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SLE: Death by fire and ICE?

Westley H. Reeves, M.D.
Division of Rheumatology & Clinical Immunology University of Florida, PO Box 100221,
Gainesville, FL 32610-0221

Some say the world will end in fire, some say in ice. Robert Frost

Most patients with systemic lupus erythematosus (SLE) produce autoantibodies against
DNA-protein or RNA-protein autoantigens, such as U1 small nuclear ribonucleoproteins
(snRNPs) or cytoplasmic small ribonucleoproteins such as the Ro60/SS-A autoantigen.
Accumulating evidence suggests that the nucleic acid components of these antigens are
endogenous adjuvants capable of eliciting chronic inflammatory responses via the innate
immune receptors toll-like receptor 7 (TLR7) or TLR9 (1, 2). Thus, although strongly
associated with autoantibodies, a hallmark of adaptive immunity, SLE increasingly is
viewed as a disorder of innate immunity. Along with the TLRs, other cellular sensors,
including the NOD-like receptors, detect exogenous pathogen associated molecular signals
(PAMPs) or endogenous “danger” associated molecular patterns (DAMPs) generated by cell
death or stress (Table 1). These innate immune receptors must be tightly regulated to prevent
autoimmune or autoinflammatory disorders.

Like SLE, systemic autoinflammatory diseases, such as familial Mediterranean fever (FMF)
and tumor necrosis factor receptor-associated periodic syndrome (TRAPS), are
characterized by recurrent episodes of fever, serositis, arthritis, and skin rashes, but in
contrast to SLE autoantibody production is absent. Autoinflammatory diseases are caused by
mutations in the components of inflammasomes, multiprotein assemblies that detect DAMPs
and PAMPs, serving as a platform for activation of the protease caspase-1 (also known as
interleukin-1 converting enzyme, or ICE). This leads to the conversion of pro-interleukin 1
(IL-1) and pro-interleukin 18 (IL-18) to their mature forms (3). Caspase | also can cleave
other, less well defined, substrates leading to pyroptosis, a form of programmed cell death
that causes the proinflammatory release of cellular constituents (Fig. 1). In contrast,
apoptosis resulting from the engagement of Fas by Fas ligand (FasL) is dependent on
caspase-3 and usually non-inflammatory in cells of the adaptive immune system (B cells, T
cells), though in cells of the innate immune system (macrophages, dendritic cells,
neutrophils) Fas signaling can be proinflammatory, stimulating IL-1 and IL-18 production
(4, 5) (Fig. 1). In innate immune cells, the Fas-FasL dependent, caspase-1 independent,
activation of pro-1L-1 and pro-1L-18 results from TLR-mediated upregulation of Fas
expression, leading to FADD-dependent activation of caspase-8 and subsequently caspase-3

(4) (Fig. 1).
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There is substantial evidence that lupus is associated with defects in the regulation of cell
death and/or the clearance of dead cells (6). Moreover, inflammation and cell death are
linked, for example in the case of the NOD-like receptors (also known as nucleotide-binding
domain, leucine-rich repeat containing or NLRs), which mediate inflammasome activation
(7). Several types of inflammasomes exist, including NLRP1, NLRP3, IPAF, and AIM2 (8).
The best studied is the NOD-like receptor family, pyrin domain-containing 3 (NLRP3)
inflammasome, which consists of NLRP3, the adapter protein ASC, and procaspase-1.
Mutations of NLRP3 inflammasome components are involved in FMF, Muckle-Wells
syndrome, and other autoinflammatory diseases (9). Activation of caspase-1 via the NLRP3
inflammasome requires two signals: signal 1 is delivered via TLR or tumor necrosis factor a
receptor (TNFR) signaling, which increases the transcription of Pro-I1L-1f and NLRP3.
Signal 2 directly activates NLRP3 and is provided by ATP or bacterial toxins that form
pores in the cell membrane, such as staphylococcal a-hemolysin, altering the intracellular
concentration of Na* and K* (3). This promotes caspase-1 activation and consequently the
cleavage of Pro-IL-1p and Pro-1L-18 to mature IL-1f and IL-18, respectively (Fig. 1). Until
recently, IL-1p was thought to be the most important inflammatory mediator and a second
closely related cytokine, IL-1a was thought to be released primarily as a consequence of cell
injury/death (10). However, there is evidence that IL-1a can be secreted by both caspase-1/
inflammasome-dependent (11) and -independent (11, 12) pathways and that it too can
promote inflammatory responses (13).

Although SLE is not generally considered an autoinflammatory disorder, recent evidence
suggests that NLRP3 inflammasome activation and IL-1 production may be involved in its
pathogenesis. IL-1p is expressed at higher levels by macrophages in the renal cortex of
MRL/Ipr mice with lupus nephritis than in young MRL/Ipr mice with normal kidneys (14)
and treatment of NZB/W mice with IL-1 accelerates the onset of lupus nephritis (15).
Moreover, the NLRP3 inflammasome is activated by immune complexes consisting of U1l
snRNPs and anti-Sm/RNP autoantibodies, resulting in K* efflux and I1L-1f production (16).
This effect can be reversed by knocking down NLRP3 or inhibiting caspase-1 or TLR7
signaling, suggesting that U1 RNA may provide “signal 1” by interacting with TLR7. The
mechanism of K* efflux (signal 2) remains unclear. DNA-anti-DNA immune complexes
activate the NLRP3 inflammasome similarly, but require TLR9 instead of TLR7 (17). The
NLRP3 inflammasome also can be activated by DNA in neutrophil extracellular traps
(NETS), which is recognized by the DNA-binding antimicrobial peptide LL-37.
Interestingly, lupus macrophages are more prone than normal macrophages to NLRP3
activation by NETs/LL-37 (18). Finally, treatment of MRL/Ipr mice with Bay11-7082, an
NFxB inhibitor with an independent inhibitory effect on the NLRP3 inflammasome, reduces
lupus nephritis (19) and anakinra (IL-1 receptor antagonist) may be useful for treating
arthritis in SLE patients (20).

In this issue of Arthritis & Rheumatism, Kahlenberg, et al. present compelling new evidence
that caspase-1 and inflammasome activation are linked to the pathogenesis of lupus (21).
Using an inducible mouse model of SLE, pristane-induced lupus (1), the authors show that
autoantibody production, transcription of IFN-I regulated genes (interferon signature), and
the development of immune complex-mediated glomerulonephritis all are greatly attenuated
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in caspase-1 deficient mice. In addition, vascular dysfunction induced by pristane is reduced,
consistent with the authors’ previous observations that caspase-1 inhibition improves I1L-18-
mediated endothelial progenitor cell dysfunction in lupus.

Intraperitoneal injection of pristane (2,6,10,14-tetramethylpentadecane), a naturally
occurring isoprenoid alkane with adjuvant properties, causes chronic peritoneal
inflammation with an influx of neutrophils and inflammatory monocytes followed by the
TLR7- and IFN-1 dependent production of anti-Sm/RNP (U1 snRNP) and anti-DNA
autoantibodies and the onset of immune complex-mediated glomerulonephritis (1). Recent
work of Herman, et al. (22) looking at pristane-induced arthritis in rats further supports the
conclusion of Kahlenberg, et al. that in addition to its marked enhancement of TLR7
signaling, pristane activates inflammasomes and IL-1/I1L-18 production. In the Herman
study, pristane stimulated IL-1p and IL-1a when injected into rats and also in cell culture
using a human monocyte line (22). IL-1p secretion could be reduced by the sulfonylurea
glibenclamide (Glyburide), an ATP-dependent K* channel blocker. Kahlenberg, et al. now
show that in wild-type mice, expression of NLRP3 and caspase-1 are induced by pristane
treatment (21). It remains to be determined whether this transcriptional effect is TLR7-
mediated, though it has been shown previously that NLRP3 expression is induced via TLR-
dependent NFxB signaling (3). Somewhat paradoxically, although the acute (neutrophil)
peritoneal inflammatory response to pristane is IL-1a and CXCL5-dependent but NLRP3,
caspase-1, and ASC-independent (13), neutrophil influx was enhanced in caspase-1 deficient
mice. A likely explanation is provided by two recent reports that IL-1a can be generated by
inflammasome-dependent as well as inflammasome-independent pathways (11, 12). IL-1a/
CXCL5-dependent neutrophil recruitment to the inflamed peritoneum likely proceeds
independently of inflammasomes and caspase-1. Whereas secretion of IL-1a is
inflammasome/caspase-1 dependent, its expression on the cell surface requires NFxB but
not caspase-1 (12), suggesting that the paradoxically enhanced neutrophil recruitment into
the peritoneum of caspase-1 deficient mice may be mediated by cell surface IL-1a.

A key question for future research is how activation of the NALP3 inflammasome is linked
to the manifestations of lupus. IFN-I and autoantibody production in lupus have been
postulated to be direct effects of interactions of the nucleic acid components of self-antigens,
such as U1 snRNPs, with TLR7 (1, 2). TLR7-mediated NFxB generation also can serve as
“signal 1” for inflammasome activation. Although it is possible that inflammasome
activation enhances the generation of IFN-I in response to TLR7 signaling, that possibility
was excluded by Kahlenberg et al. (21). Alternatively, the role of inflammasome activation
could be to promote the differentiation of macrophages, dendritic cells, or other antigen-
presenting cells, as has been suggested for the AIM2 inflammasome (23). There is
considerable evidence that the NLR proteins are a crucial link between innate immunity and
cell death signaling (7). Thus, a third and perhaps more likely possibility is that
inflammasome function plays a role in generating the TLR7 ligands that stimulate IFN-I
production and autoantibody responses. Consistent with that possibility, the number of
annexin V* cells (a marker of either apoptosis or pyroptosis) is decreased in the peritoneum
of caspase-1 —/— mice following pristane treatment (21).

Arthritis Rheumatol. Author manuscript; available in PMC 2015 January 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Reeves

Page 4

Pyroptosis, defined as caspase-1 dependent cell death following inflammasome activation,
has so far only been described in macrophages and dendritic cells (24). Cell death occurs via
pore formation and loss of membrane integrity, and therefore in contrast to apoptosis,
pyroptosis is inflammatory. On the other hand, there is little evidence that the extrinsic (Fas-
mediated) apoptosis pathway requires caspase-1, since it is unaffected by the absence of
caspase-1 (24, 25). Interestingly, Fas- or Fas ligand- deficient mice are completely resistant
to the induction of autoantibodies by pristane (26) in contrast to the substantial, but
incomplete, inhibition seen in caspase-1 —/— mice (21). Thus, both caspase-1-dependent
(pyroptosis?) (21) and caspase-1-independent/Fas-dependent (apoptosis?) (26) pathways
might be involved in disease pathogenesis in this mouse model of lupus. In view of the more
profound effect of Fas deficiency, perhaps the extrinsic apoptosis pathway is involved in the
initiation of autoantibody production, whereas activation of the inflammasome/pyroptosis
pathway maintains autoantibody levels by generating dead cells displaying endogenous
TLR7 (or TLR9 or TLR2) ligands. Nucleic acids released from uncleared dead cells may
then promote chronic proinflammatory cytokine production and the terminal differentiation
of autoantibody-producing B cells. Kallenberg’s novel observations suggest that in some
respects, lupus may be viewed as an autoinflammatory disorder caused by abnormal the
handling of one’s own dead cells. By promoting cell death, either via apoptosis or
pyroptosis, ICE may be fueling the fire of chronic inflammation and autoimmunity.
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Figure.

Caspase activation by the extrinsic (Fas-mediated) apoptosis pathway (left) vs. the NLRP3 inflammasome (right). L eft, in
lymphocytes, Fas-Fas ligand (FasL) engagement results in the activation of an effector caspase (caspase-3) by an initiator
caspase (caspase-8) and the adapter protein FADD. Caspase-3 activation cleaves target molecules that result in apoptosis, a form
of programmed cell death without cell lysis. In macrophages (Mg¢) and dendritic cells (DCs), TLR signaling upregulates Fas,
which then can respond to FasL, leading to caspase-8 activation and caspase-1 independent maturation of pro-I1L-1 and pro-
IL-18. Right, in macrophages and dendritic cells, the expression of NLRP3 and pro-IL-1 is enhanced by TLR ligands (signal 1)
and NLRP3 is activated by ATP and K™ efflux (or by pore formation due to certain bacterial toxins) (signal 2). This leads to the
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activation of caspase-1 via the adapter protein ASC (apoptosis-associated speck-like protein containing a CARD). Caspase-1
cleaves pro-IL-1 and pro-IL-18 into their mature, biologically active forms. In addition, caspase-1 can cleave other substrates
that cause pyroptosis, a form of programmed cell death accompanied by cell lysis. Activation of the NLRP3 inflammasome also
can activate apoptosis via ASC and caspase-8.
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Receptor

Endogenous ligands Exogenousligands

Toll-like receptors

TLR2 (PM)* HMGB1 Lipoteichoic acid, peptidoglycan (muramy! dipeptide)

TLR3 (E) Cellular dsRNA (e.g. UL RNA) Viral dsRNA, poly(l:C)

TLR7 (E) Cellular ssRNA (e.g. UL RNA) Bacterial ssSRNA, viral ssSRNA

TLR9 (E) Cellular dsDNA with unmethylated CpG sequences | Bacterial dsSDNA with unmethylated CpG sequences

NOD-like receptors

NLRP3(C) Uric acid crystaIsT, cholesterol Muramyl dipeptide§, bacterial RNAS, poly(I:C)§, alum, silical,
staphylococcal a-hemolysinT, influenza virus '

AIM2 (C) Cellular dsSDNA Bacterial dsDNA (e.g. vaccinia, Francisella)

*
Location: PM, plasma membrane; E, endolysosome; C, cytoplasm

§Acts via TLR and NFxB, which increases transcription of NLRP3 (“signal 1”)

TActs directly on NLRP3 via ATP and possibly decreased intracellular K or pore formation (“signal 2)

Bold, involved in pristane-induced lupus
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