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Humoral immunity, which is the branch of the immune
system governed by B cells, protects the body from
extracellular pathogens through the secretion of immu-
noglobulins. Given the unpredictability of exogenous
antigens, B cells must be accommodating to numerous
genetic alterations to mold immunoglobulin specificity
to recognize offending pathogens. Abnormalities in this
process leave the host susceptible to permanent patho-
logical modifications and in particular humoral autoim-
munities in which secreted immunoglobulins mistake
host proteins as pathogenic targets. Underlying the de-
velopment of self-reactive immunoglobulins is activa-
tion-induced cytidine deaminase (AID), a mutagenic en-
zyme responsible for modifying the specificity of B cells
by producing point mutations at the immunoglobulin
gene locus. Ideally, these mutations result in an in-
creased affinity for exogenous antigens. However, in
pathological scenarios, these mutations produce or en-
hance a B cell’s ability to target the host. AID-induced
mutations occur in the germinal center microenviron-
ment of peripheral lymphoid tissue, where pathogenic
B-cell clones must evade overwhelming selection pres-
sures to be released systemically. Recent research has
revealed numerous genes and pathways responsible for
eliminating self-reactive clones within the germinal
center. On the basis of these studies, this review aims to
clarify the link between AID and the generation of
pathogenic immunoglobulins. Furthermore, it de-
scribes the selective pressures that pathogenic B cells
must bypass within the germinal center to secrete im-
munoglobulins that ultimately result in disease. (Am J
Pathol 2011, 178:462–471; DOI: 10.1016/j.ajpath.2010.09.044)

When a foreign pathogen breaches the innate barriers of
complex multicellular organisms, the host must use a

calculated attack on this infection to reclaim sterility. Early
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vertebrates acquired what has evolved into a compre-
hensive system of immunological processes that allow for
the theoretical targeting of any pathogen. This system
necessitates an arsenal with a diverse enough repertoire
to recognize any pathogen it is exposed to and with
enough specificity to efficiently clear these threats from
the system. This is an especially daunting responsibility
given the limitless variety of pathogens that threaten the
body and the amazing rate at which many of them adapt
to evade detection. Central to this process is the humoral
immune system, which uses secreted immunoglobulins
produced by B cells to target pathogens with high affinity.
Upon differentiation, these cells secrete immunoglobulins
which bind extracellular pathogens and contribute to
their destruction by i) direct lysis via complement factors,
ii) neutralization of pathogen infectivity, and iii) enhance-
ment of the opsonization process. Immunoglobulin pro-
duction necessitates extensive genetic modification of its
gene locus, a process that transpires during B-cell on-
togeny. Although somatic restructuring of the immuno-
globulin gene allows for flexibility in pathogen detection,
the permanence of genetic manipulation leaves B cells
susceptible to disease-causing alterations that include
lymphomagenesis and autoimmunity.

The remodeling of the immunoglobulin gene begins
early in B-cell development within the bone marrow and
proceeds in various stages until terminal differentiation to
an immunoglobulin-secreting plasma cell. Many of the
steps that affect the immunoglobulin gene occur ran-
domly and thus require selection-based checkpoints to
eliminate clones deemed harmful to the system. These
checkpoints, however, are not infallible, and aberrancies
often lead to the release of pathogenic B-cell clones. The
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process of central tolerance in the bone marrow and the
related mechanisms by which tolerance is bypassed are
well reviewed elsewhere.1 Although circumvention of
early tolerance checkpoints may result in anywhere from
50% to 75% of circulating B cells with some degree of
self-recognition, these cells remain lowly reactive and,
as a naive population, cannot, in and of themselves,
secrete immunoglobulins.2,3 The development and se-
cretion of highly active autoimmunoglobulins therefore
requires further modification of the gene locus in the
form of targeted point mutations. This modification is
controlled by the B-cell–specific enzyme activation-in-
duced cytidine deaminase (AID; reviewed below) and
normally occurs in the germinal center (GC; reviewed
below) microenvironment of peripheral lymphoid tissue.
During a normal immune response, AID and the GC pro-
vide the biological tools necessary for the production of
high-affinity, pathogen-specific immunoglobulins. How-
ever, the mechanistic details underlying this process are
not well understood, and, indeed, anomalies can lead to
severe clinical manifestations.

AID is a potent mutagen, and thus the production of
high-affinity immunoglobulins leaves a B-cell vulnera-
ble to off-target mutations and subsequent lymphom-
agenesis.4 This is illustrated by the fact that most B-cell
lymphomas occur in either the GC or post-GC B-cell
compartments with AID being linked to many of the
etiological events.5 Abnormal GC behavior, however, is
also associated with the onset of severe autoimmune
diseases, such as systemic lupus erythematosus (SLE),
rheumatoid arthritis, myasthenia gravis, and Sjögren’s
syndrome.6–9 Central to the pathology of these diseases
is the presence of autoreactive immunoglobulins that
contribute to inflammation via immune complex deposi-
tion and complement activation. Furthermore, the B cells
carrying these autoreactive immunoglobulins may serve
to activate cognate CD4� T cells that exacerbate the
disease phenotype.10,11 Most of these immunoglobulins
are class switched and show signs of AID-mediated point
mutations, prompting study into the relationship between
this enzyme and autoimmunoglobulin generation.12 In
reality, the interplay between AID and autoimmunity is
rather complex and further convoluted by the as yet un-
defined selection checkpoints used by the GC. Although
AID may play a role in generating highly reactive autoim-
munoglobulins, breaches in GC selection are responsible
for the spread of these B-cell clones to the afflicted tis-
sues.13 This review aims to better define the connection
among AID, GC selection, and the production of autore-
active immunoglobulins with a focus on recently pub-
lished work in these fields.

Immunoglobulin Diversification

Genetic diversification of the immunoglobulin gene oc-
curs at various stages of B-cell ontogeny and can be
used as checkpoints of successful development. Primary
diversification occurs in the bone marrow and constitutes
somatic recombination of the immunoglobulin heavy

chain locus. The antigen-binding domain of immunoglob-
ulins is composed of 3 groups of repetitive gene seg-
ments known as the variable (V), diversity (D), and joining
(J) segments. Somatic recombination of these segments
produces a single exon composed of one of each of the
V, D, and J segments that encode the antigen binding
site of the immunoglobulin (Figure 1A). An analogous
modification occurs at the light chain immunoglobulin
locus, which differs only in its lack of D segments. The
association of a randomly generated heavy chain with a
randomly generated light chain allows for a considerable
degree of plasticity for antigen specificity despite a lim-
ited encoding gene family.14 Along with being inherently
random, V(D)J recombination occurs without impetus (ie,
antigen independent) and consequently produces a pri-
mary B-cell repertoire that has little familiarity with exog-
enous antigenic epitopes. A naive B cell may therefore
recognize a pathogen with only a weak affinity and must
undergo further diversification to improve this interaction
to the degree necessary for immunity.

Although secondary immunoglobulin diversification
acts to complement V(D)J recombination, it is a mecha-
nistically distinct and somewhat less characterized pro-
cess. These modifications again work at the genetic level
in the form of point mutations targeted to the now rear-

Figure 1. Mechanisms of immunoglobulin diversification. In humans and
mice, the immunoglobulin locus of B cells undergoes three major modifica-
tions to ensure it has both the diversity and specificity needed to effectively
clear pathogen. Primary diversification occurs in an antigen-independent
manner through random recombination of the tandemly repeated V, D, and
J gene segments at the immunoglobulin locus (A). On exposure to antigen,
the immunoglobulin locus is further modified through the generation of
random point mutations in the newly rearranged V(D)J region, a process
known as somatic hypermutation (B). Constant regions downstream of the
V(D)J dictate the immunoglobulin’s effector function and can be irreversibly
exchanged to alter this function while maintaining the same V(D)J specificity,
a further level of diversification on antigen exposure. C: Class switch recom-
bination from the default IgM switch region (S�) and associated constant
regions (C�/C�) to the IgG1 switch region (S�1) and associated constant
region (C�1).
ranged V(D)J region, a process dubbed somatic hyper-
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mutation (SHM; Figure 1B).15 Unlike primary diversifica-
tion, which contains developmental checkpoints spurred
by signals in the bone marrow, secondary diversification
typically occurs in peripheral lymphoid tissues after a
direct response to antigenic stimuli. Although SHM is also
a random process, secondary diversification as a whole
is fashioned to produce a discrete repertoire of B cells
that can effectively respond to an offending pathogen. In
humans and mice, SHM is allied with the generation of
new immunoglobulin isotypes by promoting the ex-
change of the effector-encoding constant region of the
default IgM with any IgG, IgA, or IgE (while maintaining
the same antigen specificity). This process, known as
class switch recombination (CSR; Figure 1C), allows for a
varied immune attack using the unique effector functions
of alternate immunoglobulin isotypes. The concerted ef-
forts of immunoglobulin diversification allows for the initial
generation of a large pool of naive B cells with a broad
range of weak specificities (primary diversification),
which is subsequently fine-tuned to respond in an anti-
gen-specific manner with diverse effector capabilities
(secondary diversification).

Secondary diversification occurs in the GC and is con-
trolled at the molecular level by the enzyme AID.16,17 AID
is a DNA-specific initiator of SHM and CSR that acts by
deaminating cytidines to uridines specifically at the im-
munoglobulin locus.18–21 AID-generated uridines are en-
gaged by various DNA repair proteins that, in the case of
SHM, lead to the generation of affinity-altering point mu-
tations and, in the case of CSR, spur recombinogenic
events that substitute immunoglobulin isotypes. AID ex-
pression within the GC is a unique physiological scenario
in which the cell actively mutates itself for the benefit of
the body. Given the mutagenic potency of this enzyme,
cells necessitate a multifaceted approach to controlling
AID function, including limiting gene expression, restrict-
ing nuclear access and stability, using multiple regulatory
phosphorylation sites, and associating with as yet un-
known cofactors to regulate its activity.22–24 Others have
even suggested that a strong negative regulation of the
enzyme exists in B cells to prevent overmutation or off-
target effects of AID.25 Despite these layers of protection,
the body is still susceptible to adverse effects of second-
ary diversification, namely, the development of humoral
autoimmunities as is the topic of this review.

The GC

The primary goal of B cells participating in the humoral
response is to amass an army of plasma cells producing
high-affinity, antigen-specific immunoglobulins that can
help fight infection.26,27 In the process, the host must also
build up a reserve of memory B cells to prevent persistent
reinfection with the same pathogen (ie, to gain “immunity”
to that pathogen).28 The source of both plasma and
memory cells is the GC, a microenvironment that forms in
peripheral lymphoid tissue 5 to 7 days after exposure to
antigen and the site of secondary diversification (Figure
2). The GC serves as a niche for B-cell modification and
selection, whereby affinity-altering SHMs produce a com-
petitive milieu to allow only the most beneficial cells to exit
as a plasma or memory cell.29 Although identified more
than a century ago, no universally accepted model exists
for GC behavior. Described below is a classic interpre-
tation of this process based on well-established data.

As antigen-loaded fluid percolates through the archi-
tecture of secondary lymphoid tissue, it encounters rare
lymphocytes, both B and T cells, that have the capacity to
recognize it.30,31 To successfully protect the body from

Figure 2. The germinal center reaction. After antigenic ex-
posure, B and T cells are activated in their respective zones
within peripheral lymphoid tissue. Activated cells then mi-
grate to the B/T boundary where they interact with one
another. T cells impart further activation signals onto cognate
B cells, leading to the stimulation of pauciclonal GC found-
ing populations. On GC seeding, founder cells are termed
centroblasts and are characterized by the down-regulation of
the immunoglobulin receptor from their cell surface and
intense levels of proliferation and AID-mediated SHM. These
cells then migrate to the light zone of the GC, where they
reexpress the immunoglobulin receptor and are termed cen-
trocytes. The light zone provides a competitive environ-
ment whereby centrocytes are positively selected based
on their ability to bind antigen expressed on the surface of
follicular dendritic cells (FDCs) in the form of immune
complexes. FDCs and CD4� T cells provide positively
selected clones with the signals needed to exit the GC as
a plasma or memory cell. Negatively selected cells die via
apoptosis, where they are phagocytosed by local macro-
phages (not shown). A portion of cells may re-enter the
dark zone to undergo further rounds of proliferation and
SHM.
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infection, these rare cells must be selectively amplified
and, in the case of B cells, further modified to provide an
optimal immunological response. Antigen is recognized
by B cells through surface-bound immunoglobulin recep-
tors that provide a preliminary activatory signal. Costimu-
latory cues required for entry into the GC (namely, CD40-
CD40L interactions) are subsequently provided by
cognately activated CD4� T cells.32,33 GCs are seeded
by a pauciclonal population (ie, 3 or fewer) of activated B
cells that migrate back to the B-cell zone of lymphoid
tissue after interaction with cognate T cells.30,34

The efficiency of antigen-specific immunoglobulin de-
velopment is heavily dependent on the architectural de-
sign of the GC. As the GC matures, it begins to form two
phenotypically distinct zones with unique functions (Fig-
ure 2).26,35 These two regions, known as the dark and
light zones, were originally characterized in 1930 based
on cellular morphology in histological cross-sections of
the lymph node.27 The dark zone, so-called because of
the presence of large, densely packed, mitotically active
B cells, is the first to arise, developing from the initial
founding population. B cells in the dark zone, termed
centroblasts, expand the meager founding population by
proliferating every 6 to 10 hours.36,37 Centroblasts are
further characterized by AID expression and a loss of
surface immunoglobulin, presumably to allow uncompli-
cated modification of the immunoglobulin gene by SHM.
The end result is an assortment of mutated B cells that
have varying affinities for antigen. These cells must now
undergo a selection process for high-affinity clones, re-
sulting in the survival and expansion of only those cells
deemed appropriate to fight off infection.

Because the process is random, SHMs acquired in the
dark zone will be mostly deleterious to the cell’s effec-
tiveness in fighting infection, usually lowering its affinity
toward the target antigen.38 Furthermore, mutation of the
immunoglobulin locus risks the production of B cells that
have acquired (or enhanced) the ability to target self-
antigen, thereby making it dangerous to the host. Inef-
fectual clones must be targeted for removal from the
system, whereas rare, high-affinity clones are preferen-
tially selected for expansion. As a counterbalance to the
chaotic proliferation and mutation observed in the dark
zone, a discrete light zone forms apically to the T-cell
regions of lymphoid tissue (Figure 2).35 The light zone is
physically structured to facilitate selection using a com-
petition-based system.26 Fundamental to this process is
the follicular dendritic cell (FDC), a light zone–specific
stromal cell with large processes that express comple-
ment and Fc receptors on their surface (Figure 2).39 This
allows the FDC to construct a network of immune com-
plexes that capture antigen as it enters lymphoid tissue.
GC B cells, termed centrocytes on entry into the light
zone, terminate SHM, exit cell cycle, and re-express sur-
face immunoglobulin. Newly mutated cells test the affinity
of their immunoglobulin receptors by competing for anti-
gen bound to the surface of FDCs.40 Those that success-
fully bind antigen receive survival and maturation signals,
of which little is known. Antigen-binding cells are posi-
tively selected to leave the GC and enter the bone mar-

row as long-term plasma cells or memory cells. Noncom-
petitive and autoreactive cells are removed from the
system via apoptosis and are quickly phagocytosed by
resident macrophages.26,38 Also present in the light zone
is a small population of CD4� T cells that are generally
believed to serve as a further checkpoint for mutated
centrocytes.26,41 It has been hypothesized that these
cells have the task of ensuring that centrocytes do not
possess any self-reactive specificities and further pro-
vide co-stimulatory/differentiation signals that allow them
to exit the GC based on OX40-OX40L and CD40-CD40L
interactions.42 Light zone T cells may also provide the
signaling necessary to induce CSR in centrocytes.5 Oth-
ers have proffered that the presence of soluble antigen
plays the major role in deleting self-reactive clones
through the competitive inhibition of their interactions with
FDCs.43,44 In either case, given the rarity of high-affinity
antigen-specific B cells, the light zone becomes a virtual
graveyard for apoptotic cells and an important check-
point for the removal of self-reactive clones.

Although the simplicity of the GC model previously
described is appealing, its basic tenets have been ques-
tioned by recent intravital two-photon microscopic exper-
iments, which have allowed for the live imaging of murine
GC cells in vivo.27 Some of the observations made using
this technique are inconsistent with the accepted model,
particularly calling into question the phenotypic segrega-
tion of centroblasts and centrocytes as unique entities.
Importantly, the authors of these reports found that
centrocytes located in the light zone of the GC are, in
fact, mitotically active albeit at a much lower rate than
centroblasts. Furthermore, both centroblasts and cen-
trocytes were shown to undergo apoptosis in vivo.45

These observations conflict with the classic view of the
GC, which restricts proliferation to the dark zone–resident
centroblasts and apoptosis-mediated selection to the
light zone–resident centrocytes. It is unclear, however,
whether the observed proliferation and apoptosis serve
the same purpose in the dark zone as they do in the light
zone. These studies also emphasized similarities in ap-
pearance and motility of centroblasts and centrocytes
and noted frequent migration of these cells between the
two zones, implying they may be more related than pre-
viously thought.45,46 However, caution must be taken in
the analyses of these results because of the technical
limitations of two-photon microscopy. Many of the con-
clusions, including those on proliferation, apoptosis, and
migration, were based on rare observations and limited
tracking: a major shortcoming of this technology.35 De-
spite this, it is clear whether the current model of the GC
must be refined as future findings begin to reconcile the
observations made in these studies with what is already
established.

AID and the Production of Autoreactive
Immunoglobulins

Given the mutagenic capacity of AIDs, it is somewhat
expected that aberrancies in its expression or even its
normal physiological function may lead to disease.47 A

role in autoimmunity can be predicted based on the fact
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that autoimmunoglobulins are often heavily mutated and
class switched. Furthermore, sites of autoantibody pro-
duction, such as ectopic GCs and tertiary lymphoid
organs, strongly express AID and exhibit hallmarks of
SHM and CSR.6 Indeed, using the BXD2 autoimmune
mouse model, which develops high titers of autoimmu-
noglobulins and associated disease, Hsu et al48 de-
scribed an association between the levels of AID ex-
pression and autoimmunoglobulin production. BXD2
mice produce spontaneous GCs with overexpressed
levels of AID compared with wild-type (WT) cells. In
addition, pathogenic autoimmunoglobulins were heavily
mutated and switched to the IgG isotype. By blocking
cognate T-cell interactions, the authors were able to de-
crease AID levels in B cells and showed concomitant
decreases in autoimmunoglobulin production, confirming
a role for AID. Similarly, in rheumatoid arthritis patients,
both circulating B cells and those found in ectopic lym-
phoid follicles expressed significantly higher levels of AID
when compared with controls.49 Furthermore, AID ex-
pression showed a strong correlation with serum pres-
ence of rheumatoid factor, anticyclic citrullinated pep-
tide, interferon-�, and interleukin-7, all of which
contribute to the development of disease. These data
provide both direct and circumstantial evidence of a
role for AID in producing the autoreactive immunoglob-
ulins that may lead to disease.

The most convincing evidence supporting the link be-
tween AID and autoimmunoglobulin production was illus-
trated by a series of experiments using the autoimmune
prone MRL/lpr mouse, a standard model for disease that
mimics human SLE. In the complete absence of AID,
MRL/lpr mice showed a reduction in glomerulonephritis
and a significant increase in overall survival.50 Although
these studies were complicated by the inability of these
mice to produce class-switched IgG antibodies, it em-
phasized the importance autoimmunoglobulins play in
the onset of disease. Also noted in the study was a
striking increase in autoreactive IgM antibodies in the
AID-deficient MRL/lpr mice (despite the absence of SHM)
could not compensate for a lack of autoreactive IgG. In
an independent study by the same group, the authors
remedied their previous model’s inability to switch to IgG
by using AID heterozygous mice on the same MRL/lpr
background.51 Although serum levels of switched immu-
noglobulins in vivo were comparable between WT and
AID heterozygous mice, the authors showed a gene dos-
age effect on CSR in vitro, a phenomenon that is now an
established characteristic of AID heterozygosity.52,53 In-
terestingly, AID heterozygous mice on the MRL/lpr back-
ground had a marked reduction in levels of SHM in vivo
owing to the aforementioned gene dosage effect. Low-
ered SHM profoundly reduced the affinity of autoreactive
immunoglobulins to self-targets and had an associated
delay in the onset of disease, including kidney destruc-
tion.51 These findings were significant in pinpointing SHM
as the major contributor to autoimmunoglobulin produc-
tion, with CSR being necessary but not sufficient for dis-
ease onset. More recently, a report by Zan et al54 studied
the MRL/lpr mouse in greater detail and noted enhanced

expression of not only AID but the low-fidelity repair fac-
tors associated with SHM, including polymerase �, �, and
�. The up-regulation of these proteins was associated
with increased SHM and CSR levels, and associated
abnormalities resulted in an expanded spectrum of AID-
targeted mutation hotspots in the MRL/lpr mouse immu-
noglobulin gene. The authors argue that the overactive
secondary diversification process is ultimately responsi-
ble for producing heavily mutated class-switched immu-
noglobulins with autoreactive specificities. Taken to-
gether, these data conclusively link AID with production
of heavily mutated clones that, on breaching GC selec-
tion, lead to the development of autoimmune disorders.

AID Deficiency and Autoimmunity

Although the link between AID and the generation of
autoimmunoglobulins is somewhat expected, there is a
paradoxical counterbalance to this association that has
been revealed in recent reports. Patients with inactivating
mutations in the AID gene present autoimmune pheno-
types in 21% of cases, including arthritis, autoimmune
hepatitis, and Crohn’s disease.55 Indeed, hyper-IgM syn-
drome patients (a pathological manifestation of impaired
B/T interaction, GC production, or AID function) have
been shown to be susceptible to a gamut of autoimmune
phenotypes.56 In the mouse model, aged AID�/� mice
develop ectopic lymphoid neogenesis (a hallmark of nu-
merous autoimmune diseases), which ultimately leads to
aberrant B-cell expansion and severe autoimmune gas-
tritis.57 In this study, disease was mediated by gastric
mucosa–specific autoimmunoglobulins and autoreactive
CD4� T cells. In contrast to the aforementioned results
from MRL/lpr mice, Chen et al58 used AID-deficient lpr
mice on the C57BL/6 background to show a profound
increase in spleen size, overactive GC responses, ele-
vated levels of IgM autoimmunoglobulins, and advanced
glomerulonephritis, suggesting that the absence of AID
aggravates the autoimmune phenotype associated with
the lpr mouse. Although the previously discussed report
by Jiang et al50 noted the ability of AID�/� mice to spon-
taneously produce anti-dsDNA IgM, which was exacer-
bated in the context of MRL/lpr mice, the differences in
these studies may be attributed to variation in the genetic
background of the MRL and C57BL/6 strains.

As mentioned before, mildly autoreactive B cells are
known to evade central tolerance and enter the primary
repertoire after successful V(D)J recombination. In the
GC, iterative rounds of SHM and selection aim to guide
these clones away from their autoreactive specificities in
favor of antigenic epitopes.50 AID�/� mice that have lost
the ability to refine their immunoglobulins through SHM
may accumulate these autoreactive clones in the GC. We
recently showed that AID�/� B cells accumulate within
the GC due to an inability to undergo normal apoptosis.59

This finding provided an explanation for the large GC
structures observed in lymphoid tissues of AID�/� mice
and humans and also provides an explanation for the
inability of AID�/� mice to clear self-reactive cells from
the GC, thereby contributing to the autoimmune pheno-

type observed by others.16,17 Furthermore, GCs in the
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AID�/� mouse arise spontaneously, a common feature of
humoral autoimmunities where B cells react in response
to self-antigen. As others have suggested, unregulated
B-cell activation on its own is sufficient to produce auto-
immune phenotypes, as seen with mice deficient in
Fc�RIIB, Shp1, or protein kinase c�.57,60–62 To this effect,
we showed enhanced proliferation of AID�/� cells in vitro
after stimulation through the B-cell receptor and CD40,
which mimics in vivo T-cell activation. The finding that an
absence of AID may also affect the onset of autoimmune
disease underscores the importance of AID regulation
during secondary diversification. Indeed both the over-
abundance and underabundance of AID may contribute
to autoimmune disease via vastly different pathways,
which will be better understood with further study.

It has been suggested that the inability of AID�/� mice
to produce class-switched IgG antibodies may contribute
to GC deregulation, B-cell expansion, and autoimmuno-
globulin production due to an inability to crosslink the
inhibitory Fc�RIIB receptor on the surface of B cells.57

Indeed, mice lacking the Fc�RIIB receptor are prone to
humoral autoimmune disease.60,63 However, using mixed
bone marrow chimeras with WT and AID�/� donors, we
still observed an apoptosis defect and subsequent ac-
cumulation of AID�/� B cells in splenic GCs. In this
model, secreted IgG is provided by WT donors and
would therefore compensate for an Fc�RIIB defect by
binding this receptor on the surface of AID�/� cells. We
therefore concluded that, at least in the AID�/� model,
the Fc�RIIB receptor is not a contributing factor in GC
selection, with the defect likely being B-cell intrinsic.
Although loss of the Fc�RIIB receptor is clearly asso-
ciated with the progression of autoimmune disorders,
our work and the work of others suggest that these
defects do not arise during the removal of self-reactive
clones from the GC.59,64

The GC: Apoptosis and Autoimmunity

Abnormal GC behavior, such as spontaneous or ectopic
formation, is often linked to the production of pathogenic,
self-reactive immunoglobulins.6,65 For example, chronic
B-cell activation in these lymphoid microenvironments
has been shown to lead to the development of humoral
autoimmune diseases, such as SLE.66,67 In severe
cases of autoimmunity, including myasthenia gravis and
Sjögren’s syndrome, ectopic GC formation is found in the
afflicted organs producing highly specific autoimmuno-
globulins.7–9,68 Defective cellular mechanisms, such as
the delayed clearance of apoptotic cells within the GC,
provide a suitable source of intracellular components to
which autoimmune B cells can react.64,69 Reports have
also revealed a role for GC-specific components, such as
FDCs, in disease progression.70 Given the various pos-
sibilities, the exact role of the GC in mediating humoral
autoimmunity is not fully known and likely depends on the
nature of the disease. Ultimately, however, the root of
pathology must be in the evasion of GC B-cell selection,
which normally eliminates these cells before they are

released systemically.13,71 Although little is known of the
mechanisms mediating GC selection, it is widely ac-
cepted that the primary means by which this process
occurs is through the apoptosis of ineffective B-cell
clones. In mouse models, defects in apoptotic signaling
have a profound effect on GC selection and the produc-
tion of autoimmunoglobulins (reviewed in Table 1).

Autoreactive B-cell clones must bypass dominant
apoptotic signals to escape the various layers of GC
selection, although the signaling cascades responsible
for GC death remain to be fully characterized. Of the two
major apoptotic pathways, the so-called extrinsic path-
way is regulated by death receptors of the tumor necrosis
factor family, which play the initiating role in the cell’s
death on ligand engagement.86–88 The Fas receptor
(also known as Apo-1 and CD95) is the most extensively
studied member of the this family, and its role in lympho-
cyte apoptosis is well established.89 Death through the
Fas receptor is paramount to lymphocyte homeostasis
because mutations in this receptor in humans and mice
(the lpr mouse model) or its ligand (the gld mouse model)
lead to autoimmune lymphoproliferative syndrome: an
excessive accumulation of abnormal lymphocytes due to
a break in selection.75,90,91 The extrinsic apoptotic path-
way was initially assumed to be the major contributor to
GC selection due to the observed overexpression of the
Fas receptor on the surface of GC B cells.92 In vivo anal-
yses of the contribution of the Fas receptor to GC function
and selection, however, have been somewhat contradic-
tory. The first experiments were performed using the mu-
rine lpr model, which, surprisingly, concluded that immu-
nized lpr mice produced normally functioning GCs that
generated high-affinity antibodies and a normal memory
cell compartment.92 Conversely, recent experiments us-
ing the same experimental procedure and more detailed
flow cytometric characterization showed defects in clonal
selection within the GCs of immunized lpr mice, leading to
a significant defect in the generation of the antigen-spe-
cific memory cell compartment and survival of heavily
mutated B-cell clones.72 Furthermore, study of the con-
tribution of Fas to the elimination of autoreactive GC B
cells has produced equally conflicting results, with some
experiments showing the buildup of autoreactive GC B
cells in immunized lpr mice and others showing that Fas
plays no role in the elimination of these cells.73,93 A fun-
damental limitation of the lpr system, however, is a Fas
deficiency in all immune cells throughout their develop-
ment, thereby causing the abnormal expansion of other
hematopoietic cells whose effects on GC function remain
unknown. Important experiments using conditional dele-
tion of the Fas gene in the B-cell lineage have conclu-
sively shown that Fas is indeed responsible for the selec-
tion of cells in the GC, with these mice showing an
expanded memory cell compartment and, importantly,
accumulation of autoreactive B cells.75

In the absence of external cues for apoptosis, death
signals can be triggered from stimuli within the cell. The
second major apoptotic pathway is known as the intrinsic
pathway and responds to internal cellular stress cues,
such as DNA damage or viral infection. Intrinsic apopto-
sis is regulated by the Bcl-2 family of pro-apoptotic and

anti-apoptotic factors.86–88 When the balance between
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these proteins is disturbed, mitochondrial membrane in-
tegrity is destabilized, causing the release of death-
signaling factors. The intrinsic apoptotic pathway is also
important for lymphocyte development as evidenced by
experiments using transgenic expression of prosurvival
or deletion of proapoptotic members of the Bcl-2 family in
mice.74,79,94,95 These genetic alterations lead to an ac-
cumulation of lymphocytes in the system and associated
disease, similar to what is seen in Fas-deficient mice.
Importantly, enforced expression of the prosurvival pro-
tein Bcl-2 or deletion of the proapoptotic protein Bim
affects GC selection in a manner that leads to the devel-
opment of humoral autoimmunity with both mice devel-
oping lupus-like disease.76–80 We and others have
shown that both intrinsic and extrinsic apoptotic path-
ways act simultaneously within the GC, and a study per-
formed recently by Aït-Azzouzene et al96 showed that
members of both pathways make significant contribu-
tions to the deletion of self-reactive clones. Further re-
search is required to fully understand the context in which
either pathway is effective and how that affects the onset
of disease and potential therapeutic targets.

Conclusions

The lesson learned from the studies reviewed in this

Table 1. B-Cell–Associated Humoral Autoimmunity Models and

Proposed mechanism Mouse genotype

Promote survival of
autoreactive GC B cells
through the extrinsic
apoptotic pathway

lpr and/or gld Lymp
mu
glo

CD19-conditional
Fas�/�

Lymp
lym
de

Promote survival of
autoreactive GC B cells
through the intrinsic
apoptotic pathway

Bcl-2 Tg Abno
sp
lup

bim�/� Abno
ex
au
glo

Abnormal B-cell signaling
and proliferation

CD22�/� Anti-
PD-1�/� IgG3

ex
Fc�RIIB�/� Antin

glo
CD19-conditional Ptpn6

(Shp1 deficient)
Unre

im
im

PKC��/� Spon
au
mu

CD19 Tg Brea
an

BAFF Tg Abno
cir
au

Lyn�/� Impa
se
glo

AID�/� Auto
ph
fun
report is the importance of fine-tuning AID levels during
the secondary diversification process in the GC. Al-
though overexpression of the gene clearly entails the
threat of producing harmful self-reactive immunoglobu-
lins, the complete absence of this gene has a similar
effect, albeit through a distinct pathway. The numerous
layers regulating the expression and function of this im-
portant enzyme are therefore understandable. Less ob-
vious are the mechanisms by which inappropriately mu-
tated B cells are able to bypass normal GC selection. As
previously explained, evasion of the apoptotic pressures
in the GC are the route by which these cells can enter
systemic circulation. A better understanding of these
pathways would provide potential clues for therapeutic
treatment of GC-derived humoral autoimmunities.

As the origin of humoral autoimmunity is better under-
stood, the importance of B cells in the generation of
autoimmunoglobulins is being appreciated as a major
contributor to pathology. Consequently, novel therapies
have targeted B cells to alleviate the symptoms associ-
ated with these diseases. Importantly, the use of the
B-cell–depleting monoclonal antibody rituximab for mul-
tiple autoimmune disorders has been promising, espe-
cially in the treatment of rheumatoid arthritis.97 Other
therapies have focused on stunting GC production by
blockading B/T interactions, notably through the obstruc-
tion of CD40 or CTLA4 signaling in SLE. The modulation
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APRIL, have shown varying efficiencies in inhibiting B-
cell function and bypassing disease phenotypes.98 A
number of therapeutic strategies still in the rudimentary
stages of development focus on other aspects of B-cell
signaling and activation in an effort to inhibit the produc-
tion of pathogenic immunoglobulins.99,100 Future re-
search into the mechanisms controlling GC selection and
the regulation of AID will allow for a more specific target-
ing of disease-causing aberrations and the techniques
necessary to prevent or treat them.
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