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Purpose of review
A hallmark of systemic lupus erythematosus is the
production of autoantibodies that recognize nuclear
antigens. However, the underlying events and mechanisms
that lead to the selection of these molecules for the
autoimmune response remain poorly understood. In this
review, we will examine some of the proposed explanations
for sources of systemic lupus erythematosus-specific
autoantigens. We will focus on events related to apoptosis,
viral infection, cytokine production, innate immune
system components, and alternative splicing of pre-mRNA
transcripts.
Recent findings
Definitive proof of a viral etiology for lupus remains
elusive. However, recent observations have added to
increasing evidence that viruses contribute to the bypass
of tolerance in systemic lupus erythematosus. Also,
events associated with apoptosis — most notably
proteolytic autoantigen cleavage by caspases and
granzyme B — have been implicated in the initiation of
autoimmune responses for over a decade. Results
obtained from animal models and human systems
suggest complex functions for pro-apoptotic pathways in
the regulation of immune responses. Inducible antigen
expression and alternatively spliced transcripts
may represent additional ways of generating
autoantigenic material. Finally, toll-like receptor family
members may play critical roles in the induction of
antibody responses to nucleic acids in systemic
lupus erythematosus.
Summary
Several factors may contribute to the generation of
systemic lupus erythematosus-specific autoantigens.
Determining the underlying causes of autoantibody
production may provide important insight into the etiology
and pathogenesis of this disease.
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interferon-alpha
DNA-dependent protein kinase, catalytic subunit
poly (ADP-ribose) polymerase
systemic lupus erythematosus
toll-like receptor
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Introduction
Systemic lupus erythematosus (SLE) is a chronic autoimmune
disease of unknown etiology. Like most autoimmune diseases,
the development of SLE is believed to be influenced by a combination of genetic, environmental, and hormonal factors [1].
SLE is characterized by the presence of antinuclear autoantibodies (ANAs), which are primarily directed against molecules that have roles in important cellular processes. A
key issue in lupus is how these largely intracellular antigens become targets of the autoimmune response. The
heterogeneous nature of SLE suggests that numerous factors may be involved in generating the autoantigens that
are associated with this disease. Several findings point to
a role for the pro-apoptotic protease granzyme B in breaking self-tolerance in SLE. It has been shown that granzyme B cleaves autoantigens that are targeted across the
spectrum of human systemic autoimmune disease, producing unique autoantigen fragments that are not seen during
caspase-mediated or other forms of cell death. These
observations implicate granzyme B activity as a major contributor to the generation of novel, immunogenic epitopes. However, a number of SLE-associated autoantigens
are inefficiently cleaved by granzyme B, indicating a possible role for other mechanisms. Although a viral etiology
has been proposed for SLE and many other autoimmune
diseases, formal proof of a viral origin for any autoimmune
disorder remains difficult to establish. In this article, we
will examine some of the prevailing hypotheses on the origins of autoantigens in SLE. We will focus on the role of
proteolytic autoantigen cleavage by granzyme B, as well as
two proposed mechanisms of virus-induced autoimmunity.
We will also discuss the implications of inducible autoantigen expression, alternative splicing of autoantigen mRNA
transcripts, and activation of toll-like receptor (TLR) family members (Table 1).

Apoptosis and autoimmunity
Apoptosis, or programmed cell death, is critical for immune system homeostasis and embryonic development,
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Table 1. Possible sources of SLE-associated autoantigens
Event

Comments

References

Proteolytic
autoantigen
cleavage
(granzyme B)

Attention has focused
on the role of granzyme B
in cryptic epitope generation,
although other proteases
(granzyme A, caspases,
cathepsins, etc.) may
participate in this process.
Viruses may contribute
to autoimmune responses
in many ways, including
(but not limited to) mimicry
of host antigens, and direct
modification of host
proteins.
Other cytokines and conditions
may also promote expression
of ‘novel’ or ‘untolerized’
forms of self-antigens.
Autoantigen transcripts
undergo noncanonical
alternative splicing at
high frequency.
Chromatin has been
implicated as an
endogenous ligand for
TLR9 on B cells,
providing a possible
explanation for
autoantibodies directed
against nucleic acids.

[20—
—25]

Environmental
triggers
(viruses)

IFNa-inducible
autoantigen
expression
Alternative
mRNA
splicing
Activation
of TLR
components

posttranslational modifications that occur during programmed cell death may allow these antigens to subvert
normal mechanisms of peripheral tolerance, contributing
to the immunogenicity of certain self-proteins in SLE
(reviewed in [11]).

Proteolytic autoantigen cleavage
by granzyme B
[30,31,36—
—38]

[46]

[47]

[49—
—51]

SLE, systemic lupus erythematosus; TLR, toll-like receptor.

and its morphologic and biochemical properties have been
well-defined [2]. The link between apoptosis and autoimmunity has been widely studied, and several observations
support a role for programmed cell death in inciting or
propagating autoimmune disease. Ultraviolet irradiation –
a common method of inducing apoptosis – results in the
redistribution of lupus-associated autoantigens to the cell
surface of cultured keratinocytes, where these antigens
can then be recognized by human lupus sera, and presumably also by T and B cells [3,4]. In addition, immunization
with apoptotic cells induces autoantibody production and
glomerular IgG deposition in normal mice [5]. Numerous
mechanisms have been proposed to explain how programmed cell death may contribute to the breakdown
of immune tolerance. Excessive apoptosis in SLE patients
may liberate DNA, histones, and other intracellular antigens that drive the autoimmune response [6]. Defects in
the clearance of apoptotic debris may promote the release
of antigens that are normally sequestered. These sequestered antigens may, in turn, trigger autoimmune responses
[7]. The reduced phagocytic ability of macrophages derived
from diseased lupus mice further supports a role for apoptotic cell removal in the progression of disease [8].
Notably, many lupus-associated autoantigens are posttranslationally modified during apoptosis. Examples include the La antigen which is dephosphorylated [9],
and vimentin, which undergoes citrullination [10]. Thus,

Proteolytic cleavage is an important component of a myriad
of processes, including antigen processing and presentation [12] and regulation of cell signaling [13]. Caspases –
cysteine proteases that cleave substrates immediately after aspartic acid residues – are the key effector molecules
of apoptosis [14], and a small subset of lupus-associated
autoantigens is cleaved by caspases during apoptosis.
Examples include poly (ADP-ribose) polymerase (PARP)
and the catalytic subunit of DNA-dependent protein kinase (DNA-PKCS), two autoantigens that play critical
roles in DNA repair. It has been proposed that cleavage
of these and other proteins may serve to abolish essential
homeostatic activities and insure faithful execution of the
apoptotic program [15]. However, proteolytic autoantigen
cleavage may also serve as a general mechanism for the initiation of autoimmunity.
Engagement of the appropriate T lymphocyte or natural
killer cell receptor triggers the release of cytotoxic granules. These granules contain perforin, a pore-forming protein, and serine proteases known as granzymes. Several
granzymes have been identified, with granzymes A and B
being the most abundant in mice and humans [16]. Granzyme B has been implicated in rapid induction of apoptosis,
while granzyme A seems to play a more critical role in the
later stages of programmed cell death [17–19]. Granzyme B
cleaves directly after aspartic acid residues (similar to caspases), and is capable of activating caspase-dependent and
caspase-independent pathways of cell death [16].
Casciola-Rosen et al. analyzed in detail the interaction of
several autoantigens with granzyme B [20,21]. Although
most of these autoantigens are also cleaved by one or more
caspases, but incubation with granzyme B generates unique
protein fragments that are not seen during caspase-mediated
forms of cell death [21]. Importantly, ‘non-autoantigens’ do
not appear to be substrates for granzyme B. Also, the tissue
where an autoantigen is expressed may influence its susceptibility to proteolysis [22].
In support of a role for granzyme B in triggering autoimmune responses, it has been reported that human anti-centromere protein B autoantibodies selectively bind granzyme
B-generated autoantigen fragments [23]. In addition, studies performed by Blanco et al. suggest that CD8+ cytotoxic
T lymphocyte (CTL) effector status correlates with SLE
disease activity. CD8+ CTLs isolated from SLE patients
generated unique granzyme B-dependent autoantigen
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fragments upon incubation with K562 human erythroleukemia cells [24]. These results suggest a pathogenic role
for granzyme B in SLE. However, granzyme B is not required for the initiation of autoantibody responses after immunization with the mineral oil pristane. In the pristaneinduced model of SLE, granzyme B-deficient mice produce
autoantibodies to the U1-70 kDa antigen, a well-characterized unique substrate for granzyme B. Pristane-primed mice
also produce antibodies to the nuclear factor 90 antigen,
a novel substrate for granzyme B [25]. Differences between
mouse and human enzymes and autoantigens may reconcile
these seemingly disparate findings. Also, the pristane-induced pathway of lupus may differ from human disease,
as the mechanism whereby pristane triggers lupus-like autoimmunity remains unknown. It is also unclear whether
this mineral oil induces activation of the perforin/granzyme
pathway. However, immunization with squalene, a precursor
of cholesterol, has been shown to induce lupus autoantibodies in mice. These observations suggest that the ability
to stimulate autoimmunity is shared by chemically diverse
hydrocarbon oils, and indicate that the pristane model is of
some physiologic relevance [26]. In addition, the observation that CD4+ regulatory Tcells can use the perforin pathway to kill autologous target cells suggests a regulatory role
for cytotoxic granule components in humans [27••]. Together, the data indicate that perforin and granzyme B have
complex roles in regulating immune responses.

Molecular mimicry in systemic
lupus erythematosus
Many diseases that are characterized by autoimmune phenomena may actually be infectious in nature. In support of
this view, viral infections are associated with a variety of
autoimmune conditions, including multiple sclerosis and
type I diabetes [28]. However, the mechanisms responsible
for virus-induced autoimmunity remain poorly understood.
Molecular mimicry – defined as cross-reactivity between
microbial and self-determinants recognized by the adaptive immune system – is perhaps the most popular explanation for the clinical association between microbial infection
and autoimmune disease [28]. Epstein–Barr (EBV) virus
infection has long been linked with SLE [29]; however,
the significance of this association has not been entirely
clear. Previously, James and Harley et al. have noted similarity between a region of the EBV nuclear antigen-1
(EBNA-1) and an epitope of the Sm-BB# autoantigen.
Immunization of rabbits with the Sm-BB-derived PPPGM
RPP and PPPGIRGP octapeptides, which resemble the
PPPGRRP epitope of EBNA-1, induced autoantibodies
to other regions of the Sm-BB# protein, as well as epitope
spreading to other spliceosomal components [30]. Recently,
a potential role for EBV-induced molecular mimicry in the
initiation of SLE has been reexamined. In an elegant
study, McClain et al. analyzed serum samples collected from
lupus patients prior to their diagnosis with clinical disease.

These authors determined that antibodies directed against
the initial epitope of the human Ro-60-kDa (Ro-60) autoantigen directly cross-react with a region of EBNA-1. Interestingly, the initial Ro-60 epitope shares no primary
sequence homology with the EBNA-1 linear epitope. Rabbits immunized with the first epitope of Ro-60 or the
cross-reactive EBNA-1 epitope developed autoantibodies
directed against multiple epitopes of Ro and spliceosomal
autoantigens, and eventually developed clinical symptoms
of lupus [31••].
Taken together, these observations provide strong support
for the hypothesis that anti-Ro-60 and anti-Sm-BB# autoantibodies in human lupus arise through molecular mimicry.
However, this hypothesis would only account for autoantibodies seen in a subset of SLE patients [32•]. There may
be other cross-reactive regions in EBNA-1 or different EBV
proteins that are involved in triggering SLE. Furthermore,
EBV is extremely prevalent, with more than 90% of the
world’s population presumed to serve as carriers [33].
Therefore, other factors – genetic, hormonal, environmental, or stochastic – must play a role in EBV-induced autoimmune responses. Other viruses may also promote SLE.

Viral proteases
Other mechanisms for virus-induced autoimmunity have
been proposed, including presentation of virus/self-protein
complexes to autoreactive lymphocytes [34] and bystander
activation [35]. In addition, the phenomenon of autoantigen cleavage by viral proteases may represent another
relevant mechanism for virally induced autoimmunity.
An important event in the life cycle of many viruses is the
interaction of virus-encoded proteases with host cell proteins. This can result in site-specific cleavage of molecules
that have pivotal roles in host cell metabolism, thereby
promoting viral replication and viral release from infected
cells. In addition to inhibiting host cell transcription and
translation, proteolytic cleavage of host proteins by viral
proteases may have another consequence: the generation
of novel self-epitopes that can trigger autoimmune responses.
Importantly, such a scenario would not exclude bystander
activation, molecular mimicry, or other potentially valid
mechanisms.
To date, a limited number of autoantigens have been identified as substrates for viral proteases. These include histone H3, a substrate for a foot-and-mouth disease virus
protease [36], as well as the La antigen, which is cleaved
by the poliovirus 3C protease [37]. Recently, we have
shown that DNA-PKCS is cleaved by a picornavirus 2A protease [38], indicating that viral proteases may contribute
to the generation of novel autoantigenic epitopes. Morecomprehensive screens may identify additional substrates
for viral proteases. However, the immunogenicity of these
protease-generated cleavage fragments must be formally
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determined. As a corollary to this, a number of important
substrates for viral proteases – such as poly (A) binding
protein and TATA-binding protein – have not been identified as autoantigens in human disease. Therefore, the
precise contribution of autoantigen cleavage by viral proteases to the bypass of self-tolerance remains to be established. The current data suggest that virus-induced
autoimmune responses are likely to result from interplay
between several factors. These may include molecular
mimicry, novel epitope generation by viral proteases, and
the proinflammatory conditions that are associated with viral infection. Similarly, granzymes are expressed by cells
that have important roles in controlling viruses and tumors.
Autoimmunity arising as a result of granzyme B activity
may stem from a legitimate immune response to a microbe,
malignancy, or some other insult.

Inducible autoantigens and
alternative splicing
Microarray analysis of blood mononuclear cells derived
from SLE patients has identified an interferon biosignature. This biosignature is characterized by the presence
of elevated transcripts for interferon-inducible genes [39,40].
In particular, there is considerable literature supporting
a major pathogenic role for type I interferons such as interferon-alpha (IFNa) (reviewed in [41•]). Notably, IFNa
has been shown to induce dendritic cell differentiation [42],
and plasmacytoid dendritic cell (pDC) production of IFNa
has been implicated in the activation of plasma cells [43].
Observations from several other groups have also focused
attention on IFNa as a central regulator of SLE. However,
the role of type I interferons in murine lupus models is
somewhat controversial. NZB mice lacking the a-chain
of the IFNa/b receptor develop less severe clinical disease than their wild-type counterparts [44]. Conversely,
deficiency in this same subunit exacerbates disease in
the MRL/lpr model of lupus nephritis [45]. It has been
shown that some of the autoantigens targeted by autoantibodies in a transgenic murine lupus model are IFNainducible [46]. These results suggest that some selfantigens may be selected for autoimmune responses when
their expression is induced by specific cytokines or conditions in the periphery.
Recent studies have also implicated a role for transcript
splicing in the initiation of SLE and other autoimmune
diseases [47••]. Ng et al. noted that autoantigen transcripts undergo alternative splicing at greater frequency
than transcripts of non-autoantigens. These alternatively
spliced isoforms may encode novel (‘untolerized’) epitopes that are not expressed in central lymphoid organs.
The events that regulate expression of these untolerized
isoforms remain to be determined. It is also unclear
whether the proteins encoded by alternatively spliced

transcripts are preferentially recognized by autoimmune
sera or autoreactive T lymphocytes. However, these observations suggest yet another intriguing potential source of
autoantigens in SLE.

Immunongenecity of nucleic acids
Members of the mammalian TLR gene family are involved
in the recognition of various microbial components and
products. Most TLRs are located on the plasma
membrane; however, activation of TLR9 takes place in
intracellular compartments [48]. TLR9 is engaged by
hypomethylated CpG motifs, commonly found in bacterial DNA. However, co-engagement of the B cell receptor
(BCR) and TLR9 by mammalian chromatin-containing
immune complexes may play a pivotal role in the activation of autoreactive B cells [49]. Recently, chromatin (not
bound by antibody) has been implicated as an endogenous
ligand for TLR9. In this model, chromatin (released from
apoptotic cells, for example) sequentially engages the
BCR and TLR9. This leads to activation of chromatinreactive B cells and eventual formation of chromatincontaining immune complexes. These immune complexes
may further activate B cells, dendritic cells, and pDCs,
thus providing a link between the innate and adaptive immune systems in the production of anti-DNA antibodies
[50]. Mechanisms that may be involved in rendering
mammalian chromatin immunogenic have been described
[51]. Future studies may implicate other TLRs (e.g.
TLRs 3, 7, and 8) in the development of autoantibodies
to RNA and RNA-associated complexes.

Conclusion
Studies aimed at uncovering mechanisms involved in SLE
pathogenesis are complicated by the incredibly diverse nature of the disease. It appears that no single gene is necessary or sufficient for complete disease expression, and the
role of specific environmental contributions is difficult to
pinpoint. There is a tremendous need to clarify the relative
importance of the factors involved in the initiation of SLE.
Doing so may facilitate the development of rational preventive and therapeutic approaches in the clinical setting.
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