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Abstract

Objective: Gasdermin D (GSDMD) is the key executioner of the inflammatory cell death
mechanism pyroptosis. Recent reports have also implicated GSDMD in other mechanisms of
cell death, including apoptosis, necroptosis, and NETosis. Given the role of dysregulated cell
death in autoimmune syndromes such as systemic lupus erythematosus (SLE), we hypothesized
that GSDMD plays pathogenic roles by promoting inflammatory cell death leading to increased
generation of nuclear autoantigens and autoantibodies.

Methods: The imiquimod-induced model of SLE was tested in Gsdma™~ (n=30) and wild-
type (WT; n=34) C57BL/6 mice. At euthanasia, mice were examined for serum autoantibodies,
immune complex deposition, organ inflammation, immune dysregulation and type | Interferon
responses. A pristane-induced lung injury model in Gsdma™~ (n=7) and WT (n=10) mice was
used to confirm pulmonary phenotype. Regulation of various mechanisms of cell death was
investigated in the mice.

Results: Unexpectedly, Gsama™~ mice developed enhanced mortality, more severe renal and
pulmonary inflammation, and exacerbated autoantibody production in response to imiquimod.
Pulmonary involvement was also more severe in the pristane model in the absence of GSDMD.
Lack of GSDMD was associated with increased circulating nuclear autoantigens (p<0.01),
anti-dsDNA autoantibodies (p<0.01), tissue immune complex deposition (p<0.05), expansion of
myeloid cell subsets (p<0.05), and enhanced B cell activation and plasma cell differentiation
(p=0.001). In the absence of GSDMD, enhanced autoantigen generation was associated with
increased local induction of cell death in vivo.

Conclusion: GSDMD negatively regulates autoantigen generation and immune dysregulation
in response to tissue injury and may play previously unappreciated protective roles in systemic
autoimmunity.

"Corresponding author: Mariana J. Kaplan, MD, Systemic Autoimmunity Branch, Intramural Research Program, NIAMS, NIH, 10
Center Drive/12N248C, Bethesda, Maryland 20892, mariana.kaplan@nih.gov.
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Introduction

Methods

Systemic lupus erythematosus (SLE) is a heterogeneous autoimmune syndrome with
pleiotropic clinical manifestations and profound dysregulation of innate and adaptive
immune responses [1-5]. Standard of care treatment for SLE involves fairly nonspecific
immunosuppression and there is a need for more targeted approaches [6, 7]. SLE is
characterized by the formation of immune responses directed at nuclear autoantigens such
as nucleic acids and histones. Dysregulation in mechanisms of cell death and impaired
clearance of dead cells have been implicated in the pathogenesis of lupus. Indeed, enhanced
apoptosis and impaired clearance of apoptotic material are operational in murine and human
lupus [8]. Furthermore, enhanced formation of neutrophil extracellular traps (NETSs) and
impaired clearance of these structures have recently been described in the pathogenesis

of SLE and its associated organ and vascular damage [9-12]. Dysregulation in various
mechanisms of cell death has been proposed to play a role in the generation of immune
complexes and activation of the type | Interferon (IFN) pathway characteristic of SLE, with
downstream pathogenic effects [13-16].

The molecule gasdermin D (GSDMD) has been described as the key executioner of
pyroptosis, a proinflammatory form of programmed cell death that occurs most frequently
following infections with intracellular pathogens and is linked to inflammasome activation
[17-20]. After activation through cleavage by caspases, the GSDMD N-terminal domain
can oligomerize to form membrane pores and promote the release of intracellular

contents including the proinflammatory cytokines IL-1p and 1L-18, cytokines that generate
an inflammasome-associated inflammatory response [21-23]. In addition to pyroptosis,
GSDMD was recently implicated in the formation of NETS in the context of microbial
inflammation [24-26] and in apoptosis, through the formation of mitochondrial pores and
subsequent release of cytochrome ¢ from the mitochondria [27, 28]. Therefore, modulation
of GSDMD may have important roles in dysregulated mechanisms of cell death in SLE and
other autoimmune diseases.

To test this hypothesis, we used a Toll-like receptor-7 (TLR-7)-induced model of SLE

(the imiquimod-induced SLE model), to assess the role of GSDMD in clinical phenotype,
immune dysregulation, and organ damage. This model was chosen because it replicates
many features of human SLE in the context of many mouse strains and without the
complex murine genetic confounders ,and because it has a relatively quick onset [29].

We hypothesized that deletion of Gsdmadwould lead to a protective effect in clinical
phenotype, through inhibition of inflammatory mechanisms of cell death that would
decrease autoantigen generation, immune complex formation, inflammatory responses and
organ damage. Instead, we discovered an unexpected protective role of GSDMD in lupus-
like autoimmunity, through modulation of cell death and tissue damage.

For details on immunological and clinical assessment of mice, please see supplemental files.
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Wild-type C57BL/6 (WT) mice were purchased from The Jackson Laboratory. Breeding
pairs of Gsdma™~ mice on B6 background were a generous gift from Dr. Russel Vance at
UC-Berkeley. Mice were bred under specific pathogen-free conditions and all treatments and
experiments were done in accordance with NIH guidelines under the National Institute of
Anrthritis and Musculoskeletal and Skin Diseases (NIAMS) protocol numbers #A016-05-26
and #A019-05-03.

Imiquimod-induced lupus model:

Mice (8-10 week-old males and females) were treated with 5% imiquimod cream (Fougera)
epicutaneously, 3 times a week for 5 weeks as previously described, to induce a lupus
phenotype [30-32]. All in-vivo and in-vitro experiments were matched for age and sex
between groups.

Pristane-induced acute inflammatory lung model:

Mice (8-10 week old males and females) were given a single intraperitoneal injection of 0.5
mL pristane (Sigma) to induce acute lung inflammation/hemorrhage as previously described
[33, 34]. Mice were euthanized one week later to quantify lung pathology.

Statistical analysis:

Results

Data were plotted using GraphPad Prism. Appropriate statistical tests were performed

as described in figure legends. For endothelium vasorelaxation assays, two-way ANOVA
with Tukey’s correction for multiple comparisons was used. For survival curve analysis,
Kaplan-Meier survival analysis was used. For all other analysis, Mann-Whitney tests were
performed to determine significance. Statistical significance levels are indicated as *p<0.05;
**p<0.01; ***p<0.001; ****p<0.0001.

GSDMD modulates clinical manifestations of murine lupus.

Topical application of the TLR-7 agonist imiquimod promotes a lupus phenotype
characterized by systemic inflammation, splenomegaly, myeloid expansion, innate and
adaptive immune dysregulation, enhanced type | IFN responses, renal immune complex
deposition and inflammation, and vasculopathy [30]. For every clinical and immunologic
measurement assessed we observed that, in the absence of imiquimod exposure, Gsdmad ™~
mice and WT B6 mice did not show any significant differences. However, following
exposure to the TLR-7 agonist, Gsdma™~ treated mice displayed significantly larger
spleens, lower body weights, and higher spleen/body weight ratios compared to imiquimod-
treated WT mice (Figure 1A-C). Furthermore, compared to imiquimod-treated WT mice,
imiquimod-treated Gsama™~ mice experienced significantly elevated death rates (Figure
1D). As previously reported, imiquimod treatment resulted in synthesis of anti-dsDNA
autoantibodies, a hallmark of SLE [30-32]. Compared to WT mice, Gsamad™~ mice exposed
to imiquimod displayed significantly higher levels of anti-dsDNA autoantibodies, while
total 19gG was no different from WT mice (Figure 1E-F). In addition, imiquimod-treated
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Gsdma™~ mice developed a significantly enhanced systemic proinflammatory burden with
peripheral leukocytosis and anemia, when compared to treated-WT mice (Figure S1IA-C)
in the absence of significant differences in circulating proinflammatory cytokines (Figure
S2). Overall, the absence of GSDMD was associated with enhanced mortality, systemic
inflammation and autoantibody production in the context of TLR-7-dependent lupus.

The kidneys are often affected in SLE and lupus glomerulonephritis is one of the

most prevalent causes of morbidity and mortality in this condition. As previously

described, imiquimod induced complement C3 and 1gG deposition in the glomeruli of WT
mice. Consistent with an exacerbated autoimmune phenotype, Gsdma™~ mice developed
significantly more prominent glomerular immune complex deposition compared to WT mice
(Figure 1G-H). While this specific mouse model of lupus is not characterized by nephrotic-
range proteinuria or end stage renal disease, Gsdma™~ mice had higher proteinuria and
serum creatinine levels compared to imiquimod-treated WT mice (Figure 11-J), indicating
more impaired renal function.

Another common manifestation of SLE is lung and pleural inflammation. In more severe
cases, diffuse alveolar hemorrhage (DAH) can be a life-threatening complication in

SLE [35]. Previously unrecognized in the TLR-7 induced lupus model, we found by
hematoxylin and eosin staining of lung formalin-fixed paraffin-embedded (FFPE) sections
that topical skin imiquimod exposure induced lung inflammation, hemorrhage, and fibrosis.
Furthermore, Gsdma™" lungs exhibited enhancement of pulmonary immune cell infiltration
in response to imiquimod when compared to WT (Figure 1K-L).

Given an unexpected lung phenotype and the knockout mice being available on B6
background, we used an induced model of DAH that ensues rapidly and peaks
approximately 2 weeks after administration of the hydrocarbon pristane to the peritoneum of
B6 mice [33, 34]. Gsdma™~ mice exposed to intraperitoneal pristane developed significantly
accelerated and more severe lung hemorrhage, inflammation, and fibrosis when compared to
WT mice exposed to pristane (Figure 1M).

Endothelial dysfunction and vasculopathy are hallmarks of murine and human lupus.
Gsdmad™~ mice treated with imiquimod showed similar perturbations in endothelium-
dependent vasorelaxation when compared to WT imiquimod-treated mice, suggesting that
lack of GSDMD did not modulate lupus vasculopathy (Figure S3).

Overall, absence of GSDMD worsened clinical and immunologic features of murine SLE
including systemic, renal and lung inflammation, and enhanced autoantibody production.

GSDMD modulates expansion and activation of distinct subsets of myeloid cells and
plasmacytoid dendritic cells.

We previously reported a significant expansion of the myeloid cell compartment in blood,
spleen, and bone marrow of imiquimod-treated WT mice [31, 32]. Supporting these previous
findings, WT mice exposed to imiquimod displayed splenic expansion of proinflammatory
monocytes (CD11b* Ly-6C* Ly-6G™), neutrophils (CD11b* Ly-6G*), conventional dendritic
cells (DCs; CD11b* CD11c*), and plasmacytoid DCs (pDCs; CD11c™ PDCA-1* B220%)
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(Figure 2). Compared to the WT mice, imiquimod-treated Gsamad~mice had significantly
higher numbers of splenic neutrophils and pro-inflammatory monocytes, but comparable
numbers of conventional myeloid DCs (Figure 2A-E). Imiquimod-treated Gsdma™~ mice
splenic DCs displayed lower MHC class Il expression but higher CD80 expression than
imiquimod-treated WT (Figure 2F-G). Overall, these results indicated that lack of GSDMD
led to enhanced myeloid cell expansion upon induction of lupus-like disease.

pDCs have been proposed to play critical roles in lupus through synthesis of type | IFNs
[30]. While we confirmed significant expansion of splenic pDCs in imiquimod-treated mice,
there were no differences between Gsadma™~and WT animals (Figure 2H). An additional
biological homeostatic role for GSDMD was recently described and related to limiting
cytosolic DNA surveillance. This mechanism involved the activation of GSDMD by the
AIM2 inflammasome that suppressed cGAS-driven type | IFN responses to cytosolic DNA
[36]. We considered that a mechanism by which Gsdma™~ mice displayed worsening
clinical phenotype could be related to a decrease in their ability to repress type | IFN
responses. However, we observed lower splenic MRNA levels of interferon-stimulated
genes (1SGs) in imiquimod-treated Gsama™~ mice compared to their WT counterparts
(Figure S4A). Furthermore, kidneys and lungs from imiquimod-treated Gsamad™~ expressed
comparable levels of ISGs to imiquimod-treated WT mice (Figure S4B-C). These results
suggested that the exacerbation of autoimmune responses in Gsdma™~ following exposure
to imiquimod was not due to upregulation of type | IFN responses.

A specific pDC subset that is phenotypically and functionally distinct from the classic type-I
IFN producing pDC was recently described and associated with lymphocyte activation and
differentiation rather that type I IFN production [37]. We found that Gsamad™~ imiquimod-
treated mice had significantly lower numbers of the ‘conventional’ type I-IFN-producing
pDCs (CD5™ CD817; Figure 21) but significant expansion of the “lymphocyte-activating”
pDCs (CD5* CD81*; Figure 2J).

Recent reports described that, in mouse neutrophils, caspase-11 or proteases such as
neutrophil elastase can cleave GSDMD and subsequently induce the release of NETS [25,
26]. However, in the TLR-7 induced model of lupus, Gsdma™~ bone marrow neutrophils
were still capable of forming NETS, both spontaneously and in response to stimulation
with the calcium ionophore A23187 (Figure S5). These observations indicated that lack of
GSDMD in a murine model of lupus did not significantly impact the formation of NETs
(Fig S5). Overall, GSDMD modulated the myeloid compartment and the activation and
expansion of specific proinflammatory myeloid cell and pDC subsets, without significantly
altering type | IFN responses or NET formation.

GDSMD modulates B cell differentiation and activation in murine lupus.

Given that Gsdmad™~ mice synthesize higher levels of specific autoantibodies but had

no differences in total 1gG production (Figure 1E-F), we further analyzed their B cell
phenotype. Consistent with previous reports [30-32], imiquimod-treated mice developed a
marked reduction of splenic naive (IgD* IgM*) and marginal zone (CD21* CD23") B cells.
Gsdma™" treated mice had a more significant reduction of total, naive, and MZ B cells
compared to their WT counterparts (Figure 3A-D). While there was a reduction in immature
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B cell subsets, Gsdma™~ CD19* B cells were more activated (based on expression of
CD40, CD44, CD80, CD86, and CD62L; Figure 3E-J) than WT mice, following imiquimod
treatment. Furthermore, Gsdima™~ mice developed significant expansion of splenic plasma
cells after treatment with imiquimod, as compared to WT mice (Figure 3K-L). In contrast,
various T cell subsets and their activation markers displayed no significant differences
between imiquimod-treated Gsama™~and WT mice (Figure S6). Specifically, there were no
differences in distribution of CD4* and CD8* subsets, including naive (CD44~ CD62L"),
central memory (CD44" CD62L™), effector memory (CD44* CD62L") CD4* T cells and
Foxp3* CD4* T regulatory cells between Gsdmad™~and WT mice (Figure S6). These results
suggested that the expansion of activated B cells in the absence of GSDMD may have
occurred independently of changes in T cell subsets.

Given the differences in B cell phenotype observed in treated Gsdmad™~ mice compared to
WT, we assessed if GSDMD was detected in lymphocytes and found that this protein is
indeed expressed in WT B6 splenic B and T lymphocytes (Figure S7TA-B). Furthermore,
GSDMD protein levels increased following B cell activation with LPS, anti-IgM, or
imiquimod stimulation /n vitro, but not during T cell activation using anti-CD3/CD28
beads (Figure S7A-B). We then isolated splenic B cells from Gsamad™~and WT mice and
quantified activation markers and proliferation rates in response to a variety of in vitro
stimuli. Despite the expression of GSDMD on B cells and its upregulation with activation,
we detected no significant differences on /n vitro induction of activation and proliferation
between WT and Gsdma™~ B cells (Figure S8A-B). Overall, these results suggested that
dysregulation of B cell responses in the absence of GSDMD were not the result of intrinsic
B cell differences driven by GSDMD expression in these cells and instead may be driven by
other mechanisms such as autoantigen generation or presentation.

GSDMD modulates specific proinflammatory cell death mechanisms and release of nuclear
autoantigens in murine lupus.

To further characterize how the lack of GSDMD could promote enhanced immune
dysregulation, immune complex deposition and organ damage in lupus, we quantified
circulating levels of autoantigens. We observed significantly higher levels of circulating
NET remnants and cell-free DNA (cfDNA) in imiquimod-treated Gsama™~ mice, when
compared to WT-treated mice (Figure 4A-B). These results suggested that generation

of higher levels of nuclear autoantigens may be implicated in autoantibody generation,
immune complex deposition and tissue damage. As /n vitro studies showed that neutrophils
lacking GDSMD did not show significant differences in NET formation but displayed higher
levels of circulating NET remnants and cfDNA were detected in circulation, we assessed
whether GSDMD could modulate the clearance of death cells by macrophages and the
clearance of NETSs by serum nucleases. We quantified and compared the efficiency of

WT and Gsdmd~~ peritoneal macrophages in phagocytosing apoptotic cells and found no
significant differences (Figure 4C). Similarly, we observed no differences in the ability of
nuclease-containing serum from imiquimod-treated WT and Gsdma™~ mice to clear NETS.
Again, WT and Gsdma™~ NETs were no different in the extent of degradation (Figure S5).
These results suggested that the increases in levels of circulating autoantigens in Gsdmad ™~
mice were most likely driven by peripheral myeloid cell expansion and through differential
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modulation of certain types of cell death, rather than impaired clearance of dead cells or
their products.

As GSDMD is essential for pyroptosis, this type of cell death could not represent a
mechanism leading to enhanced generation of released nucleic acids in the KO mice [18-
21]. Similarly, we did not find a difference in NET formation, as shown above (Figure
S5). Given that in this lupus model imiquimod is applied to the skin, we hypothesized

that the higher levels of circulating autoantigens in Gsdmad™" treated mice might occur

as a result of enhanced cell death in tissues. To investigate how GSDMD may regulate
potential autoantigen release early on in the model, we treated the skin in the ears of mice
with imiquimod for 1 week to assess cleavage of caspase 8, a molecule that is activated

in multiple mechanisms of cell death [38]. Indeed, we observed significantly more cleaved
caspase 8 in Gsamad™" skin in vivo compared to WT (Fig 4D—E). Furthermore, we found
equal expression of active caspase 8 in organs not directly treated with imiquimod for 1
week, such as the kidneys and livers (Fig 4F-G). Overall, our data suggests that GSDMD
plays a role in the initiation of murine lupus by restraining cell death at areas of insult as a
result of direct TLR-7 agonist exposure.

To assess if overall enhancement of cell death could also be observed at later time-points

in the affected organs such as lungs and kidney, we performed /n sitt TUNEL staining

on FFPE sections from 5-week imiquimod-treated animals. Lung sections displayed higher
levels of TUNEL positivity than kidney sections (Fig. S9A-B), suggesting enhanced cell
death was triggered in pulmonary tissue in this model. There was increase in cell death

in the lung tissues, but not in the kidneys, of Gsdmad™=+ IMQ mice compared to WT +

IMQ, although this did not reach statistical significance (Fig. SOA-B). While /in situ TUNEL
staining cannot reliably discriminate apoptotic from necrotic types of cell death [39], these
results further support that lack of GSDMD exacerbates cell death in certain organs that are
relevant to lupus pathology.

Given recent evidence describing a role for GSDMD in mitochondrial pore-forming ability
in the context of apoptosis [27, 28], we further evaluated how the lack of this molecule may
modify various types of cell death. Consistent with these reports, we found that GSDMD
modulated cytochrome c release from the mitochondria on splenic lymphocytes in response
to the proapoptotic stimulus staurosporine (STS; Fig 5A). Furthermore, lymphocytes lacking
GSDMD appeared to be less efficient at undergoing apoptosis, as shown by /in vitro TUNEL
staining and visualization of DNA fragmentation (Fig 5B). Given the lower rate of apoptosis
in Gsdma™~ lymphocytes, we hypothesized that lack of GSDMD could instead modulate a
form of necrotic cell death.

High mobility group box 1 (HMGBL) is a chromatin protein involved in gene transcription,
chromatin remodeling and organization of DNA [40]. HMGB1 can be released by cells

and can bind to receptor for advanced glycation end-products (RAGE) and various TLRs
promoting proinflammatory responses [41]. Key mechanisms by which HMGBL is released
from cells is through necrotic cell death or NET formation. Following stimulation with
STS to induce apoptosis, Gsama™~ lymphocytes released significantly more extracellular
monomeric and tetrameric HMGB-1 (Fig 5C). To investigate if this increased release of
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HMGB-1 could be due to programmed necrotic cell death such as necroptosis, we assessed
expression of the total protein mixed lineage kinase domain like pseudokinase (MLKL)
and its phosphorylation status. However, this possibility was ruled out given the lack of
expression and thus lack of potential phosphorylation of MLKL in splenic lymphocytes
(Fig 5D). Overall, in vitro results support that lack of GSDMD may promote enhanced
autoantigen generation through modulation of necrotic types of cell death in immune cells.

Altogether, these data indicate a context-dependent role of GSDMD in cell death
mechanisms. Specifically, GSDMD appeared important in restraining cell death in barrier
tissues early on in the model, specifically at the site of TLR-7 agonist insult, as well

as in lungs at later stages of the disease. Furthermore, Gsdmad™~ splenic lymphocytes

were less efficient at undergoing apoptosis but, instead, died through a potentially more
immunogenic mechanism resulting in significantly higher levels of HMGB-1 release. These
results suggested that enhanced barrier cell death following imiquimod treatment, and
activation of alternative mechanisms of proinflammatory necrotic cell death in immune cells
may contribute to the enhanced generation of autoantigens, promoting the exacerbated lupus
phenotype and immune dysregulation observed in the absence of GSDMD.

Discussion

In this study, we investigated the role of GSDMD in the development of systemic
autoimmunity and tissue damage in murine lupus. We initially hypothesized that GSDMD
would play a pathogenic role in SLE by promoting proinflammatory forms of cell death
and systemic inflammation. This would in turn lead to enhanced release of intracellular
autoantigens and generation of proinflammatory cytokines, all plausible mechanisms
involved in the promotion of loss of immunologic tolerance and inflammation [18, 19, 21—
23, 42]. Unexpectedly, we found that the absence of GSDMD in a model of TLR-7 induced
lupus enhanced mortality and exacerbated lupus clinical phenotype, including kidney and
pulmonary damage, systemic inflammation, and enhanced autoantigen and autoantibody
production. This was associated with features of immune dysregulation such as myeloid
cell expansion and B cell activation and differentiation. Furthermore, we observed that
GSDMD deficiency contributed to enhanced cell death specific to the site of local TLR-7
agonist insult. To our knowledge, this is the first report to observe prominent pulmonary
inflammation and immune cell infiltration within this specific animal model, and its
exacerbation in the absence of GSMD. Furthermore, we confirmed this enhanced clinical
pulmonary phenotype in the absence of GSDMD in the pristane model of DAH that is
typically elicited in B6 background. Of note, this pristane model of DAH has previously
been described to be driven by enhanced cell death as a direct result of pristane migration
to the lungs [34], which further supports that dysregulated cell death in the absence of
GSDMD may promote lung damage. This observation is also supported by finding evidence
of increased cell death in the lungs of imiquimod-treated mice, which was exacerbated in
the absence of GSDMD. Altogether, we found that GSDMD restricts systemic autoimmune
phenotypes characteristic of SLE, at least in part, by controlling tissue-specific cell death.

Given that dysregulation in the type | IFN pathway and elevation of a type | IFN signature
are characteristic of human and murine SLE, and the recently described role of GSDMD in
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controlling type I IFN signaling, we assessed whether lack of this molecule would enhance
type | IFN pathways [15, 16, 36, 43, 44]. However, Gsdma™~ mice did not exhibit enhanced
type | IFN responses or expansion of pDCs in tissues, suggesting that the mechanisms
exacerbating lupus autoimmunity were not linked to enhanced dysregulation in this group of
cytokines. We cannot completely rule out that elevation of ISGs could have occurred in the
KOs at earlier time points during the disease and were not detected at euthanasia. Instead,
GSDMD deficiency associated with expansion of the myeloid compartment, including
neutrophils and proinflammatory monocytes. In addition, we found evidence for enhanced
B cell activation and expansion of plasma cells, suggesting that GSDMD plays an important
role in limiting B cell activation and differentiation following exposure to TLR-7 agonists.
It is possible that the expansion of the recently described ‘non-conventional’ pDCs in the
absence of GSDMD plays a role in the enhanced maturation of B cells; however this
remains to be systematically demonstrated [37]. We found that both murine T- and B-
lymphocytes expressed GSDMD and that this molecule was upregulated during B cell
activation. However, the effect of GSDMD on B cell activation and differentiation did

not appear to be intrinsic but rather, may be triggered by activation of the myeloid cell
compartment or other dysregulated cell types. While we did not observe any differences in
T cell phenotype, we cannot rule out that the differential modulation of B cell responses

in mice lacking GSDMD is not dependent of T cell abnormalities. Whether decreases

in lymphocyte apoptosis with the absence of GSDMD could promote the persistence of
autoreactive cells as a mechanism promoting autoimmunity should be considered, as we
detected less TUNEL-positive lymphocytes in Gsdma™~ mice. One significant difference
between WT mice and Gsdma™~ was that the latter displayed significant increases in
circulating cell-free DNA, suggesting enhanced cell death or impaired clearance of death
material. However, we saw no defects in dead cell clearance in Gsdma™~ macrophages,
suggesting enhanced cell death likely played a role. This was further supported by the
observation of enhanced caspase 8 cleavage at the site of imiquimod insult (skin) during
the initiation of the model. This observation suggests specific and stimulation-dependent
roles of GSDMD in barrier cells, where they are known to be significantly expressed [45].
This is further supported by the observation of enhanced cell death in the lungs at later
time-points, in association with increased lung inflammation, further supporting a specific
and context-dependent regulatory role of GSDMD.

Within immune cells, we detected enhanced release of extracellular HMGB1 in Gsdmad~~
lymphocytes, despite decreases in /n vitro apoptosis. This may indicate that lack of GSDMD
may direct immune cells to die by necrotic cell death rather than apoptosis, promoting a
more proinflammatory cell death in the context of TLR activation, even in the absence

of pyroptotic cell death. This necrotic cell death did not appear to be necroptosis, as
lymphocytes in this model did not express the proper machinery, MLKL, to undergo such a
mechanism. It is nevertheless possible that other immune or non-immune cells preferentially
died by necroptosis in the absence of GSDMD and future studies should further investigate
this. Enhanced levels of overall and necrotic cell death in the absence of GSDMD may have
not only led to the generation of elevated levels of autoantigens that could promote immune
complex formation and direct tissue damage but could have also amplified several types of
inflammatory responses in various tissues, such as what was observed in lungs and kidneys.
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These observations provide important new insights into the multifaceted roles of

GSDMD. A pathogenic role for GSDMD was described in experimental autoimmune
encephalomyelitis (a mouse model of multiple sclerosis) and in familial Mediterranean
fever, an autoinflammatory syndrome [46, 47]. In contrast, and somewhat similar to

the findings in our study, GSDMD was recently described to have a protective role in
noninfectious liver injury by preventing necroptosis and apoptosis in liver cells through
modulation of caspase-8 cleavage [48]. Overall, this supports our hypothesis that GSDMD
may act as a negative regulator of some forms of cell death at sites of tissue injury. Our
observations that GSDMD may have a protective role in murine lupus autoimmunity support
the concept that this molecule has complex roles in immune responses, with both protective
and pathogenic effects that may be context dependent. Future studies should examine other
genetically-prone or induced models of SLE to further support our observation, as well as
examine the expression and modulation of GSDMD in the context of human lupus and
autoimmune syndromes.

Despite previous reports that GSDMD was required for NET formation [25, 26], we found
that Gsdma™~ bone marrow (BM) neutrophils were able to form NETs both spontaneously
and following in-vitro stimulation with a calcium ionophore. Furthermore, imiquimod-
treated Gsdma™~ mice had higher circulating NETs compared to imiquimod-treated WT
mice. These observations could be explained by a display in similar ability to form NETs
but increased circulating and tissue neutrophil numbers as a part of the myeloid expansion
observed in Gsdmad™~ mice. Given the many pathways that lead to NET formation [49],

our findings further reveal that GSDMD’s role in a variety of cell death mechanisms may
remain context dependent. Given the description of GSDMD'’s role in promoting apoptosis
by other groups, it remains possible that GSDMD could serve a protective role in other
models, such as cancer, as tumor cells behave differently than noncancerous cells [27, 28].
Our observations suggest an even more complex role for GSDMD in health and disease

and suggest that therapies that could target GDSMD need to be carefully evaluated in
specific disease states. Indeed, further understanding the putative immunoregulatory roles of
GSDMD will be key before defining the conditions that may benefit from modulation of this
complex molecule.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. GSDMD modulates clinical features of murine lupus
(A-C) Spleen weight, body weight, and spleen/body weight ratios of untreated and

imiquimod-treated wild-type (WT) and Gsdmd™~ mice. (D) Survival curve of imiquimod-
treated mice. (E, F) Serum anti-dsDNA and total 1gG concentrations. (G-H) 10X images of
frozen kidney sections stained for C3, IgG, and Hoescht and quantified using Fiji software.
Images are representative of 4-5 mice. (1) Urine Albumin/Creatinine Ratio and (J) serum
creatinine concentrations. (K-L) Formalin-fixed paraffin-embedded (FFPE) lung sections
from imiquimod-treated mice were analyzed for bronchial and alveolar inflammation. (M)
FFPE lung sections from pristane-treated mice were analyzed for overall severity. (A-C),
n=9 WT, 5 Gsadmd~~, 24 WT + IMQ, 12 Gsdma™~+ IMQ. (D), n=34 WT + IMQ, 30
Gsamd™~+ IMQ. (E, F, J) n=6 WT, 5 Gsdmd™~, 24 WT + IMQ, 12 Gsdmd™~ + IMQ.
(K-L) n=10 WT + IMQ, 10 Gsdmd™~+ IMQ. (M) n=10 WT + IMQ, 7 Gsdmd™~ + IMQ.
Dots indicate individual mice. Results represent mean £ SEM. Statistics were calculated by
non-parametric Mann-Whitney test for all except (D), where Kaplan-Meier survival analyses
was performed; *p < 0.05, **p < 0.01.
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Figure 2. Gsdmd ™~ mice display myeloid cell expansion and activation.
Splenocytes from untreated and imiquimod-treated WT and Gsamd™~ mice were analyzed

by flow cytometry to quantify (A, B) proinflammatory monocytes, (C, D) neutrophils, (E)
conventional dendritic cells (cDC), cDC MHC 11, and CD80 expression, (H-J) “classical’
and “‘nonclassical’ plasmacytoid DCs. (A-G) n=7 WT, 3 Gsdmd ™", 24 WT + IMQ, 12
Gsamad™~ + IMQ), (H-J) n=12 WT + IMQ, 14 Gsdma™~+ IMQ. Dots indicate individual
mice. Results represent mean + SEM. Statistics were calculated by non-parametric Mann-
Whitney test; *p < 0.05, **p < 0.01.
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Figure 3. Gsdmd ™~ mice display enhanced B cell differentiation and activation.
Spleens from untreated and imiquimod-treated WT and Gsama™~ mice were harvested and

splenocyte subpopulations quantified by flow cytometry. (A-D) Dot plots of total splenic

B cells, naive B cells, marginal zone (MZ) B cells. (E-I) Dot plots of activation markers
CD40, CD44, CD80, CD86, and CD62L expression on CD19* B cells. (J-K) Representative
histograms of CD19* B cell expression of CD40 and CD62L. (K-L) Dot plots of splenic
plasma cells. For all experiments: n=9 WT, 2 Gsdmd™~, 24 WT + IMQ, 14 Gsdmd™"~

+ IMQ. Dots indicate individual mice. Results represent mean + SEM. Statistics were
calculated by non-parametric Mann-Whitney test; *p < 0.05, **p < 0.01.
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Figure 4. Gsdmd ™~ mice display increased circulating autoantigens and enhanced release of

HMGBL1

(A-B) Serum NET complexes and cell-free DNA (cfDNA) (n=24, WT + IMQ; n=12,
Gsamad™~ + IMQ). (C) Quantification of macrophage phagocytosis of apoptotic cells. (D)
Immunoblot of cleaved caspase 8 in ear lysates of WT and Gsama™"~ mice treated with
imiquimod for 1 week. (E-G) Quantification of cleaved caspase 8 normalized to actin in ear,
kidney, and liver lysates of WT and Gsdma™~ mice treated with imiquimod for 1 week.
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Figure 5. GSDMD restricts necrotic cell deaths in splenic lymphocytes.
(A) Immunoblot of cytochrome c in mitochondrial and cytosolic fractions from lysates

of splenic lymphocytes. (B) Scatter plot depicting TUNEL™ fractions in lymphocytes

and agarose gel visualization of DNA fragmentation. (C) Immunoblot and quantification
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WT o~

W1

HMGB-1 release into supernatant fraction. (D) Immunoblot of MLKL in lymphocytes. L929
cells were used as positive controls. Images are representative of 3 independent experiments.

*p<0.05.
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