Autoantibody
Antibody directed against an
organism’s own tissues.

Antinuclear antibodies
(ANAs). Heterogeneous
autoantibodies against one or
more antigens present in the
nucleus, including chromatin,
nucleosomes and ribonuclear
proteins. ANAs are found in
association with many different
autoimmune diseases.
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REVIEWS

Dysregulation of germinal centres in
autoimmune disease

Activation of polyclonal B cells with lipopolysaccharide
(LPS) showed that B cells with the potential to produce
autoantibodies, including antinuclear antibodies (ANAs),
are common in the normal B cell repertoire"?. However,
these autoantibodies are, for the most part, crossreactive,
low-affinity IgM antibodies’ that have a bias towards
binding to soluble rather than cell surface self antigens*.
By contrast, most pathological autoantibodies bind anti-
gen with high affinity, are IgG antibodies and contain
mutations that are selected by antigen®~”. These are fea-
tures of antibodies that are raised against typical protein
antigens and are the products of plasma cells generated
from germinal centres (GCs).

There are two phases of T cell-dependent B cell acti-
vation: the first phase occurs in foci formed at the outer
T cell zone, which can give rise to short-lived plasma
cells that accumulate in extrafollicular foci or induce
B cells that then enter the follicles to form GCs. The sec-
ond phase occurs in GCs and results in the generation
of affinity-matured long-lived plasma cells and memory
B cells®. In 1986 MacLennan and Gray proposed what
became the standard model of GCs’ to account for several
lines of evidence describing their function. According
to this model, GC B cells undergo substantial antigen-
dependent proliferation'® (and are termed centroblasts)
and undergo a high rate of mutation in immunoglobulin
variable (V) region genes through a process known as
somatic hypermutation (SHM)'"'2. Antigen is captured
by resident stromal cells known as follicular dendritic
cells (FDCs) in a complement- and antibody-dependent
process, and B cells are selected based on their affinity
for the captured antigen. It was suggested that this was

Carola G. Vinuesa*, Iiiaki Sanz* and Matthew C. Cook *$

Abstract | In germinal centres, somatic hypermutation and B cell selection increase antibody
affinity and specificity for the immunizing antigen, but the generation of autoreactive B cells is
an inevitable by-product of this process. Here, we review the evidence that aberrant selection
of these autoreactive B cells can arise from abnormalities in each of the germinal centre
cellular constituents— B cells, T follicular helper cells, follicular dendritic cells and tingible
body macrophages — or in the supply of antigen. As the progeny of germinal centre B cells
includes long-lived plasma cells, selection of autoreactive B cells can propagate long-lived
autoantibody responses and cause autoimmune diseases. Elucidation of crucial molecular
signals in germinal centres has led to the identification of novel therapeutic targets.

the probable role of GCs in the induction of memory
B cells'®. Immunoglobulin class switching is initiated dur-
ing the first phase of B cell activation, soon after the first
B cell-T cell interaction in the outer T cell zone®, but fur-
ther switching can still occur within GCs. It is therefore
not surprising to find significant rates of class switching
in both follicular and extrafollicular responses.

Experimental manipulations, such as administering
adjuvant and high concentrations of antigen, showed
that affinity maturation can take place in the absence of
GCs'. Although GCs may not be an absolute require-
ment for affinity maturation, the selective advantage
conferred by these highly specialized, transient struc-
tures might be as an adaptation that simultaneously sup-
ports a complex mechanism of cellular amplification and
selection in response to physiological concentrations
and forms of antigen'® and limits the consequent risk of
autoreactivity. The stochastic nature of SHM makes the
generation of autoreactive B cell clones an almost certain
by-product of GCs'*". If these autoreactive B cells are
not eliminated, there can be long-term consequences
because plasma cells and memory B cells that are
generated in GCs can live for many years'.

More than 80 distinct autoimmune diseases have
been described and many of these are associated with
the development of autoantibodies (see Supplementary
information S1 (table)). Indeed, detection of autoanti-
bodies in patients’ serum is used in the clinical diagno-
sis of many autoimmune diseases. Some antibodies are
specifically associated with a particular disease, whereas
others are present in more than one autoimmune disease
and even in apparently healthy individuals. Curiously,
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Centroblast

A proliferating germinal centre
B cell with rearranged
variable-region
immunoglobulin genes that are
undergoing somatic
hypermutation.

Somatic hypermutation
(SHM). A programmed process
of mutation targeting the
variable regions of
immunoglobulin genes that
allows the selection of B cells
that express immunoglobulin
receptors with highest affinity
for foreign antigens.

Immunoglobulin class
switching

(also known as class switch
recombination (CSR)).

A process that changes the
constant region portion of the
antibody heavy chain from one
class (that is, IgM, IgD, 1gG or
IgA) to another, enabling the
antibody to perform different
effector functions and leaving
the variable region of the heavy
chain — and thus antigen
specificity — unchanged.

T follicular helper (T,) cell
Atype of helper T cell that
differentiates on BCL-6
expression, localizes to follicles
owing to high expression of
CXCR5 and CXCR4 and
provides CD40L- and
IL-21-mediated selection and
survival signals to germinal
centre B cells.

Centrocyte

The non-dividing progeny of a
centroblast. These cells need
to be selected on the basis of
their affinity for antigen,
following interaction with
immune complexes that are
associated with follicular
dendritic cells, and their ability
to elicit help from T,,, cells.

Complementarity-
determining regions

A short amino acid sequence
found in the variable domains
of antigen receptor proteins
that complements an antigen
and therefore provides the
receptor with its specificity for
that particular antigen.

the antigens that are recognized by autoantibodies have
a range of expression patterns, from tissue-specific to
ubiquitous, but tissue-specific pathology does not nec-
essarily predict that the associated autoantibodies will
be directed at antigens that are confined to the site of
pathology. The specificity for disease, positive correla-
tion between serum titre and disease activity, deposition
of immune complexes in sites of end-organ pathology
and recapitulation of diseases with serum transfer
imply a pathogenic role for certain autoantibodies'’
(Supplementary information S1 (table)).

Analysis of autoantibodies suggested that they share
a common ontogeny with conventional antibodies that
are formed during T cell-dependent responses to foreign
antigens or indeed as a consequence of SHM in GCs***!.
One interpretation of autoantigen specificity is that they
are antigen-driven. The combination of high antigen
specificity, conferred by affinity maturation of an anti-
body, and the chronic nature of the autoantibody response
suggests that many autoantibodies are the products of
long-lived plasma cells, the ontogeny of which involves
GCs. Recent studies that are discussed in this Review
have provided experimental evidence that dysregulated
GCs contribute to autoimmunity.

There is also abundant and convincing evidence
that, like their non-autoimmune counterparts, auto-
antibodies can be generated extrafollicularly, either in
the context of T cell-dependent or T cell-independent
responses®~*’; in some models these autoantibodies are
also somatically mutated®. Furthermore, we anticipate
that, at least in some patients, autoimmune diseases may
prove to be the result of combined dysregulated follicular
and extrafollicular antibody production, but confirm-
ing this will depend on new approaches that can more
accurately determine the origin of autoreactive plasma
cells. This caveat notwithstanding, we focus our discus-
sion here on the contribution of the GC pathway to auto-
immune disease. We outline evidence for abnormal GC
responses in autoimmune disease, including evidence
that the complexity of GC development is recapitulated
during inflammatory responses in non-lymphoid paren-
chyma, which complements the molecular evidence for
antigen-mediated selection. Finally, we discuss progress
in understanding the mechanisms of human disease and
the possibilities for therapeutic intervention.

GC biology

Band T cell recruitment. The formation of GCs depends
on intrafollicular localization of antigen, activated B cells
and T cells. B cell activation is initially triggered by acute
ligation with sufficient (suprathreshold) antigen, and
results in the upregulation of CC-chemokine receptor 7
(CCR?7) expression and migration of the B cells to the
outer T cell zone. Here, B cells receive help from primed
T helper (T,) cells. It has been proposed these T, cells
are specialized CXC-chemokine receptor 5 (CXCR5)*
T cells — pre-T follicular helper cells — capable of secret-
ing different cytokines®. Alternatively it is possible that
nascent T, 1, T, 2 or T,,17 cells can differentiate to become
T follicular helper (T,,) cells after interacting with B cells
or can complete differentiation to become bona fide

effector THI, THZ and TH17 cells. After receiving T cell
help in the outer T cell zone, B cells either seed follicles,
and potentially propagate GCs, or form extrafollicular
plasma cell responses (TABLE 1). The factors determining
this differentiation decision are not completely under-
stood. B cells that upregulate expression of B lymphocyte-
induced maturation protein 1 (BLIMP1; also known
as PRDM1) and maintain expression of the orphan G
protein-coupled receptor Epstein-Barr virus-induced
gene 2 (EBI2; also known as GPR183)**" move to the
bridging channels or junction zones at the boundary
between the T cell zones and the red pulp of the spleen
or move to lymph node medullary cords. At these sites
they grow as plasmablasts and differentiate into extra-
follicular plasma cells, which undergo a moderate degree
of immunoglobulin class switching and tend to die after
three days by apoptosis in the secondary lymphoid
tissue where they were produced'® (TABLE 1). Under some
circumstances this pathway can give rise to somati-
cally mutated autoantibodies™. By contrast, B cells that
upregulate B cell lymphoma 6 (BCL-6) expression, as
a consequence of interferon-regulatory factor 8 (IRE8)
expression and downregulation of EBI2, differentiate
into GC B cells and undergo CXCR5-mediated migration
to the follicles®!.

In T, cells, strong T cell receptor binding and stable
interactions involving SLAM-associated protein (SAP;
also known as SH2D1A) with B cells promote T, cell for-
mation and entry into the GC*>*, Commitment to the T, ,
cell lineage also requires upregulation of BCL-6 expression,
which leads to upregulation of CXCR5 expression™. This
occurs, at least in part, through BCL-6-induced repres-
sion of the microRNA cluster 17-92 (REF. 35). Although
T,,, cells can produce cytokines that are characteristic
of other T, cell lineages, the amounts of interferon-y
(IFNy) and interleukin-17 (IL-17) produced by T,
cells are lower than those found in THI and TH17 cells,
respectively®. By contrast, T, cells produce substantial
amounts of IL-21, which influences both GC B cells
and T, cells.

B cell maturation and antigen-driven selection. B cell
blasts proliferate to fill the follicles and differentiate to
become centroblasts, which upregulate CXCR4 expres-
sion and become located close to the T cell zones*
(forming the follicular dark zone) (FIG. 1). Preferential
CXCR4 expression also seems to segregate centro-
blasts and the non-dividing progeny of centroblasts,
centrocytes, in human tonsils into dark zones and light
zones, respectively”. Proliferating centroblasts express
activation-induced cytidine deaminase (AID; encoded
by AICDA), which drives immunoglobulin class switch-
ing and the SHM machinery. Mutations are concentrated
in the complementarity-determining regions (CDRs) of
IgV regions and result in stochastic changes in antibody
affinity and specificity. Centrocytes re-express cell surface
immunoglobulin (the B cell receptor (BCR)) and can take
up antigen presented by FDCs in the form of immune
complexes®. Immune complexes presented by FDCs are
particularly prominent in the light zones, which are also
rich in T, cells. This spatial compartmentalization led
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Table 1| Follicular versus extrafollicular T cell-dependent B cell responses to foreign antigens

Follicular
BCL-6

Secondary follicles

Parameter
B cell transcription factors

Localization

Requirement for first B cell-T cell
interactioninthe T cell zone

Requirement for second

B cell-T cell interaction T, cells are essential

IL-21R expression and

dependence required for GC formation and
longevity
AID expression Yes

Class switching

Yes, CD40 signals required
Yes, survival and selection signals from

IL-21R expressed; IL-21R signals

Yes, significant class switching occurs

Extrafollicular
BLIMP1

Bridging channels or junction zones
between T cell zone and red pulp of
spleen; lymph node medullary cords

Yes, CD40 signals required

Interaction with extrafollicular T cells may
promote growth

IL-21R signals are likely to influence the
magnitude of the extrafollicular responses
prior to plasmablast formation (IL-21R
downregulated in plasmablasts)*

Yes

Yes, significant class switching occurs

and is initiated soon after the first
B cell-T cell cognate interaction in the
T cell zone, prior to entering the follicles

Somatic hypermutation High rate

Quality of the antibody
produced

High affinity

Longevity of terminally

differentiated B cells B cells

Homing of effector plasma cells

Long-lived plasma cells and memory

Bone marrow or local MALT

Low rate*

Low affinity

Short-lived plasma cells (lifespan of
~3 days)

Most die by apoptosis in the secondary
lymphoid tissues where they were produced

AID, activation-induced cytidine deaminase; BCL-6, B cell lymphoma 6; BLIMP1, B lymphocyte-induced maturation protein 1; GC,
germinal centre; IL-21R, interleukin-21 receptor; MALT, mucosa-associated lymphoid tissue; T, T follicular helper. *Extrafollicular
response to IL-21 is likely to occur in autoimmune Ipr and BXSB/Yaa mice. *Abundant extrafollicular somatic hypermutation is detected
in MRL/Ipr mice prone to SLE-like disease. T cell-independent somatic hypermutation has also been described.

to a model in which proliferation and selection of B cells
in GCs occurs in the dark zone and light zone, respec-
tively, and cyclic re-entry of selected centrocytes into the
dark zone allows further proliferation and subsequent
rounds of selection to achieve the observed enrichment
in replacement mutations. However, recent in vivo imag-
ing studies challenge this model. Proliferating B cells in
light zones and infrequent exchange of B cells between
zones suggest that re-entry into the dark zone may not
be necessary for successive rounds of BCR mutation and
higher-affinity selection®.

There is strong evidence that BCR signals, FDC-
derived signals and T, cell-derived signals all con-
tribute to GC B cell survival, but the precise order and
source of the cellular interactions responsible are still not
clear (FIC. 2; TABLE 2). BCR signals support the survival of
centrocytes; GC B cells that lack the ETS-family tran-
scription factor SPIB, the B cell co-receptor CD45 (also
known as PTPRC)* or the GTPase TC21 (also known
as RRAS2), which links BCR signalling with phospho-
inositide 3-kinase (PI3K)*', undergo increased apop-
tosis. There is also evidence that BCR-mediated survival
signals are extended when they are received together
with accessory survival signals from FDCs. Robust
attachments of GC B cells to FDCs have been observed
in vivo by several groups (reviewed in REF. 39). Survival
of tonsillar GC B cells in vitro was shown to depend
on adhesion to FDCs involving interactions between
lymphocyte function-associated antigen 1 (LFA1) and

intercellular adhesion molecule 1 (ICAM1) and between
very late antigen 4 (VLA4) and vascular cell-adhesion
molecule 1 (VCAM1) that act synergistically with
BCR signals*. BCR-integrin signalling has also been
shown to enhance antigen uptake and presentation to
T cells®. Recently, B cell expression of dedicator of cyto-
kinesis 8 (DOCKS8), a member of the Dock family of
RAC-specific guanine nucleotide exchange factors, was
shown to be essential for concentrating ICAMI in the
B cell immunological synapse and for the persistence
and affinity maturation of GC B cells, supporting the
hypothesis that B cell interactions with FDCs provide
crucial survival signals*.

Positive and negative selection mediated by T, cells.
A competition model has been proposed in which the effi-
ciency with which centrocytes process and present anti-
gen on MHC class Il molecules to T, cells is determined
by BCR affinity for antigen®. After successful cognate
interaction with centrocytes, T, cells provide prolifera-
tion, survival and differentiation signals to centrocytes
through CD40 ligand (CD40L) and cytokines, including
IL-4 and IL-21 (REF. 45) (FICS 1,2). BCL-6 expression by
differentiating T, cells decreases the production of T, 1-
and T, 17-type cytokines favouring the production of
IL-4 and IL-21 (REF. 35). Although it is clear that CD40L
is essential to maintain GC reactions and for centro-
cyte survival®®, the individual cytokines and signals that
mediate GC B cell differentiation are poorly defined.
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T, cells can also deliver negative selection sig- memory B cell pool and long-term proliferation of GC
nals to centrocytes by ligating CD95 (encoded by B cells*. Accordingly, ablation of CD95 expression by
FAS), which is highly expressed by human and mouse ~ GC B cells has been shown to increase the number of
GC B cells. CD95 signalling limits the number of GC B cells after immunization with T cell-dependent
memory B cells, the accumulation of mutations in the  antigens® (FIC. 2; TABLE 2).

Pre-Tp, cell T cell zone

CXCR5MCCR7'" activated (paracortex)

B and T cell blasts enter
the follicles
—

Centroblast proliferation,
SHM and class switching

Dark zone
Centrocyte, < ,
Centroblasts differentiate
into non-dividing l
centrocytes %
@ Apoptotic
GC DC B cell
¢!
\ . Apoptosis of low-
FDC- and Ty, cell-driven DC ?efg?t'yeog z:hf;
Uptake of Light zone

selection of high-affinity l:'v
centrocytes 8 N
v / = \ apoptotic cells
Tingible body
. macrophage

Mantle
zone

Long-lived
plasma cell

Subcapsular
sinus

——Capsule

Centrocyte differentiation
into plasma cells or

memory B cells, or re-entry
into the centroblast pool

Subcapsular
sinus macrophage

Uptake of antigen by macrophages,
relay to non-cognate B cells and
transfer to FDCs

Figure 1| Germinal centre cell types and events. A small number of activated B cells seed the follicles to grow and
initiate germinal centre (GC) reactions. T follicular helper (T_,)) cells that have established stable interactions with B cells at
the outer T cell zone also enter follicles; they may receive survival and/or growth signals from lymphoid tissue-inducer (LTi)
cells at the B cell-T cell border. Proliferation of GC B cells displaces naive circulating B cells that now form the follicular
mantle zone. Two zones can be identified: the dark zone and the light zone. The dark zone is full of dividing GC B cells,
known as centroblasts, although some proliferating B cells can also be found in the light zone. The light zone is rich in
follicular dendritic cells (FDCs) that have antigen bound on their surface. Antigen can be picked up by subcapsular sinus
macrophages from the lymph and delivered to non-cognate B cells that transfer the antigen to FDCs. FDCs bind the
antigen in the form of immune complexes. Dividing centroblasts acquire somatic hypermutation (SHM) in their
immunoglobulin variable-region genes; their non-dividing progeny, centrocytes, are selected after a successful
interaction with FDCs, uptake of antigen through the B cell receptor and presentation of this antigen to T, cells. Selection
can lead to terminal differentiation into long-lived plasma cells or memory B cells or can induce centrocytes to re-enter
the cell cycle and undergo further rounds of SHM. It is possible that selection signals are also received by B cells in the
dark zone. Failure to receive these survival signals leads to apoptosis in situ. Apoptotic cells are cleared by tingible body
macrophages. CCR7, CC-chemokine receptor 7; CXCR5, CXC-chemokine receptor 5; DC, dendritic cell.

848 | DECEMBER 2009 [ VOLUME 9 www.nature.com/reviews/immunol

© 2009 Macmillan Publishers Limited. All rights reserved


http://www.uniprot.org/uniprot/P25445

REVIEWS

A germinal centre ontogeny of autoantibodies autoantibodies, typically class-switched IgG antibodies,
Somatic mutation of autoantibodies. Early studies show evidence of SHM and antigen-driven selection®*-*.
showed that point mutations can transform protective ~ Although in many cases the actual relationship between
antibodies into autoantibodies*’. Numerous mouse the two processes can only be inferred from the ratio
and human studies have indicated that pathogenic of observed to expected amino acid replacements and

Follicular
dendritic cell

Exposed self

CXCL13 DNA or RNA
o

Tingible body
macrophage

Apoptotic cell

fragment
NS
CR2 JL . ,
8
\ c3y $
LFA] o Antlgen .

CR TLR OX40L (@)

ICAMI SLAM YR OB
or CD84 @
J| 2R —
JL D Deficiency or blockade may

reduce autoimmunity

(@) [] Deficiency or blockade may
IL-21Q ; : i
o Ol4 contribute to autoimmunity

Figure 2 | Molecular basis of germinal centre events and potential therapeutic intervention. A summary of molecular
signals that govern cellular interactions in germinal centres (GCs) that when blocked might reduce (red) or enhance (blue)
autoimmunity of follicular origin. Survival of GC B cells that have undergone somatic hypermutation mediated by
activation-induced cytidine deaminase (AID) depends on establishing a B cellimmunological synapse that requires
dedicator of cytokinesis 8 (DOCK8) and involves a ring of the integrin intercellular adhesion molecule 1 (ICAM1) surrounding
the B cell receptor (BCR) on the GC B cell, and lymphocyte function-associated antigen 1 (LFA1) and bound antigen on
follicular dendritic cells (FDCs). FDC development requires lymphotoxin-a (LTa) and CXC-chemokine ligand 13 (CXCL13),
and FDCs display antigen in the form of immune complexes (bound by Fc receptors for IgG (FcyRs) and complement
receptors (CRs)) that deliver BCR-mediated survival signals through activation of phosphoinositide 3-kinase (PI3K) and
TC21. Antigen processed by GC B cells is presented on MHC class Il molecules to T follicular helper (T, ) cells, which influence
GC B cell growth and survival through the secretion of interleukin-4 (IL-4) and IL-21 and the transient upregulation of CD40
ligand (CD40L). In the absence of BCR-, integrin- and T, cell-mediated signals that induce expression of B cell lymphoma 2
(BCL-2) and BCL-X, in GC B cells, a pro-apoptotic programme determined by high levels of BCL-2-interacting mediator of cell
death (BIM), and ligation of CD95 (encoded by FAS) leads to B cell apoptosis. Expression of BCL-6 by both GC B cellsand T,
cellsis essential for successful GC reactions. Effective T, cell help also requires signalling through SLAM-associated protein
(SAP; also known as SH2D1A) downstream of signalling lymphocytic activation molecule (SLAM) family members and T cell
receptor (TCR) signals, upregulation of CXC-chemokine receptor 5 (CXCR5) expression normally following BCL-6-mediated
repression of the microRNA miR-17-92 and expression of miR-155. Signals important for T, cell generation and survival
include those transmitted through inducible T cell co-stimulator (ICOS) to PI3K, IL-21 receptor (IL-21R) and OX40L.
Mutations in Roquin (also known as Rc3h1) and overexpression of ICOS, OX40L and Toll-like receptor 7 (TLR7) contribute

to T, cellaccumulation and autoimmunity. Autoimmunity also arises when T_, cells produce excessive amounts of IL-17,
which retains B cells in GCs, or when GC B cells express low levels of the inhibitory receptor FcyRIIB. Apoptotic cells pose a
risk for autoimmunity owing to exposed systemic lupus erythematosus-associated autoantigens on their surface, which
can also potentially deliver activating signals through TLRs to myeloid differentiation primary-response protein 88 (MYD88)
on GC B cells. This risk is mitigated through clearance of apoptotic cells by tingible body macrophages, which requires
expression of DNasel and MER by macrophages and bridging molecules between macrophages and apoptotic cells, such as
milk fat globule EGF factor 8 protein (MFGES, also known as lactadherin) and complement component 1q (C1q). IRF8,
interferon-regulatory factor 1; L, ligand; MAF, macrophage-activating factor; PD1, programmed cell death 1; R, receptor.
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Table 2 | Factors that control germinal centre tolerance

GC component

B cells

Quality
« Positive selection: BCR signals (TC21*, PI3K, CD45 and SPIB accessory

molecules), B cell-FDC synapse (DOCK8 and ICAM1) and T, , cell
derived signals (CD40L and IL-21)

« Negative selection: T, cell signals (CD95L)

« Recruitment signals: T cell help, low CCR7 and low EBI2

T, cells

« Cytokine production: low IL-17, IFNy and high IL-21

*miR-155
« Help to B cells: SAP, CD40L and IL-21

FDCs

Antigen

« Antigen presentation: CR2, FcR and LFA1

« Immunogenicity and availability: post-translational modification,

structural features, developmental isoforms and abundant TLR
ligands (self DNA and RNA) exposed on apoptotic cells

Quantity

« Development and proliferation: IRF8 and PU.1,
BCL-6, IL-21R, TLRs and MYD88

« Pro-apoptotic programme: high AID, high CD95, high
BIM, low BCL-2, low BCL-X

« Inhibitory signals: FcyRIIB

+ Development: high BCL-6, low BLIMP, MAF, ICOS,
IL-21R, OX40L* and Roquins/>AN

« Recruitment to GC: CXCRS5, low miR-17-92, and SAP

« Clonal expansion: IL-21

« Survival: ICOS

« FDC numbers and de novo development: LTa,
CXCL13

« Genetic differences in expression: HLA and antigen
gene variants

« Disposal of apoptotic cells by macrophages: MFGES,
DNasel, MER and C1q

AID, activation-induced cytidine deaminase; BCL, B cell lymphoma; BCR, B cell receptor; BIM, BCL-2-interacting mediator of cell death; C1q, complement
component 1q; CCR, CC-chemokine receptor; CR2, complement receptor 2; CXCL, CXC-chemokine ligand; CXCR, CXC-chemokine receptor; DOCK8, dedicator
of cytokinesis 8; EBI2, Epstein—Barr virus-induced gene 2 (also known as GPR183); FcR, Fc receptor; FDC, follicular dendritic cell; GC, germinal centre; ICAM1,
intercellular adhesion molecule 1; ICOS, inducible T cell co-stimulator; IL, interleukin; IL-21R, interleukin-21 receptor; IFNy, interferon-y; IRF8, interferon-
regulatory factor 8; L, ligand; LFA1, lymphocyte function-associated antigen 1; LTa, lymphotoxin-a; MAF, macrophage-activating factor; MFGES8, milk fat
globule-EGF factor 8 (also known as lactadherin); MYD88, myeloid differentiation primary-response protein 88; PI3K, phosphoinositide 3-kinase; SAP,
SLAM-associated protein (also known as SH2D1A); T, T follicular helper; TLR, Toll-like receptor. *also known as RRAS2. *also known as TNFSF4.

Rheumatoid factor

An autoantibody against the Fc
portion of IgG present at high
levels in 80% of patients with
rheumatoid arthritis and
almost 100% of patients with
Sjogren’s syndrome.
Rheumatoid factor and IgG join
to form immune complexes,
which contribute to disease.

MRL/Ipr mice

A mouse strain that
spontaneously develops
glomerulonephritis and other
symptoms of SLE. The /pr
mutation causes a defect in
CD95, preventing the
apoptosis of activated
lymphocytes; the MRL strain
contributes disease-associated
mutations that have yet to be
identified.

Systemic lupus
erythematosus

(SLE). A chronic autoimmune
disease in which
autoantibodies against
double-stranded DNA
contribute to inflammation and
tissue damage, usually
affecting the heart, joints, skin,
lungs, blood vessels, liver,
kidneys and nervous system.

silent mutations found in antigen-binding hypervariable
regions®!, direct measurements of the effect of SHM on
the selection of autoreactive antibodies have also been
provided by numerous studies. Elegant genealogical
analysis of rheumatoid factor and DNA-specific antibod-
ies in MRL//pr mice*® showed that autoantibodies in this
autoimmune strain were oligoclonal in origin and dis-
played patterns of antigen-selected SHM, thereby pro-
viding initial evidence against random polyclonal B cell
expansions as the source of autoantibody production.
Moreover, studies of clonal variants have established
the role for SHM in the ‘spreading’ of mouse autoim-
mune responses across related autoantigens, including
nucleosomes, DNA and cardiolipin®. Reverse mutation
in vitro has been used to show how SHM results in the
stepwise acquisition of disease-associated autoreactivity
of human DNA-specific autoantibodies™.

Dysregulated GCs in animal models of autoimmune
disease. Autoantibodies with the hallmarks of a GC
origin are also found in numerous animal models
for systemic lupus erythematosus (SLE). Furthermore,
strains of mice that typically develop autoimmune
SLE-like disease or insulitis (PN, NZB, NZB/W FI1,
BXSB, MRL, MRL/Ipr, C57BL/6/Ipr, sanroque and
non-obese diabetic (NOD) mice) exhibit spontane-
ous GC formation in the spleen by 1-2 months of age
in the absence of either purposeful immunization or
infection® (TABLE 3). Spontaneous GC formation cor-
relates with the onset of autoantibody production.
Spontaneously formed GCs are also found in K/BxN
mice, which develop autoimmune arthritis. Although
the pathology is organ-specific, it is mediated by high-
affinity autoantibodies to a ubiquitous self antigen,
and spontaneous GCs form in lymph nodes draining
the affected joints and in the spleen®.

Ectopic GCs in autoimmune disease. In other organ-
specific autoimmune diseases, in which expression of the
targeted self antigen is often tissue restricted, organized
ectopic lymphoid structures with GCs form at the site of
tissue pathology®. Ectopic GCs have been noted in exo-
crine glands, liver, synovium and thymus but, curiously,
not in neuro-ectoderm-derived tissues. Indeed, ectopic
GCs are found in 25-50% of patients with rheumatoid
arthritis. Ectopic GCs contain most of the components of
conventional GCs, although they lack afferent lymphatics
and possibly also the conduits and ‘corridors’ and are not
part of an encapsulated lymphoid structure.

It is possible that ectopic GCs might generate and
amplify autoreactivity or, alternatively, censor auto-
reactivity that arises during B cell proliferation and SHM.
The possibility that highly organized ectopic GCs might
reduce the chance of autoantibody formation during
inflammatory responses is consistent with recent evi-
dence from studies of the synovium from patients with
rheumatoid arthritis*. It would also explain the correla-
tion between responsiveness to therapy with rituximab
(rituxan, Genentech, Inc. and Biogen Idec; monoclonal
CD20-specific antibody) and the extent of GC organi-
zation in tonsils®®. Significantly, GCs in patients who
responded to rituximab therapy were better at censoring
autoreactive 9G4 B cells™. By contrast, a defect in censor-
ing autoreactive 9G4 B cells is characteristic of patients
with untreated SLE.

However, there is evidence that ectopic GCs con-
tribute to autoimmune pathology as they form in sites
adjacent to sources of autoantigen, are a source of
somatically mutated high-affinity autoantibodies and
in some cases correlate with disease activity®-**. Recent
studies suggest that they can arise de novo from naive
B cells®. Expression of AICDA and activation of class
switching and SHM have been shown to occur in the
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Table 3 | Spontaneous mouse models* of autoimmunity to ubiquitous self antigens

Mouse strain  Manifestations Immunoglobulin Autoantibodies Germinal
titre centres

BXSB/Yaa Glomerulonephritis, UV-accelerated Increased Antinuclear and dsDNA-specific Increased
skin disease and splenomegaly

NZB/W F1 Glomerulonephritis and splenomegaly  Increased Antinuclear and dsDNA-specific Increased

NZW/BXSB APS, ITP, Sjégren’s syndrome and Increased dsDNA-, cardiolipin- and GPllb-llla-specific Increased
hepatitis

NZB AIHA and glomerulonephritis Increased Antinuclear and Coombs test-positive Increased

NZW Subclinical nephritis with age Normal Antinuclear (in ~10% of mice) Normal

MRL/lpr Glomerulonephritis, skin changes and Increased Antinuclear and dsDNA-specific Increased
splenomegaly

Sanroque Glomerulonephritis, splenomegaly and  Increased Antinuclear and dsDNA-specific Increased
thrombocytopaenia

K/BxN Peripheral arthritis Increased Glucose-6-phosphate isomerase-specific Increased

BXD2 Arthritis and glomerulonephritis ND Rheumatoid factor and DNA-specific Increased

NOD Type 1 diabetes and sialadenitis ND B-islet antigen- and thyroid-antigen-specific Ectopic

antinuclear and ENA expression

AIHA, autoimmune haemolytic anaemia; APS, autoimmune proliferative syndrome; dsDNA, double-stranded DNA; ENA, antibodies to extractable nuclear antigens;
GP, glycoprotein; ITP, idiopathic thrombocytopenic purpura; ND, not determined; NOD, non-obese diabetic; UV, ultraviolet radiation. *Spontaneous models arise in
the absence of immunization with self antigen.

NZB mice

An inbred autoimmunity-prone
mouse strain that spontaneously
develops an SLE-like disease,
characterized by autoimmune
(Coombs test-positive)
haemolytic anaemia and
glomerulonephritis. F1 hybrids
with NZW (derived from the
same outbred stock as NZB)
develop a disease that closely
resembles human SLE,
characterized by high titres of
autoantibodies and
glomerulonephritis.

K/BxN mice

Mice that express both the KRN
T cell receptor transgene and
the NOD-derived MHC class Il
molecule I-A¢” and develop
severe inflammatory arthritis as
aresult of the specificity of the
transgenic TCR for a peptide
derived from the ubiquitously
expressed self protein glu-
cose-6-phosphate isomerase in
the context of I-A¢’.

Ectopic lymphoid structures
(Also known as tertiary
lymphoid organs). Organized
lymphocytic aggregates that
form at sites of chronic
inflammation. Typically, B cell-
and T cell-rich zones are
segregated, and dendritic cells
(DCs), germinal centres with
follicular DC (FDC) networks
and specialized endothelia are
present.

synovial GCs obtained from patients with rheumatoid
arthritis. Furthermore, when these synovial GCs were
transplanted into severe combined immunodeficient
mice, antibodies specific for cyclic citrullinated peptide
were detected in the serum of the recipient animals. The
findings are interesting given that cyclic citrullinated
peptide-specific antibodies are strongly associated
with rheumatoid arthritis and highly predictive for the
development of erosive disease®.

Extrafollicular origin of autoantibodies

Although the focus of this Review is the mechanisms
that result in autoantibody production by GCs, in sev-
eral mouse models autoantibodies originate from extra-
follicular B cell responses. In MRL/Ipr mice, which have
a homozygous loss of function mutation in Fas (which
encodes CD95), rheumatoid factor production and
DNA-specific antibody formation occur in extrafollicular
sites?? %, In these mice, extrafollicular plasma cells have
been found to be somatically mutated®. Furthermore,
AMI14 rheumatoid factor-positive B cells on an
MRL/Ipr background can be activated by self antigen
(chromatin-specific IgG2b) independently of T cell help,
although the absence of T cells resulted in fewer auto-
reactive plasma cells and less somatic mutation®. The
production of autoantibodies in MRL/Ipr mice depends
on myeloid differentiation primary-response protein 88
(MYD88) signals downstream of Toll-like receptor 9
(TLRY) (for DNA-specific antibodies) and/or TLR7 (for
RNA-specific antibodies)®”. Indeed, there is evidence
that uptake of antigen conjugated with a TLR9 ligand
through the BCR induces a predominantly extrafollicular
plasma cell response®®.

B cell-activating factor (BAFF; also known as
TNEFSF13B)-transgenic mice also develop an SLE-like
disease associated with DNA-specific antibodies in the
absence of T cells?, and the DNA-specific responses

observed in a spontaneous SLE model (C57BL/6 x 56R
mice) occur independently of T cells and TLR signals®.
Importantly, recent findings suggest that in several mouse
models of autoimmunity, follicular and extrafollicular
autoantibody responses may occur at the same time. For
example, in BXSB/Yaa mice, both T, cells and extrafollicular
T cells produce high amounts of IL-21 and therefore both
can presumably support terminal B cell differentiation®.

GC components and autoimmunity
Autoantibodies can arise from defects in binary toler-
ance checkpoints in GCs — of which the outcome is
either B cell death or survival. Non-mutually exclusive
mechanisms involve aberrant persistence of GCs owing
to abnormal cellular components, abnormal signals or
aberrant availability of self antigen (TABLE 2).

B cell-intrinsic signals in GCs. Follicular B cell responses
depend on efficient delivery of cognate T cell help in
the outer T cell zone. As central T cell tolerance is far
more efficient than central B cell tolerance”, many auto-
reactive B cells fail to progress beyond this checkpoint”-"2.
Alternatively, autoreactive B cells may become anergic.
Anergic B cells cannot compete for a limited supply of
BAFE which is required for B cell survival™, are refractory
to activation and T cell help™, and fail to be recruited to
the intrafollicular response. In rare cases, T cells may help
autoreactive B cells owing to cross reactivity between bac-
terial or viral antigens and self antigens leading to auto-
antibody production”. The rarity of these occurrences
suggests that intrinsic tolerance mechanisms prevent the
differentiation of autoreactive B cells in most cases.
Microorganisms express ligands for TLRs on B cells,
which can partially substitute for T cell help”. How TLR
signalling thresholds are regulated to prevent activa-
tion of autoreactive B cells is not clear but there is evi-
dence that both TLR9 and TLR7 pathways (which sense

NATURE REVIEWS | IMMUNOLOGY

VOLUME 9 [ DECEMBER 2009 | 851

© 2009 Macmillan Publishers Limited. All rights reserved



http://www.uniprot.org/uniprot/P58753
http://www.uniprot.org/uniprot/Q9NR96
http://www.uniprot.org/uniprot/Q9NYK1
http://www.uniprot.org/uniprot/Q9Y275

REVIEWS

9G4 B cells

B cells that make autoreactive
antibodies that target the /i
blood group antigen and
related determinants present
in CD45 and other self
glycoproteins. High titres of
these antibodies are found in
patients with active SLE and
contribute a significant fraction
of native double-stranded
DNA-specific antibodies in
these patients.

BXSB/Yaa mice

An autoimmunity-prone
strain of mouse (BXSB) with
the Y chromosome-linked
autoimmune accelerator (Yaa)
mutation, whichis a
duplication and translocation
of a segment of the

X chromosome that contains
several genes, including Toll-like
receptor 7 (TIr7), to the

Y chromosome. Male BXSB
mice develop a severe form of
SLE with a much higher
incidence than their female
counterparts.

Anergy

A state of non-responsiveness
to antigen. Anergic B or T cells
cannot respond to their
cognate antigens under optimal
conditions of stimulation.

Bz-423

A pro-apoptotic
1,4-benzodiazepine that
induces cell cycle arrest and
apoptosis by promoting the
formation of superoxide in
the mitochondrial respiratory
chain, which leads to the
activation of pro-apoptotic
proteins. It has been used in
mouse models of SLE in which
it seems to selectively target
autoreactive lymphocytes.

Erythroblastic islands
Specialized bone marrow
niches comprising erythroblasts
surrounding a central
macrophage where erythroid
precursors proliferate,
differentiate and enucleate.

Tingible body macrophages
(TBMs). A type of macrophage
that is specifically located in
GCs. TBMs are found in close
proximity to follicular dendritic
cells, and engulf lymphocytes
that undergo apoptosis in the
GCs. TBMs can also have an
inhibitory effect on the

B cell-mediated stimulation of
T cell responses when added
to ex vivo co-cultures.

CpG-containing DNA and single-stranded RNA, respec-
tively) can drive autoantibody formation*7%. As men-
tioned above, TLRs seem to have a role in autoantibody
responses of extrafollicular origin in MRL/Ipr mice. TLR
signalling also influences GC B cells, although it is not
known whether this has any consequences for auto-
immunity. In the absence of B cell-expressed MYD88,
GCs are significantly reduced in both number and size”.
Also, GC B cells are more easily activated in the pres-
ence of LPS and CD40 ligation than follicular or mar-
ginal zone B cells*. This, together with the large amounts
of exposed self DNA and RNA on the surface of GC
B cells undergoing apoptosis, raises the possibility that
TLR signalling to GC B cells may override the need for
T, cell-mediated selection and allow the emergence of
autoreactive clones.

GC B cells exhibit a pro-apoptotic programme of gene
expression — downregulation of BCL-2 and BCL-X|
(also known as BCL2L1) and upregulation of BCL-2-
interacting mediator of cell death (BIM; also known
as BCL2L11) — that limits the lifespan of centrocytes
that fail to receive antigen-, FDC- and T, cell-derived
survival signals®'. Overexpression of Bcl2 decreases the
amount of GC B cell apoptosis, leads to the expansion
of low-affinity memory B cell populations® and inter-
feres with the apoptosis of autoreactive B cells*. BCL-X|
overexpression has similar effects on affinity matura-
tion and negative selection of autoreactive B cells®. BIM
also regulates the apoptosis of GC B cells bearing low-
affinity BCRs*. This propensity of GC B cells to die by
apoptosis has been tested for therapeutic potential using
Bz-423, a 1,4-benzodiazepine that induces the activation
of the pro-apoptotic proteins BCL-2 antagonist/killer
(BAK) and BCL-2-associated X protein (BAX) and is
specific for GC B cells in vivo. After 12 weeks, Bz-423
reduced the number and size of GCs in NZB/W F1 mice,
increased B cell apoptosis in remaining GCs and reduced
glomerulonephritis and early mortality®.

Low-affinity Fc receptor for IgG (FcyRIIB) is the only
FcyR that is expressed by B cells and has been implicated
in GC regulation and enhanced plasma cell formation®’.
FcyRIIB is expressed at lower levels by GC B cells from
autoimmunity-prone NZB and NZB/W F1 mice®*, and
patients with SLE show defects in upregulation of FcyRIIB
expression by memory B cells and plasma cells®**.
Deficiency of FcyRIIB increases susceptibility to collagen-
induced arthritis” and strain-dependent susceptibility to
SLE-like glomerulonephritis®. Several FcyRs, including
FcyRIIB, are encoded within an SLE susceptibility locus
in humans and mice on chromosome 1 (REF 93). The SLE-
like phenotype in autoimmunity-prone mouse strains was
corrected by partial restoration of FcyRIIB expression by
haematopoietic cells™.

FDCs. The requirement for survival signals delivered by
FDC:s at the time of BCR binding of specific antigen —
presented bound to IgG by FDCs — has been proposed to
provide an explanation for the rapid death of GC B cells
that bind soluble (usually self) antigen®*". Conversely,
interactions between B cells and FDCs may be required
for the generation of pathological autoantibodies in

mice and humans®**®. In the K/BxN mouse model of
arthritis, in which the development of arthritis depends
on the production of pathogenic autoantibodies (and
is associated with formation of numerous GCs), deple-
tion of FDCs resulted in amelioration of arthritis and
a reduction in pathogenic antibody titres®. De novo
formation of FDCs to sustain ectopic GCs occurs
from tissue-resident fibroblasts or their precursors®.
Availability of these precursors could be a limiting factor
in lymphoid neogenesis and could explain the absence
of ectopic lymphoid structures in certain tissues. A
further link between FDCs and autoimmunity has also
been suggested by a study showing that polymorphisms
in the gene encoding complement receptor 2 (CR2; also
known as CD21) associated with SLE and modulated
alternative splicing of an exon preferentially expressed
by FDCs'®.

Antigen: quantity and quality. Most foreign and self
antigens enter GCs from elsewhere, but some are a by-
product of GCs themselves. GCs, similar to erythroblastic
islands in the bone marrow, are sites of marked apoptosis,
and specialized macrophages dedicated to phagocytosis
of apoptotic debris exist in both locations. In GCs, these
are called tingible body macrophages'®’. Important SLE-
associated autoantigens are abundant on apoptotic bod-
ies'®, and effective disposal of these apoptotic bodies
seems to be crucial to prevent autoimmunity. For exam-
ple, milk fat globule-EGF factor 8 protein (MEFGES; also
known as lactadherin) is expressed by tingible body
macrophages and binds phosphatidylserine exposed on
the surface of apoptotic cells and o« V3 integrin or aVB5
integrin on the surface of macrophages and immature
dendritic cells (DCs). Mice deficient in MFGE8 develop
ANAs and glomerulonephritis'®. Other defects in dis-
posal of apoptotic cells, including deficiency of DNasel,
the receptor tyrosine kinase MER, transglutaminase 2,
complement component C1q (the most penetrant single
gene defect associated with SLE in humans) and per-
oxisome proliferator-activated receptor-6 (PPARS)'® all
compromise the clearance of apoptotic cells and result in
ANA formation!®*'%7 (FIG. 2; TABLE 2).

The explanation for the antigen specificity of auto-
antibodies in other autoimmune diseases remains uncer-
tain, but there are several clues that the quantity and
quality of the autoantigen is important. Bona fide auto-
antibody-mediated diseases are characterized by high-
affinity autoantibodies (Supplementary information S1
(table)) specific for a narrow range of epitopes, usually
expressed by only one of the many available tissue-restricted
antigens in the target organ, suggesting efficient selection
of specific GC B cells that recognize these self antigens'®.
In the small subset of these diseases that have been sub-
ject to genome-wide association analysis, polymorphisms
in genes encoding autoantigens have often been identi-
fied as susceptibility loci'®-'". Although further work is
required, several possible explanations could account for
the unique availability, immunogenicity and breakdown
in tolerance to these self antigens. Some antigens seem
to be particularly subject to post-translational modifi-
cation, either during apoptosis or for normal function.
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MRL/gld

Mice that have a naturally
occurring mutation in

CD95 ligand that causes a
generalized lymphoprolifera-
tive disease, similar to that of
MRL/Ipr mice.

BXD2 mice

One of several recombinant
inbred mouse strains
generated by inbreeding the
intercross progeny of
C57BL/6J and DBA/2J mice for
more than 20 generations. The
BXD2 phenotype includes
spontaneous erosive arthritis,
circulating immune complexes
and glomerulonephritis.

Such modifications could generate new antigens not
encountered during central tolerance''?. Antigenicity
might also vary according to saturation of enzymatic
pathways'"®. Indeed, in some situations, both enzyme
and substrate have been identified as key autoantigens
(for example, thyroglobulin and thyroid peroxidase,
and gliadin and transglutaminase 2). Other modifica-
tions include switching of developmental isoforms (for
example, the acetylcholine receptor (AChR)), inherent
structural features that render self antigens immunogenic
(for example, thyroid stimulating hormone receptor)'*!®
and genetically specified differences in expression (for
example, AChR)"', Apart from SLE, in which the auto-
antigen arises in situ in GCs, antigen abundance would be
predicted to be a key variable in determining where
ectopic GCs form. As ectopic GCs lack afferent lymphatics,
formation is presumably driven by antigen diffusing from
the surrounding inflammatory milieu.

Control of T, cell numbers and quality. Although the
prevailing theory of autoreactivity from GCs has focused
on the failure to eliminate autoreactive B cells (through
negative selection), there is accumulating evidence that
aberrant positive selection of autoreactive B cells by
dysregulated T, cells also contributes to autoimmunity.
T cell migration into GCs depends on upregulation
of CXCRS5 expression, which requires co-stimulation. In
the absence of TLR signals, as occurs after encounter with
self antigen or after tolerizing immunization protocols,
antigen-specific T cells are excluded from the follicles'”.
Mathematical models have predicted that limiting the
number of T, cells per GC is likely to be crucial for ensur-
ing that there is competition for selection and survival of
high-affinity B cell mutants''s. Many mouse strains prone
to SLE-like disease, including those overexpressing OX40L
or TLRY7 or those bearing a mutation in the Roquin (also
known as Rc3h1) gene (sanroque mice), have increased
numbers of T, , cells and DNA-specific antibody develop-
ment"*22, Several lines of evidence suggest that this is a
causal association. SLE-like disease in sanroque mice is
caused by Roquin*"*"-induced accumulation of T, cells
that sustain spontaneously formed GCs'*"'*; transfer of
T,,, cells from sanroque mice into wild-type mice leads
to spontaneous GC formation'®. Deficiency of Sh2dla
(which encodes SAP) does not abrogate extrafollicular
antibody responses but selectively precludes formation
of the subset of T, cells that localizes to GCs'?, abrogat-
ing GC responses in mice and humans®. SAP deficiency
also abrogates the SLE-like phenotype of sanroque mice.
In addition, glomerulonephritis and pathogenic auto-
antibody development in sanroque mice can also be
reduced by haploinsufficiency of Bcl6 (REF. 23 ), which
decreases GC numbers as well as T, cell numbers®.
Engagement of CD95 by CD95 ligand (CD95L;
encoded by FASLG) on T, cells has been suggested to
induce negative selection of autoreactive GC B cells.
CD95-deficient MRL/Ipr mice and CD95L-deficient
MRL/g/d mice develop an SLE-like autoimmune dis-
ease'?*1, B cell CD95 expression is key to preventing
autoimmune disease*”'*. Further evidence of CD95-
dependent elimination of GC B cells comes from the
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observed death of dual-reactive (to both self and foreign
antigen) B cells in the presence of CD95-deficient T cells
expressing elevated levels of CD95L'¥". An increase in
the proportion of spontaneously arising GC B cells in the
mesenteric lymph nodes of mice with a conditional dele-
tion of CD95 in GC B cells suggests that CD95 signalling
induces apoptosis of autoreactive GC B cells’”. However,
CD95 deficiency in these mice affects the extrafollicular
plasma cell compartment as well, leaving uncertainty
about whether GC-specific CD95 deletion explains the
fatal lymphoproliferation and autoimmunity found in
mice with CD95-deficient B cells.

T,,, cell ‘quality” also matters. Bcl6 expression by
human T, cells has been shown to repress the transcrip-
tion factors T-bet (also known as TBX21) and retinoic
acid receptor-related orphan receptor-yt (RORyt) and
reduce IFNy and IL-17 production®. This may help to
limit production of the antibody isotypes that are associ-
ated with some autoimmune responses (such as IgG2a
in mice) and curtail GC B cell survival. Indeed, aberrant
expression of IL-17 in GCs has been proposed to explain
autoimmunity in BXD2 mice, which develop spontane-
ous GCs and pathogenic autoantibodies that cause ero-
sive arthritis'?® (TABLE 3). The autoimmune phenotype has
been attributed to IL-17 receptor (IL-17R)-dependent
expression of regulator of G-protein signalling 13
(RGS13) and/or RGS16, which determined the length of
time that B cells were retained in the GCs. This remains
to be proved, although it is a mechanism that is consist-
ent with observations in C57BL/6/Ipr mice, which show
enhanced SHM, longer retention of B cells in the GCs
and autoimmunity**'?. The precise phenotype of the
IL-17-secreting T cells in this model remains uncertain,
but they seem to be located in GCs. Other data suggest
that cells with a T, cell phenotype (CXCR5*ICOS*) can
produce IL-17 in NZB/W F1 mice and that these cells are
instrumental in autoantibody formation'’.

Excessive production of IL-21, which promotes
class switch recombination, plasma cell formation and
GC longevity, also contributes to SLE-like disease in
BXSB/Yaa and MRL/Ipr mice. II21 transcripts and
serum levels of IL-21 protein are elevated in BXSB/Yaa
but not BXSB mice. The Yaa locus exacerbates disease
when crossed onto several SLE-prone strains including
BXSB, FcyRIIB-deficient and Slel mice. This Yaa effect
is explained by overexpression of TLR7 (REF. 131), which
has been translocated together with a cluster of X chro-
mosome-linked genes onto the Y chromosome'**'*2, Yaa
acts both B cell-intrinsically and extrinsically to promote
autoantibody formation'*2. C57BL/6.Slel/Yaa CD4*
T cells have a gene expression signature of T, cells,
with high levels of inducible T cell co-stimulator (ICOS),
programmed cell death 1 (PD1) and CXCRS5 expressed on
their surface'?. However, IL-21 in these mice is produced
by all ICOS* T cells, including both bona fide T, cells
and extrafollicular cells, suggesting a mixed follicular and
extrafollicular origin of the autoantibody response®. Also,
in MRL/Ipr mice that are prone to an SLE-like disease
there is evidence that extrafollicular T cells can produce
IL-21 (REF. 133). In mice, extrafollicular plasmablasts have
been shown to downregulate IL-21R expression during
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Double-stranded
DNA-specific antibodies

A subset of antinuclear
antibodies specific for
double-stranded DNA that are
expressed in 40-50% of
patients with SLE and are
seldom found in association
with other autoimmune
diseases.

responses to foreign protein antigens'*. It is possible
that excessive IL-21 production in these autoimmune
mouse models acts to boost B cell responses at a stage
before plasmablast differentiation, possibly during
initial B cell-T cell interactions in the T cell zone.
Cell-cell interactions have also been implicated in
regulating T cell numbers and function. A regulatory
subset of T cells (CD4*CD25) that expresses the latency-
associated peptide (LAP) of transforming growth factor-f8
has been shown to downregulate IL-17 production by
T,,, cells". Similar findings have been reported in
humans: follicular CXCR5*CD4*CD25*CD69- regula-
tory T cells have been described that suppress the helper
effects of T, cells'*. Finally, cytotoxic T lymphocyte
antigen 4 (CTLA4) expression has also been shown to
be important in curtailing T, cell help for GC B cells'*. It
is possible CTLA4 may also have a role in promoting the
function or development of follicular regulatory T cells.

Role of GC checkpoints in human B cell tolerance
As discussed above, the role of SHM and antigen-driven
affinity maturation is well established in mouse and
human autoimmunity suggesting that tolerance mecha-
nisms in the GCs are defective. However, the actual
contribution of defective GC-based checkpoints to the
generation of disease-associated autoantibodies is even
more difficult to establish in humans than in mice. This
is because of experimental limitations including access
to human secondary lymphoid tissue and intrinsic dif-
ferences between B cell responses in humans and mice.
However, different human autoantibody responses
exhibit characteristics that suggest they arise through
fundamentally different mechanisms. These include
structural differences: some forms of autoimmune
haemolytic anaemia are associated with unmutated IgM
isotype autoantibodies specific for erythrocyte antigens,
whereas SLE is associated with high affinity, somati-
cally mutated DNA-specific antibodies. Furthermore,
the serum concentration of some autoantibodies var-
ies with disease activity and treatment (for example
double-stranded DNA-specific antibodies and PR3-specific
antibodies), whereas other autoantibody titres (such as
those specific for the extractable nuclear antigens Ro,
La and Sm) are remarkably stable even during disease
remission. This interesting dichotomy has been recently
highlighted by the differential autoantibody response
observed in patients treated with rituximab, which
depletes CD20" B cells and most plasmablasts (presum-
ably through the elimination of precursor B cells) but not
long-lived plasma cells'’.

A likely role for abnormal GC reactions in the
pathogenesis of human autoimmune diseases is sup-
ported by multiple lines of evidence. Hyperactive GC
reactions can be found in secondary lymphoid tissues
in SLE and in targeted non-lymphoid tissues in multi-
ple other autoimmune diseases. The observation that
treatment with CD40L-specific antibody ameliorates
disease, reduces autoantibody titres and decreases the
number of peripheral blood B cells with a GC and post-
GC phenotype in some patients with SLE supports a
possible follicular origin of autoantibodies, although

this treatment is predicted to disrupt both GCs and
extrafollicular T cell-dependent responses!**!3.
Similarly, it has been suggested that at least part of the
therapeutic benefit of blockade of tumour necrosis
factor in patients with rheumatoid arthritis could derive
from the disruption of systemic GC and FDC networks
induced by this agent'*.

Moreover, GCs in patients with SLE are character-
ized by an accumulation of free apoptotic bodies that
are readily accessible to GC B cells'*. In a subgroup of
patients with SLE, apoptotic cells accumulate, accom-
panied by a loss of tingible body macrophages, in the
GCs of the lymph nodes'*, and apoptotic material was
observed to be directly associated with FDCs. Given the
known ability of oxidized apoptotic bodies to induce
pathogenic autoantibodies'*, the recently described
ability of human IgG autoantibodies specific for apop-
totic bodies to induce pro-inflammatory cytokine pro-
duction'** and the finding that autoantibodies bound to
apoptotic glomerular cells in the kidneys of patients with
SLE', it is tempting to postulate an important role for
defective GCs in the censoring of autoreactive B cells in
the pathogenesis of human SLE.

Few studies have specifically addressed the function
of GC-based tolerance checkpoints in humans. However,
important information has been provided by single-cell
studies of class-switched memory B cells in healthy sub-
jects and patients with SLE'"*. These cells are typically
thought to be derived from GCs in a T cell-dependent
manner, although, as elegantly shown in recent work,
class switching of human B cells can also be induced
outside of the GCs in a BAFF-mediated, CD40L-
independent manner'7*%, These studies have shown
that SHM commonly generates autoreactive antibodies
against nuclear antigens, as well as polyreactive anti-
bodies with autoimmune potential, in a large fraction of
all human IgG-producing memory B cells to a similar
extent in both patients with SLE and the normal controls
studied. One of the patients studied, however, showed a
high frequency of heavily mutated Ro- and La-specific
autoantibodies in the switched memory B cell com-
partment that was absent in healthy controls and other
patients, indicating that disease-specific autoreactivity
requires SHM, presumably selected in GCs.

Direct assessment of the role of GCs in censoring
disease-associated autoreactive B cells has been provided
by the study of autoreactive 9G4 B cells'*'®". These cells
are selectively expanded in patients with active SLE, with
serum 9G4 titres associating with disease activity and
the presence of glomerulonephritis. It has been shown
that, despite the large frequency of 9G4 B cells in the
naive B cell compartment, GCs in healthy individuals are
competent in censoring these cells, which are virtually
never found in mature GCs in healthy individuals'**'*°.
By contrast, ~25% of all GCs analysed using tonsil biop-
sies of patients with SLE contain proliferating (that is,
Ki67*) expansions of the GC 9G4 B cell subset and an
abundance of the corresponding class-switched memory
B cells and plasma cells. Of interest, this defective GC
censoring seems to be specific for SLE as it is not found
in rheumatoid arthritis follicles.
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Higher than normal levels of circulating cells that
resemble T, cells (defined as circulating CXCR5*CD4*
cells with high expression of T, cell-associated mol-
ecules such as ICOS and PD1) are found in a subset of
patients with SLE but not controls™". This cellular pheno-
type did not vary with time, disease activity or treatment
but did correlate with diversity and titre of autoantibodies
and severity of end-organ involvement. Increased IL-17 and
IL-21 have been reported in the serum of human patients
with SLE"'"'*3. These findings are consistent with the
proposed disease mechanism in sanroque mice and iden-
tify T, cell effector molecules as possible therapeutic
targets in a recognizable subset of patients.

It is important to emphasize that most of the evidence
cited in support of either a follicular or an extrafollicular
origin for autoantibodies can be used to support the
contrary position. We have mentioned evidence show-
ing both pathogenic and protective roles for ectopic GCs,
which questions the notion that ectopic GCs support a
follicular origin of autoantibodies. Furthermore, the
short-lived nature of autoantibody responses in mouse
models and in humans with autoimmune disease (either
as measured directly’**'** or as inferred by the rapid and
selective loss of certain types of autoantibody after B cell
depletion therapy'¥”) has been regarded as evidence in
support of an extrafollicular origin'**. However, a cor-
relation between the appearance of new CD27* memory
B cells after the same therapy and disease recurrence
has been cited as evidence of a follicular origin of auto-
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plasmablasts coincide with disease remission in SLE
could be interpreted to indicate either extrafollicular or
GC activity given that most GC-derived B cells enter the
circulation on their way to the bone marrow.

Prospects

Several cellular mechanisms are now available to explain
long-standing and compelling molecular evidence for
the GC origin of many autoantibodies. Autoimmunity
of follicular origin poses a considerable challenge because
once the long-lived autoreactive plasma cells or memory
B cells have been generated, treatments that disrupt GCs
or FDCs, such as lymphotoxin- receptor chimeric anti-
body, or that fail to eliminate long-lived plasma cells, such
as rituximab, might not always be successful. It is nota-
ble that autoantibodies can arise not only from defects
in binary tolerance checkpoints but also from extended
survival of GCs. Indeed, abnormalities of each of the
cellular constituents of GCs, as well as antigen itself, affect
GC survival and therefore autoantibody production.
This is a key conceptual advance because it implies that
a targeted therapy for autoimmunity would be effective
if it were to ‘tune down’ the GCs in order to reduce the
risk of autoimmunity while preserving foreign antigen-
specific responses. By contrast, a therapy based on a binary
tolerance checkpoint might be expected to block all GC
functions. So far, several molecular targets are apparent
(FIC. 2), and therapeutic agents are already available for
some of these targets. The ultimate test of the significance

antibodies'’. Furthermore, the observation in mice
in humans'®' that increases in the number of circulating
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