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Abstract

Sections

Autoantibody flares areimportant drivers of pathology in systemic lupus
erythematosus (SLE), highlighting the pivotal role of B cellsininitiating
and propagating chronic autoimmunity. Although autoreactive
specificities are anormal 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
complementand TLR signalling. Emerging evidence continues torefine
our understanding of germinal-centre and extrafollicular responses as
complementary sources of autoreactive effector cells. With this progress,
investigationsinto 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,
akey challenge now is developing precision strategies that selectively
target pathogenic B cell subsets.
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Key points

e 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.

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

o 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.

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

e 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 —areinappropriately selected for activation, proliferation and
differentiation. Similar to responses against foreign antigens, autoreac-
tive B cells caneither enter the germinal centre, where the cellsundergo
extensive affinity-based selection, or differentiate extrafollicularly,
undergoing more limited selection over a shorter time window' .
Together, these pathways contribute to the diverse autoantibody
landscape characteristic of SLE, reflecting serological activity and
potentially contributing to substantial disease heterogeneity®. The
germinal-centre response contributes to disease progression through a
process known as epitope spreading”®. 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 investigations’ %

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
underlyingtolerance breakage in secondary lymphoid organs. Workin
mouse models using transgenic antigens and BCRs, as well as studies
of'vaccination andinfection, has shown that extrafollicular responses
do not always preclude the formation of a germinal-centre response
butrather precedeit. Asaccumulating 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 atimely 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

steer them towards one differentiation pathway over the other. We then
examine autoreactive germinal centres as open structures capable of
supportingthe 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 vitro™'*. Autore-
active T cells are similarly present in healthy tissues and in circulating
peripheral blood™', suggesting that cognate T cell help is available
to support a peripheral breach of B cell tolerance under permissive
conditions”. 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 checkpoints’® . Nevertheless, some
degree of residual self-reactivity is retained as a trade-off for maintain-
ingthebreadth 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 vivo?. Further work
suggests that certain autoreactive clones are actively selected into the
maturerepertoire through autoantigen engagement, and that distinct
B cell lineages (such as Bla 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-reactivity?* >,
For example, allelic variation at the IGHV1-69 locus can fine-tune the
self-reactive features of broadly neutralizing antibodies against influ-
enzaAvirus, contributing to population-level variationin autoimmune
susceptibility®.

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-representedin naive B cells, memory
B cellsand ASCs during flares, highlighting the selective expansion of
a pre-existing autoreactive clone® . Similarly, IGHV1-69 is distinctly
dominant in cryoglobulinaemic vasculitis following hepatitis C virus
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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 anautoreactive environment and shape the fate
of anaive 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
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infection’®*. 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 anautoreactive BCR transgenic compartment’. 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 /GHV4-34 (ref.30).
Altogether, these studiesillustrate thatintrinsic 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-bornself-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
are-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
specificities®*% Such observations reframe earlier work describ-
ing the germinal centre as an open structure for B cell circulation®,
challenging the assumption that high affinity is a requirement for
plasma-cell differentiation®*. 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
fromthe 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 SLE*. 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
reactivity*, Thus, spontaneous germinal-centre formation is a
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Box 1| Models of systemic lupus erythematosus for studying germinal-centre and

extrafollicular B cell responses

SW,,r, mice®®
o Express high-affinity anti-egg lysozyme (HEL) B cell receptors
(BCRs) and undergo normal somatic hypermutation.
e Used to study how self-antigen affinity and accessibility influence
germinal-centre recruitment.

TLR7 gain-of-function (kika) mice'®®
e Carry the gain-of-function TLR7"?%*" mutation identified in
paediatric systemic lupus erythematosus.
¢ Develop spontaneous germinal centres plus extrafollicular
T helper cells and age-associated B cells (ABCs).
e Crossing onto a germinal-centre B cell-depleted Cd23-cre Bcl6™!
background highlights strong germinal-centre-independent activity.

MRL/lpr mice'®"'8®
e Fas® mutation arising spontaneously within the MRL autoimmune
strain.
e Accelerated disease development, including broad autoantibodies
and systemic disease; autoreactive responses are predominantly
extrafollicular.

AM14 H-Tg, Fas-deficient mice**'3*1%°
e AM14 heavy-chain transgene encodes rheumatoid factor specifically.
e Crossing onto the Fas-deficient MRL/lpr background yields age-
dependent, spontaneous extrafollicular autoantibody-forming cells.
e Robust extrafollicular B cell responses and somatic hypermutation
after IgG anti-chromatin antibody challenge.

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 afterimmunization®*°. 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 cellinteractions, B cell expansion and subsequent plasmablast
and plasma-cell differentiation, and, ultimately, the development of
long-lived plasma cells*. 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 cells**** (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
elsewhere®. Marginal-zone B cells were traditionally regarded as a
major source of extrafollicular ASCs***"*¢, but more recent work in both
humans and mice has shown that naive follicular B cells can also sub-
stantially contribute”". Autoantibodies produced through thisroute are

The 564lgi mouse™’

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

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

Mixed bone-marrow chimeras"”’°

o Wild-type (WT) and 564lgi 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.

e Enables study of normal autoreactive B cell dynamics, repertoire
evolution and follicular T cell responses; germinal-centre
reporters (such as SIPR2-Cre®™™ TdTomato) can be used to track
germinal-centre-experienced donor cells.

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

B cell adoptive transfer and parabiosis models?"

o WT or gene-modified B cells transferred into 564lgi 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.

o Parabiosis (WT-564lgi pairs) enables study of WT cell invasion into
autoreactive germinal centres.

usually of lower affinity and can display polyreactivity towards multiple
autoantigens™*’,

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 thanin
healthy individuals, along with marked polyclonality, consistent with
autoantibody production occurring largely outside germinal centres®.
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 hypermutation?. 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 cells®*°, 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 expansionin SLE
and displays features of extrafollicular origin, including the absence
of CXCRS5 (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
asCD21) (Box 2).

Mechanistic insight from mouse models aligns closely with these
human observations. When B cells from healthy mice are transferred
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into 564lgi transgenic autoimmune mice, a subset of naive follicular
B cells rapidly downregulate the expression of CD21 immediately after
activation and before proliferation*" (Box 1). These CD21" cells, which
resemble human DN2 cells, are potent producers of autoantibodies
in autoimmune environments and seem to represent a transitional
state preceding extrafollicular ASC differentiation™. Crucially, func-
tionally blocking the CD21 receptor reduces donor-cell proliferation
and diminishes extrafollicular ASC formation". 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 inaged 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)**°1"%,

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 SLE***. Much of our understanding of sys-
temic B cell tolerance, and how itis 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 presentina physiologically naive repertoire
and exhibitarestricted B cell repertoire that limits BCR evolution. These
models commonly rely ondirect challenging by cognate ‘self’ antigen,
or adoptive transfer of antigen-specific B cellsinto 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 tolerance*>**~**, 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 fates*™"”* (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
BCRsignalling, 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 detail®® %, 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 dynamicsin 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 cells' (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 explanation'®®"*°, Early naive-activated CD21° DN2-like

C3 fragments
(ic3b, C3dg <
and C3d) (p

i T
\ N

Naive autoreactive B cell

Activated autoreactive B cell

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 differentiation®'. 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.
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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
suchasinterferons. 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-

Germinal-centre expansion
and B cell selection,
with epitope spreading

negative (DN) B cells (IgD"CD27") and subsequently into plasma cells. Bottom:
inthe 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; Ty, cells, T follicular helper
cells; T, cells, T helper cells.

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-dependentand T cell-independent stimuli, and appearin the
medullary cords of lymphnodes*. Similarly, in humanstudies, circulat-
ing ASCs become detectable in the blood 4-7 days after vaccination
or infection®”’°, Notably, these events coincide with two sometimes
overlooked milestones: the intrinsic timing necessary for activated
B cells to differentiate into ASCs’ and, crucially, the disappearance
of antigen from the splenic red pulp, accompanied by subsequent
accumulation within follicles” ™,

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 B1-8" mouse
model, inwhich B cellsrecognize a defined model antigen (4-hydroxy-
3-nitrophenylacetyl), this antigen remains detectablein the spleen for
roughly 4 days after immunization. This window coincides with key
events, including B cells moving to the germinal centre’, 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)”™’®. Detailed analysis using fluorescence resonance
energy transfer-based cleavage-sensitive probes demonstrate that
antigensare protected from degradation within B cell follicles, but are

rapidly degraded by metalloproteases outside follicles within 3 days
after immunization”. 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 reactions’”’. Inside follicles, follicular dendritic cells
protect antigens over time, sustaining germinal-centre activity’®. In
autoimmune settings, by contrast, antigenis often abundantand 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 thatincreased
antigendensity —even whenantibody affinity is modest — can bias acti-
vated B cells towards extrafollicular differentiation, whereas reduced
antigen density favours germinal-centre commitment’®. These findings
suggest that abundant antigen can override affinity thresholds that
normally limitextrafollicular predominance, probably in conjunction
withsome 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
influenceislargely dependent onthe spatial and inflammatory context
inwhich theinteraction 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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results in accumulation of extracellular DNA and drives autoimmune
disease’ %2, Complement components similarly maintain tolerance
by supporting efficient removal of apoptotic material®* . Mice defi-
cientincomplement C4 develop autoantibodies and exhibit defective
clearance of apoptotic debris®**, and mixed bone marrow chimeras
generated between C4-sufficient or C4-deficient mice and 564Igilupus
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-reactivity®**.
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-
iesindicate 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 organs’® 2, 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 cells®. Related work in the same
system showed that Scal* monocytes dampen germinal-centre
activity, reinforcing the idea that identifying factors that inhibit
germinal-centre activity can reveal drivers of the extrafollicular
pathway®. IL-12-stimulated B cells responding to Salmonella also
secrete IFNy, establishing a B cell-intrinsic positive feedback loop
thatstrengthens the extrafollicular trajectory®. Interferon signatures
are a hallmark of SLE, although the specific contributions of type I,
type Il and type Ill interferons to B cell fate and disease progression
continue to be defined®. T cell-derived IFNy is a central driver of
DN2 cell development in human SLE, and promotes the differentia-
tion of ABCs and atBCs in mice>****”% 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, amajor
regulator of plasma-cell differentiation®. IL-21 and IL-10 further modu-
late T cell-dependent extrafollicular responses, as discussed in more
detailinlater sections'*>'"", Collectively, these studies highlight that
cytokines — including IL-2, IL-10, IL-12, IL-21 and interferons — shape
theinflammatory 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
elsewhere*). Cytokine signalling in B cells often leads to transcriptional
and epigenetic changes that could amplify local inflammation through
therelease 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
markers®*”, 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 IFNy production,
further disrupting extrafollicular development”. Although genetic
predisposition contributes to SLE, chronicinflammation and cytokine
exposure canimpose epigenetic modulations that precondition B cells
towards a specific pathway'*’. Indeed, naive B cells inindividuals with
SLE exhibit an epigenetic profile consistent with a predisposition
towards extrafollicular differentiation'®'**.

Metabolic regulation

Metabolic resources represent an additionalimportant 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
anongoing 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 parasite'®.

B cells have distinct metabolic requirements at different stages of
differentiation and across subsets'**'””. For example, dynamic mTOR
complex1(mTORCI) activity is essential for regulating the proliferative
cycling of germinal-centre B cells'*®'°°, Notably, genetic disruption of
lactate dehydrogenase A (LDHA) — the enzyme responsible for convert-
ing pyruvate tolactate —in‘resting’ naive B cells abolishes germinal-cen-
treresponses while leaving extrafollicular responseintact. 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 activation'.

Clinically, individuals with severe COVID-19 exhibit a markedly
expanded extrafollicular response, whereas mild disease is dominated
by germinal-centre responses", Uncontrolled B cell activation and
aberrantextrafollicular reactions are normally restrained by the induc-
tion of mitochondrial dysfunction'. Reduced levels of mitochondrial
dysfunction is associated with severe COVID-19, resulting in patho-
genic extrafollicular B cell expansion and alimited capacity to produce
germinal-centre-derived antibodies necessary to curtail theinfection.
These observations suggest that mitochondrial dysfunction serves
asaregulatory mechanism to block exacerbated extrafollicular B cell
differentiationin 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 responsesinautoimmunity™*, Work shows that DN2-like
CD1ic"BcellsinSLE exhibitincreased expression of the 6-methyladeno-
sine (m°A) demethylase fat mass and obesity-associated protein (FTO).
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Mechanistically, epigenetic modification of m®A promotes human extra-
follicular DN2 formation througha TLR7-FTO-ATPase H'-transporting
V1subunit G1 (ATP6V1G1) signalling axis that enhances mitochondrial
oxidative phosphorylation™. 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 evolve"*",
Thus, in SLE, breaches in tolerance in the pre-germinal-centre com-
partments are often amplified during germinal-centre maturation.
Workin the 564Igi lupus modelillustrates this amplification. Germinal
centres seeded by autoreactive 564I1gi B cells can recruit B cells from
awild-type repertoire®. 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
diversification’. This recruitment contributes to epitope spreading’,
broadening antigenreactivity beyond theinitiating 564lgispecificity,
while maintaining similar germline BCR usage in autoimmune and
immunized settings®°. 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) —acritical 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 ASCs'™.

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
threshold®. 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 defined"*'?°,

Tfollicular helper cells propagate autoreactive

germinal centres

Within the autoreactive germinal centre, T follicular helper cells
(T cells) and T follicular regulatory cells (Tg cells) interact with
B cellstoshape peripheral tolerance. Animbalance — with pathogenic
Ty, cells promoting autoimmunity and regulatory Tg; cells failing to
constrain it — contributes to dysregulated B cell responses' (Fig. 3).
Circulating human CCR7°PD1"CXCR5* T, precursor cells also support
Try cell activity and are expanded in autoimmune disease'”. Across
mouse and humanstudies, Ty, cells show altered frequency, function,
gene expression and metabolic profilesin autoimmune disease”'> 7%,
Mounting evidence suggests that T;,, cellsadopt 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
Tyy-like phenotypes when transferred inmice, potentially providing an
abundantsource of support for autoreactive germinal-centre B cells™.
Genetic studies further underscore the centrality of Ty, cells: defi-
ciency of BCL6 or SLAM-associated protein (SAP) — both essential for
Tyyand germinal-centre formation — abrogates autoimmune disease in
Roquin®*s™ mice®’. 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 spreading”.
Continuous T cell help is necessary to maintain autoimmune germinal
centres, as T cell-specific deletion of BCL6 reduces the frequency of
autoimmune germinal centres”. Furthermore, although follicular T cell
repertoires from immunized and autoimmune mice are polyclonal
and share predicted specificities', aminority of clonotypes become
selectively enriched in autoimmune settings'>. Retrogenic chimeras
show that these enriched T cell receptors (TCRs) are sufficient to res-
cue autoimmune germinal-centre formation and epitope spreading”,
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 centre®. 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 activation""****, Repertoire analyses of
mouse Ty, and Teg cells suggest that follicular T cells undergo substan-
tial bystander expansion™ "** and harbour autoreactive TCRs'*"*>%¢,
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 autoimmunity®***°, 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,inturn, engages B cells, an outcome made possible
by the inherent autoreactivity embedded within both repertoires.
The mechanisms responsible for preventing such reciprocal breaks
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Fig. 3| Components of an autoreactive germinal
centre. Spontaneous autoreactive germinal centres
arise during chronic exposure to autoantigens and
functionas openstructures that permit theentry,
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)". Under
homeostatic conditions, self-reactive T follicular
helper cells (T, cells) are regulated by T follicular
regulatory cells (T cells) to prevent aberrant
activation and autoimmunity. In autoimmune
conditions, activated autoreactive Ty, cells promote
the establishment of autoreactive germinal centres,
and impaired T cell function further supports

the persistence of these germinal centres'”'?',

FDC, follicular dendritic cell; T, cell, T helper cell.

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
arapid 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 reviewed***>¢*¢14142 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

Asoutlinedinanearlier section, the extrafollicular antibody response
proceeds through adefined series of stages, with T cell-B cell interac-
tions and rapid B cell expansion occurring within 24 h after the primary
antigenencounter*. 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). Inautoimmunity, 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
Tcell-Bcellinteractionsin the extrafollicular pathway and potentially
shapesdistinct cellular dynamics within the lymphoid environment'.
Although T cell helpis 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) infectionin mice, germinal-centre-independ-
ent T, cell helpis necessary for the generation of ABC-like T-bet"'CD11c*
B cells***. By contrast, extrafollicular T cell help is ICOS dependent'*
yet SAPindependent in autoimmune mouse models”, suggesting that
stable, long-lived T cell-B cell contacts — crucial for germinal-centre
reactions — are less essential in the extrafollicular pathway.
Dnasell3” mice generate autoantibodies via extrafollicular ASCs,
a process that requires T cell help mediated by CD40L*. 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 5641gi hosts, suggesting that extrafollicular ASC
differentiation depends on antigen-specific T cell interactions"*'*,
In the MRL/Ipr lupus strain, PSGL1"® 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 PSGL1"° T cells also require B cells for their own
development, demonstrating areciprocal extrafollicular T cell-B cell
co-dependency'”. Conversely, some studies suggest that T cell help
augments extrafollicular B cell responses, but does not constitute a
strictrequirement. For example, in MLR/Ipr mice expressing the AM14
heavy-chain transgene (Box 1), extrafollicular activation and somatic
hypermutation of anti-chromatin AM14 B cells occur independently
of T cellsand instead rely on TLR7 and TLR9 signalling, although CD4*
T cellsamplify the response®’. 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
antibodies®*. 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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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 cells™®""*?. 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-Ficoll'®.

A clearer extrafollicular T cell identity emerged with the
discovery of a specific BCL6'PD1° population of pre-germinal-
centre T follicular helper cells (T, cells) located at the T cell-B cell
border in mice. These pre-germinal-centre T, 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 T, cells also
require BCL6 to drive extrafollicular plasmablast differentiation
and antibody production'*. BCL6" pre-germinal-centre Ty, cells
mediate extrafollicular antibody response through IL-21, consistent
with previous reports®*'*>'%'°¢ During Salmonella infection,
pre-germinal-centre T, cells emerge 4 days post-transfer at the
T cell-B cell border and initiate the extrafollicular plasmablast
response, preceding the emergence of PD1" T cells. Immunization
with hen-egg lysozyme-ovalbumin further confirmed that
BCL6-dependent pre-germinal-centre T, cells function in an
antigen-specific manner'®*.

TCRs, albeit at lower levels than in wild-type recipients®. 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 blockade®. 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 rolein
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 T, depletion in mice exhibit a
Try-like phenotype and secrete IFNy, yet have low BCL6 expression™®.
However, characterization of the autoreactive potential of T cell rep-
ertoiresequipped with extrafollicular B helper functions remains lim-
ited. Given that a single self-reactive T, clone can drive autoreactive
germinal-centre development, anintriguing questionis whether such
a clone could also support extrafollicular responses”. 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 cellssuchas DN2 cellsand ABCs, considerable effort hasbeenmade
in characterizing the T cell populations that provide extrafollicular
help and promote pathogenic antibody responses. Among these cells,
T peripheral helper cells (T, cells) and T helper 10 cells (T,10 cells)
have emerged as major T cell subsets supporting extrafollicular B cell
responsesin SLE, albeit through distinct mechanisms (Fig. 4a). T, 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 cells**'*, T, cells exhibit a PDI"CXCR5 CD4" surface signature and
express high levels of IL-21, CXCL13 and SAP™S, in part consistent with
apotent capacity to drive extrafollicular B cell activation. However, as
the cognate receptor for CXCL13, CXCRS, is not expressed onbona fide
extrafollicular B cells, T, cells might also perform functions beyond
direct recruitment and activation of these B cells. T, cells also have
unique expression of CCR2, CX3CR1 and CCRS5, possibly driving the
migration of T, cells to sites of inflammation.

In paediatric-onset SLE, a phenotypically similar yet functionally
distinct subset of CXCR5"CXCR3*PD1"CD4" helper T cells — referred
to as T,,10 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 CXCRS5 expression combined with CXCR4 expression suggests
extrafollicular confinement. In contrast to T, cells, T,;10 cell B helper
functionis 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 signalling™’
(Fig. 4a). The precise roles of IL-10 and succinate in promoting patho-
genic B cell autoantibody production remain unresolved. Moreover,
T, 10 cells can promote IgD"CD27"B celland CD27°CD38" plasmablast
differentiationand antibody productioninvitro,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 expression”.
A related role has been proposed for ZEB2 in promoting the B
helper functions of a CXCR3™¢CD4" effector memory T cell subset,
named age-associated T helper cells (T,,A cells). These cells repre-
sent another subset distinct from T, cells and are characterized by
asurface phenotype of CD25"CXCR5"CCR6 CCR4™ and the unique
feature of age-dependent expansion (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 T,,A 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-21signals through IL-21R on B cells via the JAK-STAT pathway by
phosphorylating and activating STAT3, which in turn, induces a tran-
scriptional programme thatincludes Blymphocyte-induced maturation
protein1(BLIMP1) and activation-induced cytidine deaminase, thereby
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promoting plasma-cell differentiation and potent immunoglobulin
production™°* Interestingly, IL-21 exhibits context-dependent func-
tions that varyaccording 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 apoptosis'°®. Notably, positive IL-21
signalling is considerably amplified with CD40 co-stimulation, under-
scoring the synergistic functions of multiple T cell-derived helper
signals™*">*, The outcome of IL-21 signalling also seems to depend
on the expression level of IL-21R across B cell subsets. For instance,
CD11c"CD21° 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 genes'>.
Consequently, IL-21 drives the expansion and plasma-cell differen-
tiation of DN2-like CD11c" cells in both patients with SLE and infected
mice>¢, T, cells expressed higher levels of IL-21 than CXCR5" T cell
populations, and together with the elevated expression of IL-21IR on
extrafollicularly committed B cells, this cytokine environment prob-
ably promotes B cell retention and activationin extrafollicular niches,
facilitating terminal ASC differentiation'*’. 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 thelack of CD25 upregulation®. Instead, DN2 cells are highly

a B cell differentiation

responsive to TLR7 signalling, suggesting areduced reliance on cognate
Tcellhelp.

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-
eralunresolved questions. Forinstance, akey priority isto delineate the
developmental trajectories of extrafollicular T helper cells and identify
thesignals thatdrive their polarization. T, cells share substantial clonal
overlap with Ty, cells in both patients with SLE and pristane-treated
mice'*. In patients with SLE, transcriptomic pseudotime analysis posi-
tions T, cellsdownstream of T, cellsin the developmental hierarchy'*.
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 disease™’. 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 sites**""°,
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),
andtoalesser extent, CpGA, leading to the induction of T helper 10 cells (T,,10
cells) (PDI"CXCR3*CXCR5 CD4"). These inducible T cell co-stimulator ligand
(ICOSL)-dependent T,10 cells produce succinate, IL-10 and IFNy and promote
IgD"CD27" B celland CD27'CD38" plasmablast differentiation in vitro'*. Middle:
MAF-dependent T peripheral helper cells (T, cells) (PDI"CXCR5 CD4*) produce
IL-21and CXCL13, drive plasmablast differentiation from CD27°1gD” memory
cellsinvitro, and correlate with CD11c" B cell responses in patients with SLE™**7,

Bottom: age-associated T helper cell (T,,A cell) (CXCR3™CXCR5 CD4")
developmentis driven by T-bet and ZEB2; these cells secrete IL-21and CXCL13,
and also express CD84 to facilitate T cell-B cell interactions™. b, Cognate and
bystander signals shape extrafollicular differentiation of autoreactive B cells.
Naive autoreactive B cells commit to extrafollicular differentiation pathways
viacognate CD4" T helper cell (T, cell) interactions, indirect T cell help (through
IL-21, succinate, IL-10 and IFNy) 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
PAXS5 activities are suppressed. Blocking the interaction between C3d or iC3b
and CD21with 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

Anintriguing 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 SLE’. 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 aresting phenotype emerge in Ragl” mice reconstituted
with Bcl6™~ bone marrow 60 days after primary immunization with
4-hydroxy-3-nitrophenylacetyl-CG'. Similarly, IgG1"CD38" 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 administration’".
Inanother model, non-proliferating, non-germinal-centre, unmutated
B220Me"BCR"#" B cells develop as early as 5 days after HEL*-SRBC
immunization and are characterized as possible early memory B cells*.

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 derived'**'**, However, accumulating evidence
suggests that DN2 cells actually emerge from naive precursors and
function primarily asimmediate ASC progenitors, rather thanforming
astable, long-lived memory pool®'®*,

Ininfectious 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 identity'®. 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 subsets'**'%’,
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"),
DN1B cells (IgD"CD27 CXCR5'CD11c CD21") were identified as durable
memory subsets, with relatively low mutation frequencies, suggesting a

possible extrafollicular origin. However, DN1cells express CXCRS5, con-
trasting with conventional germinal-centre-independent subsets’. By
contrast, DN2 cells showed limited durability in one study (disappearing
within 2 months post-boost), but persisted for over 4 monthsin healthy
individuals and patients with SLE in another study'**'*’. 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

Arange 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-
cacy"°. CD19-targeted and B cell maturation antigen (BCMA)-targeted
chimericantigenreceptor (CAR) T cell therapies have produced promis-
ingearly results, including possible long-term remission and evidence
of an immunological ‘reset’ in which reconstituting B cell repertoires
remainnon-autoreactive following depletion of the CART cells"”. Nota-
bly, minimal circulating self-reactive antibodies and CD11¢*CD21" B cells
were detected at 6 months to 1year following CD19 CART cell therapy
in patients with SLEV>'>, However, a modest rebound in circulating
memory B cells was observed at 1-year follow-up, suggesting potential
re-emergence of germinal-centre-mediated activity'”. Persistence of
long-lived plasma cells and antibody response has also been reported
inrecipients of the CD19-targeted CAR T cell therapy CTLO19 (ref.174).

These findings highlight the importance of the long-term moni-
toring of reconstituting B cell clonal repertoires, as well as potential
shiftsin T cell clonality following B cell depletion, to better understand
treatmentbiology and to capture any repertoire shifts that mightimply
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 CART cell treatment was probably largely driven by newly
generated B cells rather than treatment-resistant plasmacells, whereas
relapse following BCMA-targeted CART cell treatment showed amixed
origin'”. These early results highlight both the variable efficacy and
distinct mechanisms of depletion across CART cell platforms, as well
astheenduringinfluence of an autoimmune environment. Additional
workisneeded to define the environmental changesinduced by B cell
depletion — particularly those that might predict the nature and fate of
returningrepertoires 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 activation'’, Disease-associated
epigenetic imprinting in naive B cells, together with developmental
defectsin progenitor B cells, suggest sustained changes in B cell physi-
ology that could be resistant to peripheral B cell depletion'®'¢, 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 complementreceptors such as CD21represent one such strategy,
astargeting these pathways could modulate activation signalling and
B cell differentiation without eliminating the entire repertoire””’s,
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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 centre'”’.

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 %1%,

Atypical B cells

(atBCs). A pathogenic B cell subset
observed ininfectious settings
and phenotypically analogous

to age-associated B cells'™.

Bla 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

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

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 ‘gM'Coym_

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 centre®?92%%,

Epitope spreading

The diversification and shifting of
antigenic targets recognized by the
autoantibody repertoire’.

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 IgM"IgD**CD21"CD1d"CD23" and
mount rapid responses to blood-borne
pathogens and lipid antigens”***°. In
humans, marginal-zone B cells are found
in the lymphoid organs and circulation,
and exhibit a IgM"IgD°CD23 CD21'CD1c’
surface phenotype”.

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
induction®”’.

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

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
IgDMgM“CD21™ (follicular type 1)
or IgD"IgM"CD21M (follicular type 2)
phenotype”™.

Somatic hypermutation

A diversification process in which
antigen-experienced B cells acquire
rapid point mutations inimmunoglobulin
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
responses™?’.

T cellignorance

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

T follicular helper cells

(T, cells). Specialized
CDA4'CCR7“"PSGL1“" helper T cells
that are essential for germinal-centre
formation and antibody production;
the majority of germinal-centre

T follicular helper cells are
PD1"BCLB"SAP"CXCRS". B cells
receive cognate and indirect help
from T follicular helper cells via
CDA40L, IL-4 and IL-21 for activation

17121,209

and differentiation

T follicular regulatory cells
(Teg cells). A population of CD4" T cells
that differentiate from CD25"FOXP3*
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 cells”®.

The autoreactive B cell repertoire might also be indirectly modulated
by targeting T cell populations that provide B-helper or supportive
functions'. In addition, CAR T cells that specifically target B cells
expressing SLE-associated /IGHV4-34 show early promise as a non-
depleting therapeutic approach”’. 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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