177 (2005).

61.	 Viglianti, G. A. et al. Activation of autoreactive B cells by CpG dsDNA. Immunity 19, 
837–847 (2003).

62.	 Uccellini, M. B. et al. Autoreactive B cells discriminate CpG-rich and CpG-poor DNA and 
this response is modulated by IFN-α. J. Immunol. 181, 5875–5884 (2008).

63.	 Sweet, R. A. et al. Facultative role for T cells in extrafollicular Toll-like 
receptor-dependent autoreactive B-cell responses in vivo. Proc. Natl Acad. Sci. USA 108, 
7932–7937 (2011).

64.	 Herlands, R. A., Christensen, S. R., Sweet, R. A., Hershberg, U. & Shlomchik, M. J. 
T cell-independent and Toll-like receptor-dependent antigen-driven activation of 
autoreactive B cells. Immunity 29, 249–260 (2008).

65.	 Castrillon, C. et al. Complex subsets but redundant clonality after B cells egress from 
spontaneous germinal centers. eLife 12, e81012 (2022).

66.	 Elsner, R. A. & Shlomchik, M. J. Germinal center and extrafollicular B cell responses  
in vaccination, immunity, and autoimmunity. Immunity 53, 1136–1150 (2020).

67.	 He, Y. & Vinuesa, C. G. Germinal center versus extrafollicular responses in systemic 
autoimmunity: who turns the blade on self? Adv. Immunol. 162, 109–133 (2024).

68.	 Staniek, J. & Rizzi, M. Signaling activation and modulation in extrafollicular B cell 
responses. Immunol. Rev. 330, e70004 (2025).

69.	 He, X. et al. Plasmablast-derived polyclonal antibody response after influenza vaccination. 
J. Immunol. Methods 365, 67–75 (2011).

http://www.nature.com/nrrheum
https://doi.org/10.1101/2025.07.04.663145


Nature Reviews Rheumatology

Review article

70.	 Kyu, S. Y. et al. Frequencies of human influenza-specific antibody secreting cells or  
plasmablasts post vaccination from fresh and frozen peripheral blood mononuclear  
cells. J. Immunol. Methods 340, 42–47 (2009).

71.	 Scharer, C. D. et al. Antibody-secreting cell destiny emerges during the initial stages of 
B-cell activation. Nat. Commun. 11, 1–14 (2020).

72.	 Glaros, V. et al. Limited access to antigen drives generation of early B cell memory while 
restraining the plasmablast response. Immunity 54, 2005–2023.e10 (2021).

73.	 Aung, A. et al. Low protease activity in B cell follicles promotes retention of intact 
antigens after immunization. Science 379, eabn8934 (2023).

74.	 Aung, A. & Irvine, D. J. Modulating antigen availability in lymphoid organs to shape the 
humoral immune response to vaccines. J. Immunol. 212, 171–178 (2024).

75.	 Dai, D. et al. The transcription factor ZEB2 drives the formation of age-associated B cells. 
Science 383, 413–421 (2024).

76.	 Goto, M. et al. Age-associated CD4+ T cells with B cell–promoting functions are regulated 
by ZEB2 in autoimmunity. Sci. Immunol. 9, 1–16 (2024).

77.	 Singh, A. Eliciting B cell immunity against infectious diseases using nanovaccines.  
Nat. Nanotechnol. 16, 16–24 (2021).

78.	 Heesters, B. A. et al. Endocytosis and recycling of immune complexes by follicular 
dendritic cells enhances B cell antigen binding and activation. Immunity 38, 1164–1175 
(2013).

79.	 Napirei, M. et al. Features of systemic lupus erythematosus in Dnase1-deficient mice.  
Nat. Genet. 25, 177–181 (2000).

80.	 Al-Mayouf, S. M. et al. Loss-of-function variant in DNASE1L3 causes a familial form of 
systemic lupus erythematosus. Nat. Genet. 43, 1186–1188 (2011).

81.	 Kenny, E. F., Raupach, B., Abu Abed, U., Brinkmann, V. & Zychlinsky, A. Dnase1-deficient 
mice spontaneously develop a systemic lupus erythematosus-like disease. Eur. J. Immunol. 
49, 590–599 (2019).

82.	 Soni, C. et al. Plasmacytoid dendritic cells and type I interferon promote extrafollicular 
B cell responses to extracellular self-DNA. Immunity 52, 1022–1038.e7 (2020).

83.	 Prodeus, A. P. et al. A critical role for complement in maintenance of self-tolerance. 
Immunity 9, 721–731 (1998).

84.	 Roozendaal, R. & Carroll, M. C. Complement receptors CD21 and CD35 in humoral 
immunity. Immunol. Rev. 219, 157–166 (2007).

85.	 Carroll, M. C. The complement system in B cell regulation. Mol. Immunol. 41, 141–146 
(2004).

86.	 Einav, S., Pozdnyakova, O. O., Ma, M. & Carroll, M. C. Complement C4 Is protective for 
lupus disease independent of C31. J. Immunol. 168, 1036–1041 (2002).

87.	 Paul, E., Pozdnyakova, O. O., Mitchell, E. & Carroll, M. C. Anti-DNA autoreactivity in  
C4-deficient mice. Eur. J. Immunol. 32, 2672–2679 (2002).

88.	 Chatterjee, P. et al. Complement C4 maintains peripheral B-cell tolerance in a myeloid cell 
dependent manner. Eur. J. Immunol. 43, 2441–2450 (2013).

89.	 Simoni, L. et al. Complement C4A regulates autoreactive B cells in murine lupus. Cell Rep. 
33, 108330 (2020).

90.	 Gretz, J. E., Norbury, C. C., Anderson, A. O., Proudfoot, A. E. I. & Shaw, S. Lymph-borne 
chemokines and other low molecular weight molecules reach high endothelial venules 
via specialized conduits while a functional barrier limits access to the lymphocyte 
microenvironments in lymph node cortex. J. Exp. Med. 192, 1425–1440 (2000).

91.	 Sixt, M. et al. The conduit system transports soluble antigens from the afferent lymph to 
resident dendritic cells in the T cell area of the lymph node. Immunity 22, 19–29 (2005).

92.	 Roozendaal, R. et al. Conduits mediate transport of low-molecular-weight antigen to 
lymph node follicles. Immunity 30, 264–276 (2009).

93.	 Elsner, R. A. & Shlomchik, M. J. IL-12 blocks Tfh cell differentiation during Salmonella 
infection, thereby contributing to germinal center suppression. Cell Rep. 29, 
2796–2809.e5 (2019).

94.	 Biram, A. et al. Bacterial infection disrupts established germinal center reactions through 
monocyte recruitment and impaired metabolic adaptation. Immunity 55, 442–458.e8 (2022).

95.	 Elsner, R. A., Smita, S. & Shlomchik, M. J. IL-12 induces a B cell-intrinsic IL-12/IFNγ feed- 
forward loop promoting extrafollicular B cell responses. Nat. Immunol. 25, 1283–1295 
(2024).

96.	 Munroe, M. E. et al. Altered type II interferon precedes autoantibody accrual and 
elevated type I interferon activity prior to systemic lupus erythematosus classification. 
Ann. Rheum. Dis. 75, 2014–2021 (2016).

97.	 Kim, C. C., Baccarella, A. M., Bayat, A., Pepper, M. & Fontana, M. F. FCRL5+ memory B cells 
exhibit robust recall responses. Cell Rep. 27, 1446–1460.e4 (2019).

98.	 Portugal, S. et al. Malaria-associated atypical memory B cells exhibit markedly reduced 
B cell receptor signaling and effector function. eLife 4, 1–21 (2015).

99.	 Faliti, C. E. et al. Interleukin-2-secreting T helper cells promote extra-follicular B cell 
maturation via intrinsic regulation of a B cell mTOR-AKT-Blimp-1 axis. Immunity 57, 
2772–2789.e8 (2024).

100.	 Kim, Y. et al. IL-21 shapes the B cell response in a context-dependent manner. Cell Rep. 
44, 115190 (2025).

101.	 Caielli, S. et al. A CD4+ T cell population expanded in lupus blood provides B cell help 
through interleukin-10 and succinate. Nat. Med. 25, 75–81 (2019).

102.	 Vinuesa, C. G., Shen, N. & Ware, T. Genetics of SLE: mechanistic insights from monogenic 
disease and disease-associated variants. Nat. Rev. Nephrol. 19, 558–572 (2023).

103.	 Scharer, C. D. et al. Epigenetic programming underpins B cell dysfunction in human SLE. 
Nat. Immunol. 20, 1071–1082 (2019).

104.	 Pan, Y. & Sawalha, A. H. Epigenetic regulation and the pathogenesis of systemic lupus 
erythematosus. Transl. Res. 153, 4–10 (2009).

105.	 Vijay, R. et al. Infection-induced plasmablasts are a nutrient sink that impairs humoral 
immunity to malaria. Nat. Immunol. 21, 790–801 (2020).

106.	 Akkaya, M., Kwak, K. & Pierce, S. K. B cell memory: building two walls of protection 
against pathogens. Nat. Rev. Immunol. 20, 229–238 (2020).

107.	 Martinis, E. et al. B cell immunometabolism in health and disease. Nat. Immunol. 26, 
366–377 (2025).

108.	 Ersching, J. et al. Germinal center selection and affinity maturation require dynamic 
regulation of mTORC1 kinase. Immunity 46, 1045–1058.e6 (2017).

109.	 Pae, J. et al. Cyclin D3 drives inertial cell cycling in dark zone germinal center B cells.  
J. Exp. Med. 218, e20201699 (2021).

110.	 Sharma, R. et al. Distinct metabolic requirements regulate B cell activation and germinal 
center responses. Nat. Immunol. 24, 1358–1369 (2023).

111.	 Woodruff, M. C. et al. Extrafollicular B cell responses correlate with neutralizing 
antibodies and morbidity in COVID-19. Nat. Immunol. 21, 1506–1516 (2020).

112.	 Woodruff, M. C. et al. Dysregulated naive B cells and de novo autoreactivity in severe 
COVID-19. Nature 611, 139–147 (2022).

113.	 Cao, T. et al. Mitochondrial regulation of acute extrafollicular B-cell responses to 
COVID-19 severity. Clin. Transl. Med. 12, e1025 (2022).

114.	 Patiño-Martinez, E. & Kaplan, M. J. Immunometabolism in systemic lupus erythematosus. 
Nat. Rev. Rheumatol. 21, 377–395 (2025).

115.	 Zeng, Q. et al. The m6A demethylase FTO links TLR7 to mitochondrial oxidation driving 
age-associated B cell formation in systemic lupus erythematosus. Sci. Transl. Med. 17, 
eadu6015 (2025).

116.	 Gomez-Bañuelos, E. et al. Affinity maturation generates pathogenic antibodies with dual 
reactivity to DNase1L3 and dsDNA in systemic lupus erythematosus. Nat. Commun. 14, 
1–14 (2023).

117.	 Shlomchik, M. et al. Anti-DNA antibodies from autoimmune mice arise by clonal 
expansion and somatic mutation. J. Exp. Med. 171, 265–297 (1990).

118.	 van den Broek, T. et al. Invasion of spontaneous germinal centers by naive B cells is rapid 
and persistent. Sci. Immunol. 9, eadi8150 (2024).

119.	 Sabouri, Z. et al. Redemption of autoantibodies on anergic B cells by variable-region 
glycosylation and mutation away from self-reactivity. Proc. Natl Acad. Sci. USA 111, 
E2567–E2575 (2014).

120.	 Burnett, D. L., Reed, J. H., Christ, D. & Goodnow, C. C. Clonal redemption and clonal anergy 
as mechanisms to balance B cell tolerance and immunity. Immunol. Rev. 292, 61–75 (2019).

121.	 Akama-Garren, E. H. & Carroll, M. C. T cell help in the autoreactive germinal center. 
Scand. J. Immunol. 95, 1–25 (2022).

122.	 He, J. et al. Circulating precursor CCR7loPD-1hi CXCR5+ CD4+ T cells indicate Tfh cell 
activity and promote antibody responses upon antigen reexposure. Immunity 39, 
770–781 (2013).

123.	 Akama-Garren, E. H. & Carroll, M. C. Lupus susceptibility loci predispose mice to clonal 
lymphocytic responses and myeloid expansion. J. Immunol. 208, 2403–2424 (2022).

124.	 Simpson, N. et al. Expansion of circulating T cells resembling follicular helper T cells  
is a fixed phenotype that identifies a subset of severe systemic lupus erythematosus. 
Arthritis Rheum. 62, 234–244 (2010).

125.	 Ma, J. et al. Increased frequency of circulating follicular helper T cells in patients with 
rheumatoid arthritis. Clin. Dev. Immunol. 2012, 827480 (2012).

126.	 Szabo, K. et al. Follicular helper T cells may play an important role in the severity  
of primary Sjögren’s syndrome. Clin. Immunol. 147, 95–104 (2013).

127.	 Kawamoto, M. et al. Expression and function of inducible co-stimulator in patients with 
systemic lupus erythematosus: possible involvement in excessive interferon-γ and 
anti-double-stranded DNA antibody production. Arthritis Res. Ther. 8, R62 (2006).

128.	 Dhaeze, T. et al. Circulating follicular regulatory T cells are defective in multiple sclerosis. 
J. Immunol. 195, 832–840 (2015).

129.	 Fonseca, V. R. et al. Human blood Tfr cells are indicators of ongoing humoral activity not 
fully licensed with suppressive function. Sci. Immunol. 2, eaan1487 (2017).

130.	 Kawane, K., Tanaka, H., Kitahara, Y., Shimaoka, S. & Nagata, S. Cytokine-dependent but 
acquired immunity-independent arthritis caused by DNA escaped from degradation. 
Proc. Natl Acad. Sci. USA 107, 19432–19437 (2010).

131.	 Ritvo, P.-G. et al. High-resolution repertoire analysis reveals a major bystander activation 
of Tfh and Tfr cells. Proc. Natl Acad. Sci. USA 115, 9604–9609 (2018).

132.	 Akama-Garren, E. H. et al. Follicular T cells are clonally and transcriptionally distinct in 
B cell-driven mouse autoimmune disease. Nat. Commun. 12, 1–19 (2021).

133.	 Eberl, G., Brawand, P. & MacDonald, H. R. Selective bystander proliferation of memory 
CD4+ and CD8+ T cells upon NK T or T cell activation. J. Immunol. 165, 4305–4311 (2000).

134.	 Tough, D. F., Borrow, P. & Sprent, J. Induction of bystander T cell proliferation by viruses 
and type I interferon in vivo. Science 272, 1947–1950 (1996).

135.	 Harkiolaki, M. et al. T cell-mediated autoimmune disease due to low-affinity 
crossreactivity to common microbial peptides. Immunity 30, 348–357 (2009).

136.	 Mason, D. A very high level of crossreactivity is an essential feature of the T-cell receptor. 
Immunol. Today 19, 395–404 (1998).

137.	 Hägglöf, T. et al. Continuous germinal center invasion contributes to the diversity of the 
immune response. Cell 186, 147–161.e15 (2023).

138.	 Nemazee, D. Antigen receptor ‘capacity’ and the sensitivity of self-tolerance. Immunol. 
Today 17, 25–29 (1996).

139.	 Ochsenbein, A. F. et al. Control of early viral and bacterial distribution and disease by 
natural antibodies. Science 286, 2156–2159 (1999).

140.	 Mazor, R. D. et al. Tumor-reactive antibodies evolve from non-binding and autoreactive 
precursors. Cell 185, 1208–1222.e21 (2022).

http://www.nature.com/nrrheum


Nature Reviews Rheumatology

Review article

141.	 Zhu, D. Y.-D., Castrillon, C. & Carroll, M. C. Innate immune receptors as dynamic modulators 
of extrafollicular autoimmune B cell Response. Immunol. Rev. 330, 1–15 (2025).

142.	 Flowers, E. M., Siniscalco, E. R. & Eisenbarth, S. C. Extrafollicular and other non-germinal 
center B cell responses: an evolutionary perspective. Immunol. Rev. 334, e70060 
(2025).

143.	 Sasaki, T. et al. Clonal relationships between Tph and Tfh cells in patients with SLE and in 
murine lupus. Preprint at bioRxiv https://doi.org/10.1101/2025.01.27.635189 (2025).

144.	 Song, W. et al. Development of Tbet- and CD11c-expressing B cells in a viral infection 
requires T follicular helper cells outside of germinal centers. Immunity 55, 290–307.e5 
(2022).

145.	 Odegard, J. M. et al. ICOS-dependent extrafollicular helper T cells elicit IgG production 
via IL-21 in systemic autoimmunity. J. Exp. Med. 205, 2873–2886 (2008).

146.	 Rao, D. A. et al. Pathologically expanded peripheral T helper cell subset drives B cells in 
rheumatoid arthritis. Nature 542, 110–114 (2017).

147.	 Bocharnikov, A. V. et al. PD-1hiCXCR5− T peripheral helper cells promote B cell responses 
in lupus via MAF and IL-21. JCI Insight 4, 1–19 (2019).

148.	 Gartshteyn, Y. et al. SAP-expressing T peripheral helper cells identify systemic lupus 
erythematosus patients with lupus nephritis. Front. Immunol. 15, 1–13 (2024).

149.	 Ito, T. et al. Plasmacytoid dendritic cells prime IL-10-producing T regulatory cells by 
inducible costimulator ligand. J. Exp. Med. 204, 105–115 (2007).

150.	 Bryant, V. L. et al. Cytokine-mediated regulation of human B cell differentiation into 
Ig-secreting cells: predominant role of IL-21 produced by CXCR5+ T follicular helper cells. 
J. Immunol. 179, 8180–8190 (2007).

151.	 Ettinger, R. et al. IL-21 induces differentiation of human naive and memory B cells into 
antibody-secreting plasma cells. J. Immunol. 175, 7867–7879 (2005).

152.	 Berglund, L. J. et al. IL-21 signalling via STAT3 primes human näive B cells to respond to 
IL-2 to enhance their differentiation into plasmablasts. Blood 122, 3940–3950 (2013).

153.	 Ozaki, K. et al. A critical role for IL-21 in regulating immunoglobulin production. Science 
298, 1630–1634 (2002).

154.	 Abhiraman, G. C. et al. A structural blueprint for interleukin-21 signal modulation.  
Cell Rep. 42, 112657 (2023).

155.	 Wang, S. et al. IL-21 drives expansion and plasma cell differentiation of autoreactive 
CD11chiT-bet+ B cells in SLE. Nat. Commun. 9, 1–14 (2018).

156.	 Song, W. et al. IL-21 and tissue-specific signals instruct Tbet+CD11c+ B cell development 
following viral infection Wenzhi. J. Immunol. 210, 1861–1865 (2023).

157.	 Tarr, T. et al. Similarities and differences between pediatric and adult patients with 
systemic lupus erythematosus. Lupus 24, 796–803 (2015).

158.	 Cattoretti, G. et al. Nuclear and cytoplasmic AID in extrafollicular and germinal center 
B cells. Blood 107, 3967–3975 (2006).

159.	 Di Niro, R. et al. Salmonella infection drives promiscuous B cell activation followed by 
extrafollicular affinity maturation. Immunity 43, 120–131 (2015).

160.	 Toyama, H. et al. Memory B cells without somatic hypermutation are generated from 
Bcl6-deficient B cells. Immunity 17, 329–339 (2002).

161.	 Inamine, A. et al. Two waves of memory B-cell generation in the primary immune 
response. Int. Immunol. 17, 581–589 (2005).

162.	 Kenderes, K. J. et al. T-Bet+ IgM memory cells generate multi-lineage effector B cells.  
Cell Rep. 24, 824–837.e3 (2018).

163.	 Sutton, H. J. et al. Atypical B cells are part of an alternative lineage of B cells that participates 
in responses to vaccination and infection in humans. Cell Rep. 34, 108684 (2021).

164.	 Perugino, C. A. et al. Two distinct durable human class-switched memory B cell 
populations are induced by vaccination and infection. Cell Rep. 44, 115472 (2025).

165.	 Zumaquero, E. et al. IFNγ induces epigenetic programming of human T-bethi B cells and 
promotes TLR7/8 and IL-21 induced differentiation. eLife 8, 1–36 (2019).

166.	 Rubtsova, K., Rubtsov, A. V., Van Dyk, L. F., Kappler, J. W. & Marrack, P. T-box transcription 
factor T-bet, a key player in a unique type of B-cell activation essential for effective viral 
clearance. Proc. Natl Acad. Sci. USA 110, E3216–E3224 (2013).

167.	 Rubtsova, K. et al. B cells expressing the transcription factor T-bet drive lupus-like 
autoimmunity. J. Clin. Invest. 127, 1392–1404 (2017).

168.	 Rubtsova, K., Rubtsov, A. V., Cancro, M. P. & Marrack, P. Age-associated B cells: a T-bet-
dependent effector with roles in protective and pathogenic immunity. J. Immunol. 195, 
1933–1937 (2015).

169.	 Faliti, C. E. et al. Disease-associated B cells and immune endotypes shape adaptive 
immune responses to SARS-CoV-2 mRNA vaccination in human SLE. Nat. Immunol.  
26, 131–145 (2025).

170.	 Schett, G. et al. Advancements and challenges in CAR T cell therapy in autoimmune 
diseases. Nat. Rev. Rheumatol. 20, 531–544 (2024).

171.	 Lee, D. S. W., Rojas, O. L. & Gommerman, J. L. B cell depletion therapies in autoimmune 
disease: advances and mechanistic insights. Nat. Rev. Drug Discov. 20, 179–199 (2021).

172.	 Mackensen, A. et al. Anti-CD19 CAR T cell therapy for refractory systemic lupus 
erythematosus. Nat. Med. 28, 2124–2132 (2022).

173.	 Müller, F. et al. CD19 CAR T-cell therapy in autoimmune disease — a case series with 
follow-up. N. Engl. J. Med. 390, 687–700 (2024).

174.	 Bhoj, V. G. et al. Persistence of long-lived plasma cells and humoral immunity in 
individuals responding to CD19-directed CAR T-cell therapy. Blood 128, 360–370 (2016).

175.	 Grenov, A. et al. Autoantibody origins in lupus and in relapse post CAR-T therapy. Preprint 
at bioRxiv https://doi.org/10.1101/2025.10.20.683393 (2025).

176.	 Dong, C. et al. Single-cell profiling of bone marrow B cells and early B cell developmental 
disorders associated with systemic lupus erythematosus. Arthritis Rheumatol. 76, 
599–613 (2024).

177.	 Wemlinger, S. M. et al. Preclinical analysis of candidate anti-human CD79 therapeutic 
antibodies using a humanized CD79 mouse model. J. Immunol. 208, 1566–1584 (2022).

178.	 Boyles, J. S. et al. A nondepleting anti-CD19 antibody impairs B cell function and inhibits 
autoimmune diseases. JCI Insight 8, 1–20 (2023).

179.	 Cohen, I. J. et al. Chimeric antigen receptor T cells against the IGHV4-34 B cell receptor 
specifically eliminate neoplastic and autoimmune B cells. Sci. Transl. Med. 18, eadr9382 
(2026).

180.	 Brown, G. J. et al. TLR7 gain-of-function genetic variation causes human lupus. Nature 
605, 349–356 (2022).

181.	 Jacobson, B. A. et al. Anatomy of autoantibody production: dominant localization of 
antibody-producing cells to T cell zones in Fas-deficient mice. Immunity 3, 509–519 
(1995).

182.	 Izui, S. et al. Induction of various autoantibodies by mutant gene lpr in several strains of 
mice. J. Immunol. 133, 227–233 (1984).

183.	 Dixon, F. J. et al. Etiology and pathogenesis of a spontaneous lupus-like syndrome in 
mice. Arthritis Rheum. 21, S64–S67 (1978).

184.	 William, J., Euler, C., Christensen, S. & Shlomchik, M. J. Evolution of autoantibody 
responses via somatic hypermutation outside of germinal centers. Science 297, 
2066–2070 (2002).

185.	 William, J., Euler, C. & Shlomchik, M. J. Short-lived plasmablasts dominate the early 
spontaneous rheumatoid factor response: differentiation pathways, hypermutating cell 
types, and affinity maturation outside the germinal center. J. Immunol. 174, 6879–6887 
(2005).

186.	 Carroll, M. C. & Isenman, D. E. Regulation of humoral immunity by complement. Immunity 
37, 199–207 (2012).

187.	 Fearon, D. T. & Carroll, M. C. Regulation of B lymphocyte responses to foreign and 
self-antigens by the CD19/CD21 complex. Annu. Rev. Immunol. 18, 393–422 (2000).

188.	 Hoefer, M. M. & Illges, H. Ectodomain shedding and generation of two carboxy-terminal 
fragments of human complement receptor 2/CD21. Mol. Immunol. 46, 2630–2639 
(2009).

189.	 Masilamani, M., Kassahn, D., Mikkat, S., Glocker, M. O. & Illges, H. B cell activation leads 
to shedding of complement receptor type II (CR2/CD21). Eur. J. Immunol. 33, 2391–2397 
(2003).

190.	 Masilamani, M. et al. Reduction of soluble complement receptor 2/CD21 in systemic lupus 
erythematosus and Sjögren's syndrome but not juvenile arthritis. Scand. J. Immunol. 60, 
625–630 (2004).

191.	 Mond, J. J., Mongini, P. K., Sieckmann, D. & Paul, W. E. Role of T lymphocytes in the 
response to TNP-AECM-Ficoll. J. Immunol. 125, 1066–1070 (1980).

192.	 Letvin, N. L., Benacerraf, B. & Germain, R. N. B-lymphocyte responses to trinitrophenyl- 
conjugated Ficoll: requirement for T lymphocytes and Ia-bearing adherent cells.  
Proc. Natl Acad. Sci. USA 78, 5113–5117 (1981).

193.	 Nordin, A. A. & Schreier, M. H. T cell control of the antibody response to the T-independent 
antigen, DAGG-Ficoll. J. Immunol. 129, 557–562 (1982).

194.	 Lee, S. K. et al. B cell priming for extrafollicular antibody responses requires Bcl-6 
expression by T cells. J. Exp. Med. 208, 1377–1388 (2011).

195.	 Ozaki, K. et al. Regulation of B cell differentiation and plasma cell generation by IL-21,  
a novel inducer of Blimp-1 and Bcl-6. J. Immunol. 173, 5361–5371 (2004).

196.	 Keller, B. et al. The expansion of human T-bet high CD21 low B cells is T cell dependent. 
Sci. Immunol. 6, 1–16 (2021).

197.	 Victora, G. D. & Nussenzweig, M. C. Germinal centers. Annu. Rev. Immunol. 40, 413–442 
(2022).

198.	 Cancro, M. P. Age-associated B cells. Annu. Rev. Immunol. 38, 315–340 (2020).
199.	 Portugal, S., Obeng-Adjei, N., Moir, S., Crompton, P. D. & Pierce, S. K. Atypical memory 

B cells in human chronic infectious diseases: an interim report. Cell. Immunol. 321, 18–25 
(2017).

200.	Wong, J. B. et al. B-1a cells acquire their unique characteristics by bypassing the pre-BCR 
selection stage. Nat. Commun. 10, 4768 (2019).

201.	 Chaudhuri, J. & Alt, F. W. Class-switch recombination: interplay of transcription, DNA 
deamination and DNA repair. Nat. Rev. Immunol. 4, 541–552 (2004).

202.	Platt, J. L., Garcia de Mattos Barbosa, M. & Cascalho, M. The five dimensions of B cell 
tolerance. Immunol. Rev. 292, 180–193 (2019).

203.	Reed, J. H., Jackson, J., Christ, D. & Goodnow, C. C. Clonal redemption of autoantibodies 
by somatic hypermutation away from self-reactivity during human immunization.  
J. Exp. Med. 213, 1255–1265 (2016).

204.	Pillai, S. & Cariappa, A. The follicular versus marginal zone B lymphocyte cell fate 
decision. Nat. Rev. Immunol. 9, 767–777 (2009).

205.	Cerutti, A., Cols, M. & Puga, I. Marginal zone B cells: virtues of innate-like antibody-producing 
lymphocytes. Bone 23, 1–7 (2011).

206.	Weill, J. C., Weller, S. & Reynaud, C. A. Human marginal zone B cells. Annu. Rev. Immunol. 
27, 267–285 (2009).

207.	 Ruddle, N. H. & Akirav, E. M. Secondary lymphoid organs: responding to genetic and 
environmental cues in ontogeny and the immune response. J. Immunol. 183, 2205–2212 
(2009).

208.	Leube, J. et al. Single-cell fate mapping reveals widespread clonal ignorance of 
low-affinity T cells exposed to systemic infection. Eur. J. Immunol. 53, 1–12 (2023).

209.	Crotty, S. T follicular helper cell differentiation, function, and roles in disease. Immunity 
41, 529–542 (2014).

210.	 Lu, Y. & Craft, J. T follicular regulatory cells: choreographers of productive germinal 
center responses. Front. Immunol. 12, 1–6 (2021).

http://www.nature.com/nrrheum
https://doi.org/10.1101/2025.01.27.635189
https://doi.org/10.1101/2025.10.20.683393


Nature Reviews Rheumatology

Review article

Acknowledgements
The work of the authors is supported by National Institutes of Health (NIH) grants 
R01AR074105 and R01AR072965 (M.C.C.), Lupus Research Alliance Lupus Mechanisms 
and Targets Award (M.C.C.), DoD grant HT94252410598 (M.C.C.), Lupus Research Alliance 
Empowering Lupus Research Career Development Award (C.C.), Canadian Institutes of Health 
Research Doctoral Foreign Study Award 202110DFD-475148-94277 (D.Y.-D.Z.).

Author contributions
All authors researched data for the article and contributed substantially to discussion of the 
content. D.Y.-D.Z., C.C. and E.A.-G. wrote the article. M.C.C., D.Y.-D.Z. and C.C. reviewed and 
edited the manuscript before submission.

Competing interests
The authors declare no competing interests.

Additional information
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights to this 
article under a publishing agreement with the author(s) or other rightsholder(s); author 
self-archiving of the accepted manuscript version of this article is solely governed by the 
terms of such publishing agreement and applicable law.

© Springer Nature Limited 2026

http://www.nature.com/nrrheum

	Germinal-centre and extrafollicular B cell pathways in systemic lupus erythematosus

	Introduction

	Intrinsic B cell autoreactivity

	Box 1 | Models of systemic lupus erythematosus for studying germinal-centre and extrafollicular B cell responses


	Germinal-centre and extrafollicular B cell pathways

	Germinal-centre dynamics

	The extrafollicular response

	Box 2 | The complement pathway in B cell activation and differentiation

	Mouse models for studying autoreactive B cell fate


	Determinants of germinal-centre versus extrafollicular fate

	Antigen stability and availability

	Cytokine regulation

	Transcriptional and epigenetic regulation

	Metabolic regulation


	Germinal-centre dynamics in systemic lupus erythematosus

	Germinal centres support autoreactive B cell evolution

	T follicular helper cells propagate autoreactive germinal centres


	T cell-dependent extrafollicular B cell responses in systemic lupus erythematosus

	T cell-derived signals governing extrafollicular autoimmunity

	Box 3 | Early insights into T cell help in extrafollicular B cell responses

	Extrafollicular T helper cell subsets driving pathogenic responses


	Future perspectives

	Memory B cell response and dynamics

	B cell-targeted therapies in systemic lupus erythematosus


	Conclusion

	Acknowledgements

	Fig. 1 Drivers of autoreactive B cell activation and differentiation.
	Fig. 2 Contextual determinants of extrafollicular and germinal-centre B cell pathways.
	Fig. 3 Components of an autoreactive germinal centre.
	Fig. 4 Germinal-centre-independent T cell help in extrafollicular B cell responses.




