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Abstract

The autoimmune disease systemic lupus erythematosus (SLE) results from an inability of the
immune system to discriminate between certain self-antigens and foreign ones. The most common
treatment of SLE involves the use of immunosuppressive drugs to reduce inflammation, but these
therapies have serious side effects. Three recent papers in Science Translational Medicine redirect
focus on neutrophils, platelets, and interferon-a in the pathogenesis of SLE and reinforce the
notion that researchers should seek to discover and devise combination therapies that target these
processes.

Systemic lupus erythematosus (SLE, or lupus) is an autoimmune disease characterized by
multiorgan inflammation. The hallmark of SLE is the ubiquitous presence of serum
antibodies directed against nuclear structures, including chromatin and ribonucleoproteins
(RNPs) necessary for RNA processing, reflecting an underlying inability of the immune
system to discriminate between self- and foreign antigens (1). This fundamental loss of self-
tolerance is secondary to predisposing genetic factors (2) in the setting of environmental
triggers and stochastic events. SLE currently is treated with broadly acting
immunosuppressive drugs to systemically quell inflammation, but these therapies have
serious side effects. Three recent papers in Science Translational Medicine suggest potential
strategies for the development of combination therapies that target specific aspects of SLE
pathogenesis (3-5). In this Perspective, | describe these findings in the context of what is
known about how SLE wreaks havoc on the human immune system.

THE SLE PARADIGM

Autoreactive B lymphocytes—those that react to self-antigens—produce autoantibodies to
double-stranded (ds) DNA and RNPs released from dying cells, and these autoantibodies
play a key pathogenic role in SLE (1). The deposition of immune complexes of these
autoantibodies with their respective autoantigens in target organs, such as the kidney, leads
to activation of the complement system—a branch of the innate immune system that
normally aids the adaptive immune system in clearing pathogens from the organism—and
binding of the autoantibodies to Fc receptors (FcRs) on immune cells (6), with subsequent
activation of tissue-infiltrating macrophages that promote the inflammatory response and
resultant tissue injury (7). Similar mechanisms presumably account for inflammation in
other SLE target organs, such as the skin and joints. dsSDNA and RNPs also induce
autoreactive B cell proliferation and autoantibody production through engagement of their
cognate B cell immunoglobulin receptors and Toll-like receptors TLR9 and TLR7,
respectively (8). Members of the TLR family of innate immune proteins are found on the
surfaces and in the interiors of a variety of immune cells and activate immune responses.
These findings indicate that autoantibodies are involved in inflammation and tissue injury as
well as in perpetuation of their production by autoreactive B cells. Autoantibodies may also
directly injure target cells; for example, anti-dsDNA antibodies that cross-react with N-
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methyl-d-aspartate (NMDA) receptors on neurons promote excitotoxic cell death in the
hippocampus (9), with entry into the central nervous system mediated by breaches in the
blood-brain barrier that are promoted by inflammatory cytokines. Target organ injury in
SLE may also result from recruitment of inflammatory cells in an antibody-independent
manner (10). The immune response in SLE is associated with the production of type |
interferon-a (IFN-a) (11-14), with increases in this cytokine paralleling disease activity and
severity (11, 15, 16). Such increases lead to enhanced transcription of interferon-responsive
genes in immune and other cells (15, 16), thus promoting the inflammatory response in SLE.
IFN-a also enhances monocyte maturation to dendritic cells (17), enabling autoreactive T
cell activation along with B cell maturation and autoantibody production by plasma cells
(18). Type I interferons are primarily produced by innate immune plasmacytoid dendritic
cells (pDCs) in response to a viral or bacterial infection. Under these typical circumstances,
engagement of TLRs and other innate immune receptors by pathogen-associated nucleic
acids triggers a signaling cascade that results in the production of type | interferons (19-22).
In the context of SLE, however, this normal physiology is betrayed; pathological activation
of pDCs and release of IFN-a (17, 23) occur after FcR-mediated uptake of immune
complexes of autoantibodies to chromatin and RNPs with engagement of TLR7 and TLR9
by self-RNAs and -DNA (24), respectively, in a manner analogous to that in B cells.
Buttressing this hypothesis is the observation that autoantibodies to RNPs in particular are
associated with the robust interferon response in SLE (25).

Thus, a disease paradigm in lupus has emerged in which excessive autoantibody production
by B cells promotes interferon release by pDCs, with the latter then promoting inflammation
while driving autoreactive B cell maturation. But how is this inflammatory response initiated
and why is it maintained? Genome-wide association studies provide critical clues,
identifying in SLE patients gene variants that lead to deregulation of potentially autoreactive
T and B cells with tolerance loss and subsequent autoantibody production; disrupted
clearance of the DNA- and RNA-containing autoantigens that are necessary for activation of
autoreactive B cells and for formation of pathogenic immune complexes; and altered
responsiveness of intracellular signaling pathways that promote IFN-a release (2). Genetic
polymorphisms in the major histocompatibility complex and in FcR and complement protein
genes that promote aberrant handling of immune complexes and regulation of B cell
tolerance also appear to contribute to disease pathogenesis (2). In the setting of this genetic
background, SLE is then initiated by environmental triggers (2), with a likely contribution
from the random activation of autoreactive cells (26), a randomness inherent in the immune
system, as it needs to anticipate responses to a vast range of potential pathogens. Although
considerable insight has been made in understanding the pathogenic steps that lead to tissue
injury in SLE, gaps in the disease paradigm remain. There is an incomplete understanding of
the cellular sources and characteristics of self-antigens that are required for the aberrant
immune response in SLE, as well as the precise steps by which complexes of autoantibodies
and autoantigens elicit the injurious inflammatory response. Careful clinical observations
have also identified unexplained findings in SLE patients with active disease who have
heightened interferon responses. For example, the blood of such patients contains a large
number of immature neutrophils, which reflects enhanced bone marrow release; this event is
likely a consequence of the death of mature neutrophils upon activation by cytokines,
including type | interferons, that are elevated in active SLE. While mature dying neutrophils
are found at sites of organ injury in SLE and apparently contribute to tissue injury, their
precise role in disease promaotion is uncertain.

UNRIDDLING THE NEUTROPHIL

Let us consider three questions: What are the steps that lead to neutrophil activation in SLE,
what are the consequences of this activation, and how do these physiological consequences
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further inform us about self-antigen—driven autoreactivity in SLE? Two papers in this issue
of Science Translational Medicine provide answers to these questions, while placing the
aberrant activation of neutrophils in SLE squarely within the current disease paradigm in
which autoantibody production with immune-complex formation triggers aberrant interferon
release by pDCs. Lande et a/. (3) and Garcia-Romo et al. (4) found that neutrophils from
patients with SLE are activated by IFN-a,, with release of neutrophil extracellular traps
(NETS) that contain unwound DNA, and antimicrobial peptides. Under physiological
circumstances, NET release (NETosis) by neutrophils leads to entrapment and killing of
pathogenic bacteria, fungi, and parasites (27). However, in SLE, NETs drive IFN-a
production by pDCs after engagement of TLR9, thus promoting cytokine-driven disease
progression (Fig. 1). Necessary contributors to this process include autoantibodies and their
cognate autoantigens. Garcia-Romo et al. demonstrated that immune complexes containing
anti-RNP autoantibodies bound to Fc gamma receptor 1A (FcyRIla) on neutrophils with
TLR7 engagement and generation of reactive oxygen species (ROS). TLR7 expression in
neutrophils is enhanced by pDC-secreted IFN-a. It is the FcyRIla-mediated anti-RNP
binding to neutrophils that promotes their death by NETosis, as this binding drives the
generation of ROS, which are necessary for activation of neutrophil enzymes and their
movement to the cell’s nucleus to initiate the DNA unwinding critical for NET generation
(28).

Both Lande et al. (3) and Garcia-Romo et al. (4) show that NETs in SLE contain LL37, a
prominent DNA-binding antimicrobial peptide that facilitates NET-mediated pathogen
killing and, in autoimmunity, enables self-DNA and -RNA to engage TLR9 and TLR7,
respectively, in pDCs, with subsequent enhancement of IFN-a release (29, 30). Lande et al.
dissected the mechanism behind this effect, showing that LL37 protects NET DNA from
extracellular degradation while concomitantly facilitating the DNA’s uptake by and
activation of pDCs via TLR9 engagement with subsequent IFN-a production. Indeed,
internalization of DNA complexes via FcryRIlas on pDCs was increased in vitro by anti-
LL37 and anti-DNA autoantibodies, which the authors detected in significant amounts in
sera samples from SLE patients but not in those from scleroderma patients or healthy
subjects. Lande et al. also suggest that complexes of self-DNA and antimicrobial peptides
contribute to the activation of autoreactive B cells in SLE, with the resulting generation of
anti-LL37 autoantibodies. This conclusion was based upon the correlation of these
autoantibodies with those directed against DNA, an autoantigen known to trigger
autoreactive B cell activation. Intriguingly, the authors also showed that neutrophils exposed
to IFN-a in vitro displayed increased amounts of antimicrobial peptides on their membranes
where they were bound by antimicrobial peptide antibodies to stimulate NET release. Thus,
like those of Garcia-Romo et al. (4), the findings by Lande et al. revealed that IFN-a primes
neutrophils for death by NETosis. These two studies push type I interferons front and center
in the pathogenesis of SLE, demonstrating that release of NETs by neutrophils and their
uptake and activation of pDCs drive the chronic IFN-a production seen in many patients
with SLE. They also demonstrate a novel pathogenic function of autoantibodies in the
disease, beyond their established role in immune complex—mediated renal disease, by
directly tying the autoantibodies to NETosis of neutrophils. What other insights into SLE
pathogenesis can we take from these papers? Most importantly, perhaps, they illustrate the
feed-forward nature of the disease: Interferons promote neutrophil activation, which, in the
setting of autoantibody engagement, begets NET formation with subsequent pDC activation
and interferon production, events that ultimately promote further immune system activation.
The central importance of IFN-a to the disease process provides additional support for
interferon blockade as a therapeutic strategy in SLE. While such a strategy is theoretically
fraught with hazard given the role of this cytokine in host defenses, blockade of other
critical cytokines, such as TNF-a, interleukin (IL)-1, and IL-6, has proven to be beneficial
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in the treatment of other autoimmune diseases—rheumatoid arthritis, Crohn’s disease, and
systemic onset juvenile arthritis—with acceptable toxicity profiles.

The work of Lande ef a/. (3) and Garcia-Romo et al. (4) also underscores the importance of
TLR engagement in SLE pathogenesis. Blockade of TLR signaling is efficacious in animal
models of autoimmunity and offers a second approach to disease intervention (31). TLR
blockade is also therapeutically appealing in that it enhances the effect of corticosteroids on
suppression of IFN-a production by pDCs (32), thus offering the potential to avoid use of
high doses of these toxic agents in SLE patients.

PLATELETS AS PLAYERS

A recent publication in Science Translational Medicine adds additional insight into the
pathogenic events that trigger IFN-a release in SLE. Duffau et al. (5) found that circulating
immune complexes of anti-dsDNA plus dsSDNA and anti-RNP plus RNPs activate platelets
from SLE patients, as measured by expression of CD154 and selectins, via engagement of
FcyRlla. CD154 is a molecule known to be critical for dendritic cell and B cell activation
upon engagement of its receptor CD40. In SLE, the activated platelets form aggregates with
monocytes and pDCs, resulting in enhanced interferon expression by the latter that was
dependent on CDA40 signaling mediated by CD154 binding (Fig. 1). Thus platelets, like
neutrophils, are activated by immune complexes of autoantibodies and autoantigens in
patients with SLE, and this activation contributes to the release of IFN-a by pDCs and
promotion of the inflammatory response. Notably, engagement of CD40 on dendritic cells,
in the setting of TLR engagement, helps license these cells to overcome immune tolerance
(33). Platelets may therefore contribute to activation of autoreactive T cells by dendritic
cellsin SLE.

It is also tempting to speculate that the accelerated vascular disease seen in patients with
active SLE (34) might be linked to their exuberant platelet activation (35). Importantly, as
demonstrated by Duffau et al. (5), depletion of platelets or their inhibition by clopidrogel—
an oft-prescribed preventative of thromboembolic disease that down-regulates CD154
expression—improved disease parameters and survival in a mouse model of SLE (which is a
model system that accurately reproduces characteristics of the human illness), suggesting
that such therapy might be beneficial for the accelerated vascular disease in SLE. Although
Duffau et al. did not ask whether clopidrogel affected the interferon response in the mouse
model, as might be predicted, this therapeutic approach is nonetheless appealing given that
vascular disease is now a leading cause of morbidity and mortality in SLE patients (34). The
authors also suggest that statins might be beneficial in the treatment of such patients, given
their effectiveness in reduction of platelet activation. Despite this compelling rationale, a
recently completed (albeit a relatively short-term 2-year) trial of statin therapy in SLE was
ineffective in reduction of clinical parameters associated with vascular disease (36).
Paradoxically, statins boost release of extracellular NETs by neutrophils, enabling their
antibacterial capability (37), although it is not known whether or how these agents might
affect the pathogenic NET formation triggered by autoantibodies and interferons in SLE, as
described by Lande et al. (3) and Garcia-Romo et al. (4).

The work of Duffau et al. (5) also reminds us of the appeal of therapeutic blockade of
CD154-CD40 interactions. Treatment with an anti-CD154 antibody has proven to be
beneficial in SLE patients, yielding a reduction in disease activity (as measured by an SLE
disease activity index) and immune-complex—mediated glomerulonephritis—inflammation
of blood vessels in the kidney—in the setting of diminished pathogenic autoantibody
formation (38). These effects were thought to be a consequence of blocking the pathogenic
T cell-B cell interactions that are a hallmark of SLE, as evidenced by interdiction in
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pathological B cell maturation; however, we now might consider that a reduction in
activated platelet—driven interferon activity contributes to the anti-CD154 effect. Although
this therapy was complicated by thromboembolic disease (apparently triggered by binding of
the antibody to platelet FcRs with engagement of the surface-associated CD154 and platelet
aggregation) (39), the work of Duffau et al. adds weight to the idea that other approaches
being developed for blockade of CD40 signaling in SLE might be beneficial. The results
from all three papers argue that therapeutic intervention at any place in the self-perpetuating
disease cycle in SLE might be beneficial. However, clinical trials have not always borne out
this concept, with notable therapeutic disappointments, including B cell depletion with anti-
CD20 and interruption of T cell-antigen presenting cell interactions with CTLA41g. Rather,
combination therapy directed at more than one potentially pathological step might be a more
suitable alternative. Combinations of immunosuppressive agents such as cyclophosphamide
or mycophenolate mofetil and corticosteroids have historically been beneficial in the therapy
of some patients with lupus nephritis (40, 41); however, use of these agents, particularly
cyclophosphamide and corticosteroids, is limited by significant toxicities. Thus, these three
new studies offer additional justification to continue rational targeting of pathogenic steps in
disease, perhaps using combination therapies, while providing the knowledge to effectively
monitor immune responsiveness to avoid undue toxicity from such interventions.
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Figure 1. Immunecell medley in SLE

Type | interferons, released from pDCs in SLE, prime neutrophils for death by NETosis,
with up-regulation of TLR7 in endosomes and translocation of microbial peptides (such as
LL37) to the cell surface. NETosis is then initiated by FcR-mediated uptake of anti-RNP and
RNP immune complexes, with the RNA component of the latter engaging TLR7 in
conjunction with release of ROS required for NET formation, and by the binding of surface-
associated LL37 by anti-LL37 autoantibodies, presumably also leading to ROS release.
NETS released from dying neutrophils are then taken up by pDCs, directly or as an immune
complex of NET-associated LL37 and DNA, along with anti-LL37 or anti-DNA
autoantibodies. In either case, the DNA component of the NETs engages TLR9 in
endosomes, with the activation of genes that lead to interferon release and thus further
neutrophil priming. Immune complexes of anti-DNA and DNA, or anti-RNP and RNPs, also
activate platelets via an FcR-mediated pathway, with up-regulation of surface CD154 and
aggregation. Aggregated platelets form complexes with pDCs and monocytes, enabling
CD40-mediated activation after its engagement by platelet-expressed CD154. CD40
activation of pDCs leads to interferon release, whereas that of monocytes promotes their
maturation to antigen-presenting dendritic cells, a process also enabled by interferons
released by pDCs. The latter APCs serve as efficient activators of autoreactive T cells in
lupus, which can promote release of autoantibodies (anti-LL37, anti-RNPs, and anti-DNA)
by autoreactive B cells (not shown).
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