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Abstract

Neurotropic viruses, including herpes simplex virus (HSV) types 1
and 2, have the capacity to infect neurons and can cause severe
diseases. This is associated with neuronal cell death, which may
contribute to morbidity or even mortality if the infection is not
controlled. However, the mechanistic details of HSV-induced neu-
ronal cell death remain enigmatic. Here, we report that lytic HSV-2
infection of human neuron-like SH-SY5Y cells and primary human
and murine brain cells leads to cell death mediated by gasdermin
E (GSDME). HSV-2-induced GSDME-mediated cell death occurs
downstream of replication-induced endoplasmic reticulum stress
driven by inositol-requiring kinase 1a (IREla), leading to activation
of caspase-2, cleavage of the pro-apoptotic protein BH3-
interacting domain death agonist (BID), and mitochondria-
dependent activation of caspase-3. Finally, necrotic neurons
released alarmins, which activated inflammatory responses in
human iPSC-derived microglia. In conclusion, lytic HSV infection in
neurons activates an ER stress-driven pathway to execute GSDME-
mediated cell death and promote inflammation.
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Introduction

A number of viruses can cause infections in the central nervous sys-
tem (CNS) and lead to diseases, such as meningitis, meningoen-
cephalitis, and includes herpesviruses,
enteroviruses, and arboviruses (Tyler, 2018). For most of these

encephalitis.  This

diseases, outcome can be fatal, and risk of severe sequelae is high
(Tyler, 2018). Alpha-herpesviruses, including herpes simplex virus
(HSV) type 1 and 2, are neurotropic viruses, which have the ability
to establish latent infections in dorsal root ganglia in the peripheral
nervous system (Bloom, 2016). Although there is a high prevalence
of HSV seropositivity in the adult population, the occurrence of
HSV-caused diseases in the central nervous system (CNS) is rare.
Such diseases include herpes simplex encephalitis (HSE) and recur-
rent HSV-2 meningitis (Min & Baddley, 2014; Kaewpoowat
et al, 2016). A central determinant for HSV-induced CNS diseases is
lack of immunological control of virus replication in neurons in the
CNS. This leads to excessive virus-mediated cytopathic effects in
neurons and pathological inflammatory responses.

Histopathologically, a characteristic feature of HSE is necrotiz-
ing encephalitis involving the temporal lobe HSE (DeBiasi
et al, 2002; Gnann & Whitley, 2017). Cortical necrosis has been
confirmed in experimental studies in mice, including focal neuro-
nal necrosis and axonal degradation (Armien et al, 2010). It has
been reported that neuronal cell death during viral infections can
be induced directly by viral infections (Girard et al, 1999; Nargi-
Aizenman & Griffin, 2001; Samuel et al, 2007), as well as by
excessive inflammatory responses (Ghoshal et al, 2007; Lum
et al, 2017). Such studies have uncovered the double-edge sword-
like nature of inflammatory responses in the brain by revealing
that microglia can promote potent antiviral activity in neurons
(Reinert et al, 2016, 2021), but also sensitize them for cell death
(Ghoshal et al, 2007; Lum et al, 2017). Neuronal cell death aggra-
vates the outcome of acute infections (Samuel et al, 2007; Orve-
dahl et al, 2010) and impairs long-term recovery (DeBiasi
et al, 2002; Fricker et al, 2018). Therefore, neuronal cell death dur-
ing viral infections is a central factor in the pathogenesis of viral
CNS infections. At this stage, it remains unresolved how HSV
induces neuronal cell death.

Cell death can occur in two principal formats, namely apoptosis
and necrosis. In the former, the cell shrinks without release of
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intracellular material and is phagocytosed by macrophages, thus
clearing cellular debris and preventing activation of inflammation
(Lemke, 2019; Singh et al, 2019). In the latter, the plasma mem-
brane is disrupted, and intracellular content is released to promote
downstream inflammatory activities (Jorgensen et al, 2017). In
physiological or biological settings, there is often a combination of
the different death processes occurring in parallel, thus giving a
more complex picture. For instance, apoptotic responses can be
associated with secondary necrosis, if cells are not rapidly cleared
(Krysko et al, 2006). Both apoptosis and necrosis can be induced
through specific molecular mechanisms, and thus termed
programmed cell death (PCD). Apoptosis is effectuated by the prote-
ases caspases (CASP) 3 and 7, which can be activated by two main
pathways. These are the extrinsic pathway where extracellular
ligands engage death receptors to activate CASP8/10 and the intrin-
sic pathway where mitochondrial depolarization leads to assembly
of an apoptosome and activation of CASP9 (Singh et al, 2019). Sev-
eral forms of PCD lead to necrosis, most notably, necroptosis and
pyroptosis (Jorgensen et al, 2017). In necroptosis, cell lysis is medi-
ated by pores in the plasma membrane formed by phosphorylated
MLKL, which is executed by RIPK1 and 3, often as a consequence of
CASP8 inhibition (Jorgensen et al, 2017). Pyroptosis was first
defined as CASP1-dependent cell death and later developed to cover
inflammasome- and gasdermin (GSDM)-D-dependent cell death
when cleaved GSDMD was discovered to form the CASP1-cleaved
pore-mediating cell death (Jorgensen et al, 2017). GSDMD is cleaved
by activated inflammasomes composed of a pattern recognition
receptor, ASC, and one of the CASPs 1, 4/5, or 11 (Kayagaki
et al, 2015; Shi et al, 2015). More recently, additional GSDMs, which
can be cleaved by specific proteases to form death-inducing pores,
have been discovered (Broz et al, 2020; Liu et al, 2021). Specifically,
GSDME, GSDMA, GSDMB, and GSDMC have been reported to be
involved in physiologically important processes, including second-
ary necroptosis, bacteria-induced necrosis, lymphocyte cytotoxicity,
and metabolic priming for cell death, respectively (Rogers
et al, 2017; Zhou et al, 2020; Deng et al, 2022). GSDME can be
cleaved by CASP3, thus illustrating yet another crosstalk between
mechanisms involved in apoptosis and necrosis (Rogers et al, 2017;
Wang et al, 2017). At present, there is no full agreement in the field
as to whether the term pyroptosis should define inflammasome-
mediated cell death or GSDM-mediated cell death. In the present
article, we use pyroptosis to describe the latter.

Alteration of homeostasis leads to cellular stress responses
(Chovatiya & Medzhitov, 2014). For instance, accumulation of
unfolded proteins, impaired protein translation, hypoxia, and DNA
damage activate specific cellular signaling pathways, which seek to
reestablish homeostasis through elimination, repair, and adaptation.
This is seen during a variety of conditions, including virus infec-
tions. For instance, endoplasmic reticulin (ER) stress is a hallmark
of many virus infections (Li et al, 2015). ER stress occurs when the
protein entry into the ER exceeds the capacity of the organelle to
support folding, leading to accumulation of incompletely folded pro-
teins (Marciniak et al, 2022). This unfolded protein response (UPR)
leads to degradation of proteins, inhibition of translation, synthesis
of chaperone proteins, and linkage to PCD pathways, including
intrinsic apoptosis pathway and pyroptosis (Szegezdi et al, 2006;
Bronner et al, 2015; Han et al, 2022; Marciniak et al, 2022). How-
ever, there is limited information on the role of ER stress, and
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cellular stress responses in general, in the pathogenesis of viral
infections.

HSV-1/2 are a large DNA virus that establishes life-long infec-
tions in sensory neurons, and it is therefore no surprise that the
viruses encode numerous transcripts and proteins modulating host
cells (Paludan et al, 2011). This includes a number of mechanisms
to circumvent PCD and cell stress (You et al, 2017). For instance,
HSV-1 counteracts both the intrinsic and the extrinsic apoptosis
pathways by mechanisms involving numerous viral gene products,
including the infectious cell protein (ICP) 22 and US3 (You
et al, 2017). HSV-1 also targets necroptosis and GSDMD-mediated
pyroptosis through infected cell proteins 6 and 10, and VP22 and
ICPO, respectively (Johnson et al, 2013; Guo et al, 2015; Maruzuru
et al, 2018). In addition, HSV-1 and 2 evade part of the ER stress
response by mediating dephosphorylation of elF2«a through ICP34.5
(Cassady et al, 1998; Wylie et al, 2009). Thus, all major canonical
PCD pathways are modulated by HSV-1 infection, but much less is
known about how HSV-2 interferes with cell death and cell stress
pathways. Importantly, it remains unknown how lytic HSV infec-
tions can cause cell death in neurons.

In this work, we have examined the mechanism through which
HSV infection induces cell death in neurons. We report that both
mouse and human neuronal cell lines, primary neurons, and human
fetal organotypic brain slices (hfOBSC) undergo GSDME-dependent
pyroptotic cell death upon infection with HSV-1 and 2. Focusing on
HSV-2, we find that this was mediated by infection-driven ER
stress signaling through the ER stress sensor IREla. The induced
programmed cell death pathway involved activation of CASP2,
cleavage of the BCL2 family member BID, and permeabilization of
the mitochondria, thus triggering CASP3/7-driven GSDME cleavage.
Finally, the necrotic neurons release alarmins to activate inflamma-
tory responses in microglia. Thus, excessive lytic viral replication in
neurons can lead to both loss of neurons and promotion of neuroin-
flammation, thereby triggering acute disease and potentially also
accelerating development of neurodegenerative diseases.

Results

Lytic HSV infection induces necrotic cell death in human SH-SY5Y
neuroblastoma cells

Human SH-SY5Y neuroblastoma cells undergo morphological
changes upon HSV infection, including obvious ballooning morpho-
logical change in cell death observed at 16 hpi (Fig EV1A). To inves-
tigate the release of cytosolic content into the culture supernatant,
as markers for cell membrane disruption, we focused on lactate
dehydrogenase (LDH) and high mobility group box 1 (HMGB1).
Extracellular HMGB1, as an alarmin, aggregates the inflammatory
cytokine storm and subsequently a necrotic inflammatory response
in neurons (Faraco et al, 2007; Kim et al, 2018). Importantly, LDH
was dramatically increased after infection with both HSV-1 and -2
as well as the two neurotropic RNA viruses, vesicular stomatitis
virus and encephalomyocarditis virus (Fig 1A), and kinetics experi-
ments showed that LDH and HMGBI significantly accumulated in
conditioned medium at 16 h post-HSV-2 infection (Fig 1B and C).
These data indicate that lytic HSV infection of neuron-like cells
induces necrotic cell death. However, human neuroblastoma SH-
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SYSY cells did not express GSDMD (Fig 1D), and infection did not
induce phosphorylation of MLKL, a necroptosis marker, in SH-SY5Y
cells (Fig 1E). Instead, the infection led to cleavage and activation of
CASP3, and cleavage of PARP, all markers of apoptosis (Fig 1F and
G). Moreover, HSV-2 infection increased cytosolic release of

The EMBO Journal

cytochrome c (Fig 1H), an indicator of intrinsic apoptosis induced
by mitochondria out membrane permeability (MOMP) dysfunction
(Luo et al, 1998). As both secondary necrosis (late apoptosis) and
pyroptosis contribute to cell membrane disruption and HMGB1
release (Harris et al, 2012), we conducted Annexin V/PI staining to
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Figure 1. Lytic HSV infection induces necrotic cell death in human SH-SY5Y neuroblastoma cells.

SH-SYSY cells were infected with HSV-1 (MOI = 3), HSV-2, VSV, and EMCV (all MOI = 1) for 24 h, and levels of LDH were measured in the culture supernatants.
SH-SYSY cells were infected with HSV-2 (MOI, 1), for the indicated time intervals, and culture supernatants were isolated for measurement of LDH (B) or HMBGL1 (C).

SH-SYSY cells were infected with HSV-2 (MOI = 1) for the indicated time intervals, and cell lysates were immunoblotted for p-MLKL and vinculin. For comparison,
we used lysates from THP1 cells treated with Z-VAD (Z, 20 uM), TNF-a (T, 100 ng/ml), birinapant (B, 100 nM), and necrostain-1 (NEC-1, 10 uM) as indicated.
SH-SYSY cells were infected with HSV-1 and HSV-2 (both MOI = 1) for the indicated time intervals. Cell lysates were evaluated for CASP3 activity (G) and immuno-

SH-SYSY cells were infected with HSV-2 for 16 h, and cytochrome c release from mitochondria into cytoplasm was immunoblotted (H). Annexin V staining and Pl

SH-SYSY cells were infected with HSV-1 (MOI = 3) and HSV-2 (MOI = 1) for the indicated time intervals, and cell lysates were immunoblotted for GSDME and

A
B, C
D Lysates from SH-SY5Y and THP1 cells were immunoblotted for GSDMD and vinculin.
E
F,G

blotted for cleaved caspase 3 (CL-CASP3), cleaved PARP (CL-PARP), and vinculin (F).
H, |

uptake were evaluated by flow cytometry (I).
], K

vinculin.
L, M SH-SYSY cells were infected with EMCV and VSV (both MOI = 1) for 16 h, and cell lysates were immunoblotted for GSDME and vinculin.
N, O

SH-SYSY cells were transfected with GSDME gRNA-Cas9 RNPs (two different gRNAs were used) or AAVS1 gRNA-Cas9 RNPs as negative control and infected with
HSV-2. Lysates and supernatants were isolated 16 h post-infection. Lysates were immunoblotted for GSDME, HMGB1, and vinculin. Supernatants were analyzed for

LDH release (ELISA) and HMGB1 (immunoblotting).

Data information: All data shown are representative of at least three independent experiments. Data are presented as mean + s.d. in all graphs. **P < 0.01;
***p < 0.001; ****P < 0.0001. (Mann—-Whitney test, two-tailed in A, B, and G, two-way ANOVA in N).

Source data are available online for this figure.

differentiate late apoptosis (Annexin V positive/PI positive) and
pyroptosis (Annexin V negative/PI positive). Surprisingly, HSV-2
infection dramatically induced PI uptake rather than Annexin V
binding (Fig 11), which suggested that gasdermin-dependent pyrop-
tosis could be involved in the HMGBI1 release. Interestingly,
although GSDMD was not expressed in SH-SY5Y cells (Fig 1D), HSV
infections in SH-SY5Y cells induced cleavage of GSDME (Fig 1J and
K), correlating with accumulation of HMGB1 in conditioned
medium (Fig 1C). This was also observed after infection with EMCV
and VSV (Fig 1L and M). Importantly, depletion of GSDME by
CRISPR/Cas9 genome-editing showed significantly reduced release
of LDH from HSV-2-infected cells (Fig 1N) and largely abrogated
release of HGMB1 (Fig 10). These data demonstrate that infection
of human SH-SYSY neuroblastoma cells with neurotropic viruses
induces GSDME cleavage, which mediates pyroptosis and release of
alarmins upon HSV-2 infection.

To characterize the mechanism through which HSV-2-induced
cell death, the virus was treated with ultraviolet light (UV) before
addition to the cells to prevent viral replication while keeping the
virions intact. Furthermore, SH-SY5Y cells were also treated with
the antiviral drug acyclovir (ACV) or with cycloheximide (CHX),
which inhibit viral DNA and protein synthesis prior to infection,
respectively. Importantly, both lytic HSV infection and protein syn-
thesis were required for GSDME cleavage in SH-SYSY cells
(Fig EV1B and C). Furthermore, inhibition of de novo protein syn-
thesis blocked LDH and HMGBI release (Fig EV1D and E). Surpris-
ingly, however, ACV treatment, which inhibited HSV-2 replication
(Fig EV1F) and LDH release (Fig EV1H), had only a minor effect on
GSDME cleavage (Fig EV1G) and release of HMGB1 (Fig EV1I).
These data demonstrate that HSV-2 infection in SH-SYS5Y cells
induces GSDME-dependent programmed cell death through events
dependent on a functional viral genome and protein synthesis.
Importantly, in order to identify the proteases involved in mediating
signaling to GSDME cleavage, we first tested the pan-caspase inhibi-
tor Z-VAD and observed that it inhibited GSDME cleavage and
release of LDH and HMGBI1 (Fig EV1J and K). CASP3 was previ-
ously reported to execute GSDME cleavage (Aizawa et al, 2020). In
the SH-SYSY neuroblastoma cells system, CRISPR/Cas9-mediated
genome editing of both CASP3 and CASP7 was required to abolish

4 of 20 The EMBO jJournal €113118 | 2023

GSDME cleavage (Fig EV1L and M). This suggests an essential role
for a panel of caspases rather than solely CASP3 in inducing HSV-
induced PCD in neurons.

HSV infection of primary human neuronal cells and brain slice
cultures induces cleavage of GSDME

To explore whether the observations in SH-SY5Y cells resemble
responses in primary human neuronal cells, we first differentiated
human embryonal stem cells into neural progenitor cells (NPCs)
and infected with HSV-1 and -2 (Fig 2A). Similar to what was
observed in SH-SY5Y cells, the NPCs did not express GSDMD but
induced significant cleavage of CASP3, PARP, and GSDME following
infection (Fig 2B), and this led to necrotic cell death (Fig 2C). To fur-
ther explore this phenomenon, we generated and cultured hfOBSC
and infected these cultures with both HSV-1 and -2 (Fig 2D and E
and Appendix Fig S1). In the hfOBSC system, we observed more
pronounced infection with HSV-2 than HSV-1 (Fig 2E and Appendix
Fig S1), which was associated with cleavage of CASP3, PARP, and
GSDME. The PCD response to lytic HSV-1 infection was less evident,
despite a similar multiplicity of infection in HSV-2 (Fig 2F). Accord-
ingly, HSV-2 triggered significant LDH release from the human brain
slices at 72 h post-infection, which was not seen following HSV-1
infection (Fig 2G). Finally, in mixed mouse brain cells, we observed
that HSV-2 infection induced the cleavage of GSDME and release of
LDH (Fig 2H-J). Collectively, HSV-2 infection in both human and
mouse neuron systems induced GSDME cleavage and subsequent
necrotic cell death.

HSV-2-induced pyroptotic cell death in SH-SY5Y cells depends on
CASP2

The data shown above suggested that HSV-2 induces pyroptosis in
neurons more potently than HSV-1, and we therefore decided to
focus the mechanistic work on HSV-2. First, we wanted to explore
more broadly the role of caspases in inducing the pyroptotic
response, given the pronounced effect of pan-caspase inhibition of
HSV-2-induced GSDME cleavage (Fig EV1K). Caspases can be cate-
gorized as inflammasome caspases, executioner caspases, and

© 2023 The Authors
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Figure 2. HSV infection of primary human neurons and brain slice cultures induces cleavage of GSDME.

A-C ESC-derived neuron progenitor cells were infected with HSV-1 and HSV-2 (both MOI = 1) for the indicated time intervals, and lysates and supernatants were iso-
lated and analyzed as indicated by (B) immunoblotting and (C) ELISA, respectively.

D-G Human brain slices were infected with HSV-1-GFP (1 x 10° PFU/ml) and HSV-2-GFP (1 x 10° PFU/ml) for 72 h, visualized microscopically, and lysed for analysis of
GSDME and vinculin. Levels of LDH in the culture supernatant were evaluated by ELISA, and shown as measured levels of absorbance at 450 nm.

H-J  Mouse mixed brain cells were infected with HSV-2 (MOl = 10) for 36 h and lysed for analysis of GSDME and vinculin by immunoblotting. (I). LDH release was mea-
sured by ELISA (J).

Data information: All data shown are representative of at least three independent experiments. Data are presented as mean =+ s.d. in all graphs. *P < 0.05; **P < 0.01
(Mann-Whitney test, two-tailed in C, G, and ). Images shown in panels (A), (D), and (H) were generated in Biorender.
Source data are available online for this figure.

© 2023 The Authors The EMBO journal e11311812023 5 of 20

85U8017 SUOWILLOD BAIERID gedtjdde au Aq pauseAoh a/e SN YO (8N JO SN 104 ARIGIT BUIIUO AB]IM UO (SUORIPUOD-PUR-SWIRI O A IMARe.1d 1 pU1IUO//SANY) SUORIPUOD PUR SWS L 33 39S *[£202/60/90] U0 AIq1T 3UIIUO AB]IM SESUI0IIGICSIBISIBAIUN WepRRoY AIsieAuN snuses3 Aq 8TTETTZZ0C [We/zSZST 0T/10p/B10 ssaidoquie mmm//sdny Wwo.y pepeojumoa ‘0 ‘L0209 T



The EMBO Journal

initiator caspases (Mcllwain et al, 2013). We first immunoblotted
for caspase protein levels in SH-SYS5Y cells, and monocyte THP1
cells as a positive control. Of the inflammasome caspases CASP1, 4,
and 5, only CASPS was expressed in SH-SYSY cells (Fig 3A), and
pre-treatment with the CASP1 inhibitor Z-YVAD did not affect
GSDME cleavage (Fig EV2A and E). The executioner CASP3 and 7
were both expressed at high levels, and pretreatment of CASP3/7
inhibitor Z-DEVD inhibited cleavage of CASP3, PARP, and GSDME
(Fig EV2F). These data were consistent with the genome-editing
data shown in Fig EVIL and M, showing that CASP3/7 double
knockout inhibited GSDME cleavage. The third executioner caspase
CASP6 was also expressed in SH-SYSY cells (Fig 3A), but treatment
with the CASP6 inhibitor Z-VEID had no effect on HSV-2-induced
GSDME cleavage although some effect was observed in CASP3 and
PARP cleavage (Fig EV2B and G). Finally, among the two initiator
caspases CASP8 and 9, only CASP9 was expressed, but treatment
with inhibitors against either caspase did not affect cleavage of
GSDME (Fig EV2C, D, H and I). These data indicate the central role
of CASP3 and 7 in HSV-induced GSDME cleavage, but not the other
caspases tested.

CASP2 is a caspase that is not easily categorized into the above clas-
ses and has been described to be involved in both pore formation-
mediated apoptosis and pyroptosis (Kumar, 2009; Imre et al, 2012;
Bronner et al, 2013). In addition, it is reported that the pan-caspase
inhibitor Z-VAD does inhibit CASP2 activity in SH-SY5Y cells (Chau-
vier et al, 2007). We first observed that SH-SYSY cells did express
CASP2 (Fig 3A). Treatment with the CASP2 inhibitor Z-VDVAD clearly
inhibited HSV-2-induced GSDME cleavage (Fig 3B and Dataset EV1).
Notably, depletion of CASP2 expression largely abrogated HSV-2-
induced cleavage and activation of CASP3, and cleavage of GSDME
(Fig 3C and D). Furthermore, kinetic experiments showed that HSV-2
infection stimulated CASP2 activity in a timely manner (Fig 3E).
Finally, depletion of CASP2 reduced LDH release, largely abrogated
HMGBI1 release, and necrosis-associated morphological changes in
HSV-2-infected cells (Fig 3F-H). Collectively, these data suggest that
CASP2 is essential for HSV-2-induced GSDME-dependent pyroptosis in
human SH-SYSY neuroblastoma cells.

CASP2 induces BID cleavage to mediate mitochondria-dependent
pyroptosis

To examine for possible CASP2 downstream targets involved in
GSDME-mediated pyroptosis, we first focused on the reported ability
to cleave the protein BID to a truncated pro-apoptotic version (tBID).
tBID promotes pore formation in mitochondria via oligomerization
of other Bcl-2 family members, especially BAK and BAX (Korsmeyer
et al, 2000; Wagner et al, 2004; Bonzon et al, 2006). tBID started to
accumulate at 16 h post-infection with HSV-2 (Fig 4A), which corre-
lated with GSDME cleavage (Fig 1K). Furthermore, CRISPR/Cas-
mediated disruption of the BID gene inhibited accumulation of
cleaved CASP3, PARP, and GSDME and inhibited CASP3 activity, as
well as the release of LDH and HMGBI into the culture medium
(Fig 4B-E). Importantly, disruption of the CASP2 gene blocked accu-
mulation of tBID in HSV-2-infected cells (Fig 4F). These data indicate
that BID serves downstream of CASP2 to activate GSDME-mediated
pyroptosis. As described above, tBID targets the mitochondria to pro-
mote depolarization and the intrinsic apoptosis cell death pathways
(Bock & Tait, 2020; Xu et al, 2021). Accordingly, we observed that
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HSV-2 infection strongly impaired mitochondrial function as mea-
sured by NADPH reductase activity (Fig 4G).

To further explore the role of mitochondria in mediating GSDME-
dependent pyroptosis, we performed mitochondria DNA (mtDNA)
deletion with ethidium bromide (EtBr) treatment, which did indeed
lead to loss of two mitochondrial genes COX I and COX II
(Fig EV3A). As seen in Fig EV3B, mtDNA deletion reduced the
degree of the morphological changes under HSV-2 infection, but did
not affect virus replication (Fig EV3C). Interestingly, EtBr treatment
inhibited GSDME cleavage and HMGBI release following HSV-2
infection (Fig 4H and I). Recent studies indicated that mtDNA
release from mitochondria drives gasdermin-dependent pyroptosis
and subsequently inflammatory response (de Torre-Minguela
et al, 2021; Zhang et al, 2021). Hence, we hypothesized that mtDNA
release induced by HSV infection contributes to GSDME-regulated
pyroptosis. Interestingly, we observed that transfection of synthesis
dsDNA and dsRNA into SH-SYSY cells led to the cleavage of GSDME
(Fig 4J), which suggests that mtDNA release may be involved in
GSDME cleavage and further pyroptosis. However, we did not
observe accumulation of mtDNA in cytoplasm of HSV-2-infected
cells (Fig EV3D). In support of a role for mitochondrial nucleic acids
in mediating HSV-2-induced pyroptosis, we found that deletion of
the DNA-binding protein IFI16 attenuated GSDME cleavage in HSV-
2-infected cells and blocked release of cytochrome c, HMGB1, and
LDH (Fig EV3E, F, and G). NLRP3, AIM2, and reactive oxygen spe-
cies (ROS) have been reported to play central roles in mitochondria
damage-related cell death (Guo et al, 2013; Mangan et al, 2018).
However, NLRP3 or AIM2 was not expressed in SH-SYSY cells
(Fig EV3H), and pretreatment with inhibitors targeting NLRP3 or
ROS did not affect GSDME cleavage (Fig EV3I and J). In summary,
CASP2 is essential for cleavage of BID to tBID in HSV-2-infected SH-
SYSY cells to mediate mitochondria-dependent pyroptosis, involving
release of nucleic acids into the cytoplasm.

HSV-2-induced endoplasmic reticulum stress occurs upstream
of pyroptosis

It has been reported that HSV-1 infection in normal human epider-
mal keratinocytes cells triggers translational shutdown leading to
depletion of BCL-2 family members and mitochondrial depolariza-
tion upstream of GSDME (Orzalli et al, 2021). ER stress has also
been shown to trigger CASP2-tBID-dependent disruption of mito-
chondrial function (Upton et al, 2008; Bronner et al, 2015). Among
the three main ER stress pathways, that is, IREla, PERK, and ATFG6,
HSV-2 infection led to clear activation of IRFla (phosphorylation)
but not PERK (phosphorylation) or ATF6 (cleavage) (Fig 5A).
Despite the lack of detectable phosphorylation of PERK, we did
observe phosphorylation of elF2a, which can be performed by sev-
eral kinases including PERK, and induction of the down-stream gene
C/EBP homologous protein (CHOP) (Fig 5B). However, no CHOP
protein was found to accumulate in infected cells, and even ATF6
levels were dramatically decreased (Fig 5A). In agreement with the
previous work on HSV-1 infection in human epidermal keratino-
cytes (Orzalli et al, 2021), we observed that HSV-2 infection in SH-
SYSY cells led to depletion of the anti-apoptotic protein MCL-1 and
dephosphorylation of the pro-apoptotic protein BAD (Fig 5C).

To test whether ER stress or protein synthesis inhibition induced
pyroptosis in SH-SYSY cells, we treated cells with thapsigargin (TG)
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Figure 3. HSV-2-induced pyroptotic cell death in SH-SY5Y cells depends on CASP2.

A Lysates from SH-SY5Y and THP1 cells were immunoblotted for a panel of caspases and vinculin.

B SH-SY5Y cells were pretreated with CASP2 inhibitor Z-VDVAD (20 pM) for 1 h and infected with HSV-2 (MOI = 1). Lysates were isolated 16 hpi for immunoblot
analysis.

C, D SH-SY5Y cells were transfected with CASP2 gRNA-Cas9 RNPs or AAVS1 gRNA-Cas9 RNPs and infected with HSV-2. Lysates were isolated 16 h post-infection and
assayed for CASP3 activity (D, ELISA) and immunoblotted for GSDME, CASP2, cleaved caspase 3 (CL-CASP3), cleaved PARP (CL-PARP), and vinculin (C).
SH-SY5Y cells were infected with HSV-2 (MOl = 1) for the indicated time points and lysates were analyzed for CASP2 activity.

F, G SH-SYSY cells were infected with HSV-2. Supernatant and lysates were isolated for measurement of LDH (F, 22 h) and identification of HMGBL1 (G, 16 h).

H SH-SYSY cells transfected with AAVS1 or CASP2 gRNA-Cas9 RNPs and infected with HSV-2 for 16 h and examined for morphological changes by microscopy. Boxes
indicate areas highlighted in the zoomed images. Arrows indicate ballooning or syncytial cells.

Data information: All data shown are representative of at least three independent experiments. Data are presented as mean =+ s.d. in all graphs. **P < 0.01;
***p < 0.001; ****P < 0.0001 (Mann-Whitney test, two-tailed in D, E, and F).
Source data are available online for this figure.
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Figure 4. CASP2 induces BID cleavage to mediate mitochondria-dependent pyroptosis.
A SH-SY5Y cells were infected with HSV-2 (MOl = 1) for the indicated time intervals or stimulated with TG (20 uM, 16 h). Lysates were immunoblotted for BID and

vinculin. tBID, truncated BID.

B, C SH-SY5Y cells transfected with AAVS1 or BID gRNA-Cas9 RNPs were infected with HSV-2. Lysates were isolated 16 h post-infection and immunoblotted for GSDME,

CL-CASP3, and CL-PARP (B), and assayed for CASP3 activity (C).

D, E SH-SYSY control and BID-depleted cells were infected with HSV-2 (MOl = 1). Supernatant and lysates were evaluated for LDH (24 h) and HMGB1 (16 h) release.

Vinculin blot panel E is identical to the one in panel B.

F SH-SYSY control and CASP2-depleted cells were infected with HSV-2 (MOl = 1, 16 h) and immunoblotted for truncated BID, tBID.
NADPH reductase activity was measured to evaluate mitochondria function in SH-SY5Y cells infected with HSV-2 (MO, 1) for the indicated time intervals.

H-J SH-SYSY cells were treated with ethidium bromide (2 pg/ml) and infected with HSV-2 (MOl = 1, 16 h). Lysate and supernatant were for immunoblotting for cell
death markers GSDME and HMGBL (H, I). SH-SY5Y cells were transfected with Poly I:C (50 pg/ml) or dsDNA (20 pg/ml) for 24 h ().

Data information: All data shown are representative of at least three independent experiments. Data are presented as mean + s.d. in all graphs. ***P < 0.001 (Mann—

Whitney test, two-tailed in G, two-way ANOVA in C and D).
Source data are available online for this figure.

or CHX. TG, an ER stress inducer, has been found to induce CASP2/
3/7-dependent cell death in SH-SYS5Y cells (Dahmer, 2005). Treat-
ment with TG leads to ER stress and tBID accumulation, similar to
the observations upon HSV-2 infection (Fig EV4A), and CHX treat-
ment inhibited MCL-1 translation, similar to HSV-2 infection
(Fig EV4B). Noticeably, TG treatment alone caused mitochondrial
dysfunction and stimulated cleavage of CASP3, PARP, and GSDME
and accompanying necrotic cell death (Figs 5D and E, and EV4C).
This response was dependent on BID (Fig EV4D). In contrast to this,
CHX treatment had a more modest effect on mitochondrial function,
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GSDME cleavage, and necrosis (Figs 5D and F, and EV4E). Although
HSV-2 infection led to reduced levels of MCL-1 in SH-SYSY cells
(Fig EV4B), it did not cause general decrease in protein levels,
which was observed after CHX treatment (Fig EV4F).

To further explore the effect of ER stress on cell death induced by
HSV-2 infection, we inhibited this response using tauroursodeoxy-
cholic acid (TUDCA). TUDCA augments ER chaperone activity upon
ER stress (Vang et al, 2014). Importantly, we found that pretreat-
ment with TUDCA inhibited HSV-2-induced cleavage of CASP3,
PARP, and GSDME, as well as release of HMGB1 and cytochrome c
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Figure 5. HSV-2-induced ER stress occurs upstream of pyroptosis.

A, B SH-SYSY cells were infected with HSV-2 (MOI = 1) for the indicated time intervals, and immunoblotted for ER stress markers (BIP, phospho-IREla, phospho-elF2q,
cleaved-ATF6, and CHOP) (A), and analyzed for mRNA levels of the ER stress response genes BIP, ATF6, and CHOP by RT-qPCR (B).

C Lysate from SH-SY5Y cells with HSV-2 infection (MOl = 1) were immunoblotted for BCL2 family proteins MCL-1, Bcl-XL, and phospho-BAD (S112). Vinculin was used
as loading control.

D-F SH-SY5Y cells were stimulated with thapsigargin (TG, 20 pM, 24 h) and cycloheximide (CHX, 10 pg/ml, 24 h) and evaluated for LDH release (D) and immunoblotted
for GSDME cleavage (E, F).

G-K SH-SYSY cells were pretreated with TUDCA (500 ng/ml) for 1 h and infected with HSV-2 (MOl = 1). Lysates and supernatant were isolated after 16 h of HSV-2 infec-
tion and subjected to immunoblotting for CL-CASP3, CL-PARP, GSDME, HMGBL (G, 1), and tBID (K). The lysates (16 h) were also assayed for CASP2 activity (J), and
supernatants (24 h) were analyzed for LDH release (H, ELISA).

L SH-SYS5Y cells transduced with Lenti-plasmid BIP or empty vector control were infected with HSV-2 (MOI = 1, 16 h). Lysates were isolated and immunoblotted for
CL-CASP3, CL-PARP, GSDME, and tBID.

Data information: All data shown are representative of at least three independent experiments. Data are presented as mean + s.d. in all graphs. **P < 0.01;
***p < 0.001; ****P < 0.0001 (Mann-Whitney test, two-tailed in B, D, and ] two-way ANOVA in H).
Source data are available online for this figure.
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(Fig 5G-I). TUDCA treatment also inhibited HSV-2-induced phos-
phorylation of IREla, CASP2 activity, cleavage of BID, and CASP3
activity (Figs 5J and K, and EV4G and H). Accordingly, TUDCA
treatment significantly mitigated the morphological changes and cell
loss induced by HSV-2 infection (Fig EV4I). Moreover, overexpres-
sion of BIP, which exerts negative regulation of the ER stress sen-
sors and was down-regulated in HSV-2-infected cells (Fig 5A),
inhibited cleavage of CASP3 and GSDME (Fig 5L). Collectively,
these data support that HSV-2-induced cell death in lytically infected
neuronal cells is initiated by ER stress leading to activation of the
CASP2-tBID axis, linking to mitochondrial dysfunction and CASP3/
7-mediated GSDME cleavage.

ER stress-induced IRE1a activation contributes to HSV-2-induced
pyroptosis

The data described above suggested that lytic HSV-2 infection both
activates and interferes with the ER stress response, which plays a
central role in pyroptosis. Since we observed clear activation of the
IREla pathway (Fig 5A), but not the PERK or ATF6 pathways, we
further examined the activity of IREla pathway in HSV-2-induced
pyroptosis. The cytoplasmic part of IREla contains RNase and
kinase activity, with the RNase activity exerting XBP1 RNA splicing
(XBP1s) and IREla-dependent decay of mRNA (RIDD), and kinase
activity triggering, for example, phosphorylation of JNK (Fig 6A).
The different IREla-induced pathways exert dissimilar effects on cell
survival (Maurel et al, 2014; Junjappa et al, 2018). First, we tested
which of the IREla-induced pathways were activated by lytic HSV-2
infection. HSV-2 infection induced XBP1s splicing (Fig 6B) and acti-
vation of JNK (Fig 6C), but not activation of RIDD, as measured by
degradation of the RIDD-associated mRNA Blos1 (Fig 6D). Notably,
depletion of IREla attenuated GSDME cleavage, cytochrome c, and
HMGBI release (Fig 6E). Treatment with inhibitors that selectively
block the RNase (i.e., 4u8c and STF-083010) versus kinase (i.e.
APY029) activities of IREla showed that blocking of the kinase
activity with strongly reduced HSV-2-induced GSDME cleavage
(Fig 6F), whereas inhibiting IREla RNase had a neglected effect
(Fig EV5A and B). In agreement with the XBP1s pathway not being
involved in activation of pyroptosis, we found that activation of the
IREla-XBP1s pathway using IXA4 (Fig EV5C) did not augment HSV-
2-induced GSDME cleavage, and even modestly inhibited it
(Fig EVSD). These data are in line with previous reports on a pro-
survival role for XBP1ls (Guo et al, 2012). Finally, we examined
whether the kinase activity of IREla was responsible for HSV-2-
induced activation of JNK, and whether JNK was involved in the
virus-induced pyroptotic response. Blockage of the kinase activity of
IREla with APY029 inhibited HSV-2-induced activation of JNK
(Fig 6G), whereas blockage of JNK activation with SP600125 inhib-
ited GSDME cleavage and release of HMGB1 (Fig 6H). Overall, the
results indicate that the IRE1a-JNK pathway is the major driver of
the GSDME-dependent pyroptosis in productively HSV-2-infected
neuroblastoma cells.

Necrotic neurons induce inflammatory gene expression
in microglia

Neuroinflammatory processes are considered an essential factor in
pathology of various neuronal diseases, in which excessive cytokine
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production leads to unrecoverable brain damage. Cell death can also
contribute to host defense in the context of viral infections (Orzalli
et al, 2021). We found that GSDME deficiency did not affect HSV-2
replication (Appendix Fig S2A). To test whether material released
from necrotic neuronal cells can trigger inflammatory immune
responses, we set up an in vitro model where supernatants from
wide-type and GSDME-deficient neuron-like cells were used to stim-
ulate human iPSC-derived microglia, monocytic THP1 cells, and pri-
mary mouse mixed brain cells (Fig 7A). While supernatants from
HSV-2-infected SH-SYSY cells induced expression of inflammatory
cytokines in iPSC-derived microglia, this was significantly lower if
the cells were treated with supernatants from infected GSDME-
depleted SH-SYSY cells (Fig 7B-D). Notably, similar phenomena
were seen in THP1 (Appendix Fig S2B-D) and mouse mixed brain
cells (Appendix Fig S2E-G), indicating that HSV-2-induced pyrop-
tosis augments the inflammatory immune response. Next, the pat-
tern recognition receptors (PRRs) involved were determined by
treating a panel of THP1 cell lines deficient for specific PRR signal-
ing adaptors with supernatant from HSV-2-infected SH-SYS5Y
(Appendix Fig S2H). Deficiency of STING and MYDS88 attenuated
the transcription of the inflammatory cytokines IL6, TNFA, and
CXCL10 (Fig 7E-G). These data suggest that both the Toll-like recep-
tors and the cGAS-STING pathway can induce inflammation in the
brain in response to HSV-2-induced pyroptosis.

Discussion

Viral infections in the CNS may lead to tissue damage and distur-
bance of homeostasis. This may cause acute disease and also impair
brain development as well as long-term cognitive and functional dis-
ability. For many neurotropic viruses, the infection of neurons can
lead to cell death. For instance, this is seen during infections with
Zika virus, West Nile virus, Sindbis virus, and HSV (Nargi-
Aizenman & Griffin, 2001; DeBiasi et al, 2002; Samuel et al, 2007;
Oh et al, 2017). In the case of HSV, the virus harbors proteins to
actively prevent apoptotic responses in neurons (You et al, 2017),
but neuronal cell death does occur and is a major player in disease
pathogenesis (Whitley, 2015). Despite this, the mechanism through
which HSV triggers neuronal cell death has not been known. In this
study, we report that HSV-2 infection of neurons leads to cell death
through a mechanism driven by GSDME. This is dependent on the
CASP2-tBID mitochondrial axis and is induced following the virus-
induced IREla-dependent ER stress response.

We confirmed that neuronal cell death occurs following infection
with a broad range of viruses. By focusing on HSV-2-induced necro-
sis, we observed that the modality of PCD was primarily pyroptosis,
and not to any major extent apoptosis or necroptosis. The definition
of pyroptosis used in this work is GSDM-induced cell death (Broz
et al, 2020; Liu et al, 2021). GSDMs execute pyroptosis following
cleavage of the full-length proteins to release an N-terminal cleavage
product, which forms pore in the plasma cell membrane (Broz
et al, 2020). This leads to cell swelling and lysis, thus not only
releasing intracellular content but also preventing microbial
replication (Broz et al, 2020). Different GSDMs are cleaved
by different cellular proteases. GSDMD is a substrate of the
inflammasome-activated CASP1, 4/5 (human), and 11 (mice; Kaya-
gaki et al, 2015; Shi et al, 2015), GSDMB is cleaved by granzyme A
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Figure 6. ER stress-induced IRE1-a activation contributes to HSV-2-induced pyroptosis.

A ER stress response induced downstream of IRE1a. The image was generated in Biorender.

B-D SH-SY5Y cells were infected with HSV-2 for the indicated time intervals. Total RNA was analyzed for spliced XBP1 (XBP1s) and Blosl (RIDD target gene) by RT-qPCR
(B and D). Lysates were immunoblotted for vinculin, phosphor-JNK and XBP1s (C).

E SH-SYSY cells transfected with AAVS1 or IRE1IA gRNA-Cas9 RNPs were infected with HSV-2 (MOl = 1, 16 h). Lysates and supernatant were isolated and immuno-
blotted for IRE1a, GSDME, cytochrome ¢, and HMGB1 release.

F, G SH-SYSY cells were pretreated with APY29 for 1 h and following HSV-2 infection (16 h). Lysate was immunoblotted for GSDME cleavage and p-JNK.
SH-SYSY cells were pretreated with SP600125 (10 pM) for 1 h infected with HSV-2 (MOl = 1,16 h). Lysates and supernatant were immunoblotted for GSDME, cyto-
chrome ¢, HMGB1, and vinculin.

Data information: All data shown are representative of at least three independent experiments. Data are presented as mean + s.d. in all graphs. **P < 0.01;
***p < 0.001 (Mann-Whitney test, two-tailed in B and D).
Source data are available online for this figure.

(Zhou et al, 2020), while GSDME is cleaved by CASP3 (Rogers thus excluding canonical inflammatory pyroptosis. Rather, HSV-
et al, 2017; Wang et al, 2017). The human neuroblastoma cell line induced cell death in neurons was dependent on GSDME occurring
SH-SYSY used in this study did not express CASP1 and GSDMD, downstream of CASP3 and 7. These two caspases have been
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Figure 7. Necrotic neurons induce inflammatory gene expression in microglia.

A Supernatants from SH-SYSY control and GSDME-depleted cells infected with HSV-2 (MOl = 1, 24 h) were diluted 1:10 and transferred to iPSC-derived microglia
cells, THP1 cells, and mouse mixed brain cells to analysis for induction of inflammatory gene expression via RT-qPCR. Image was generated in Biorender.

B-D iPSC-derived microglia cells were treated with the conditioned medium from HSV-2-infected control and GSDME-depleted SH-SY5Y cells for 8 h. Total RNA was iso-
lated and analyzed for expression of IL6, TNFA, and CXCL10 by RT-qPCR.

E-G Conditioned medium from SH-SY5Y cells with HSV-2 infection (MOl = 1, 24 h) was transferred to THP1 cells (WT, STING /=, MYD88~/~, TRIF /", and MAVS /).
Total RNA was isolated 8 h later and analyzed for expression of IL6 (E), TNFA (F), and CXCL10 (G) by RT-qPCR.

Data information: All data shown are representative of at least three independent experiments. Data are presented as mean =+ s.d. in all graphs. ***P < 0.001;
****p < 0.0001 (two-way ANOVA in B-D, Wilcoxon matched-pairs test in E-G).
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reported to work in redundant and non-redundant manners in dif-
ferent biological processes (Lakhani et al, 2006), and our data sug-
gest that they have overlapping functions in HSV-2-induced
pyroptosis in neuronal cells. Importantly, our finding in the SH-
SYSY cells was confirmed in primary mouse CNS cell cultures,
human stem cell-derived NPCs, and hfOBSC. In agreement with this,
Neel et al (2023) recently discovered that mitochondria toxins drive
CASP3-GSDME-dependent neuron cell death via mitochondria dam-
age and neurite loss (Neel et al, 2023). Thus, mitochondrial damage
and downstream GSDME-mediated cell death are induced by HSV-2
infection as well as other cell stressors in neurons, and represent a
common pathway for neuronal cell death.

As to the mechanism that triggers HSV-2-induced neuronal
pyroptosis, we found this to be dependent on viral replication.
Moreover, depletion of CASP2, BID, or mitochondrial DNA from SH-
SY5Y cells reduced cleavage of CASP3 and GSDME as well as
reduced release of alarmins. This was dependent on the DNA-
binding protein IFI16, which has been reported to promote induc-
tion of apoptosis and pyroptosis by both RNA and DNA (Gugliesi
et al, 2010; Monroe et al, 2014; Mishra et al, 2022). However, we
did not detect elevated levels of mitochondrial DNA in the cyto-
plasm of HSV-2-infected cells, but this may well be explained by the
ability of HSV to eliminate mitochondrial DNA with the nucleases
UL12/UL12.5 (Saffran et al, 2007; Duguay et al, 2014). In addition,
we found that HSV-2 infection led to strong activation of the
ER stress, depletion of the anti-apoptotic protein MCL-1, and inacti-
vation of BCL-xL. The latter was recently reported to trigger
GSDME-dependent pyroptotic cell death in HSV-1-infected keratino-
cytes (Orzalli et al, 2021). Importantly, we observed that alleviation
of ER stress with TUDCA, which acts as an ER stress inhibitor,
reduced HSV-induced CASP2 activation, cleavage of BID, CASP3,
and GSDME, and also release of alarmins. Overexpression of the ER
chaperone and negative regulator of ER stress sensors BIP also
reduced cleavage of CASP3 and GSDME. Conversely, induction of
ER stress independent of infection through treatment with TG
induced GSDME cleavage and necrosis in SH-SY5Y cells. Previous
work has implicated CASP2, 3, and 7 in TG-induced cell death in
SH-SYSY cells (Dahmer, 2005). CASP2 has previously been shown
to be activated through an NLRP3 inflammasome in response to ER
stress, and dependent on mitochondrial reactive oxygen species,
promoting NLRP3 association with mitochondria and downstream
mitochondrial damage (Bronner et al, 2015). In HSV-2-infected neu-
rons, NLRP3 and ROS, were not found to be involved in the induc-
tion of pyroptosis. Together, this suggests that HSV infection
induces ER stress to activate the CASP2-tBID pathway to induce
GSDME-mediated pyroptosis in neurons.

Among the various ER stress-activated cellular pathways, we
found that HSV-2 infection strongly activated IREla, but not the
PERK and ATF6 pathways. We did not detect accumulation of phos-
phorylated PERK, but did find accumulation of p-el[F2a and CHOP
mRNA, which can be induced by PERK and other kinases, including
protein kinase R (Lozon et al, 2011). However, since we did not
observe accumulation of CHOP protein, and also found degradation
of ATF6, the data imply that HSV-2 blocks the PERK and ATF6 path-
ways, thus giving rise to an ER stress response mainly driven by the
IREla pathway. The viral inhibition of ER stress responses has pre-
viously been reported in HSV-1-infected cells (Burnett et al, 2012).
The mechanisms through which HSV-2 inhibits the PERK and ATF6
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pathways remain to be identified, but the known elF2a
phosphatase-enhancing activity of ICP34.5 and the E3 ubiquitin
ligase activity of ICPO, respectively (Halford et al, 2010; Tang
et al, 2013), are prime candidates to investigate. Notably, the IREla-
driven cell death of HSV-2-infected cells is mediated by both the
kinase activity of this ER stress sensor and the downstream kinase
JNK. Since JNK is well-known to be involved in cell death (Chen
et al, 2021), also in response to multiple viruses known to induce
ER stress and PCD in neurons (Kim et al, 2004; Zhang et al, 2010), it
is of interest to determine whether the herein identified mechanism
is a general phenomenon of virus-induced neuronal cell death.

Neuronal cell death is a central event in a number of acute and
chronic diseases. However, the PCD programs and signaling path-
ways remain poorly described. This includes the question as to
whether there is overlap between mechanisms governing neuronal
death in clinically different neurological diseases. Interestingly,
death of hippocampal neurons in response to methamphetamine
is mediated by GSDME and proceeds through the ER stress
pathway (Liu et al, 2020), which is also highly active prior to neuro-
nal necrotic cell death upon hypoxia-ischemia (Chavez-Valdez
et al, 2016). In addition, the filaments derived from alpha-synuclein,
polyQ-expanded huntingtin, and beta-amyloid, which are associated
with the neurodegenerative disorders such as Parkinson’s, Hunting-
ton‘s, and Alzheimer’s diseases, respectively, also trigger ER stress
in neurons (Smith et al, 2005; Kim et al, 2008; Leitman et al, 2013).
Therefore, neurons may be particularly sensitive to ER stress-
induced necrotic cell death, and the mechanism that we have
uncovered in this study in the context of HSV-2 infection, involving
ER stress-dependent IREla-induced CASP2-tBID-driven pyroptosis,
may be involved in driving neuronal cell death in a broad range of
pathologies. In this respect, it is interesting that a decrease in CASP2
expression in the brain reverses memory deficits in one model for
Alzheimer’s-like disease (Zhao et al, 2016), and caspase is also
required for the cognitive decline observed in another model for the
same disease (Pozueta et al, 2013). Moreover, mice lacking CASP2
are protected from behavioral changes in a model of Huntington’s
disease (Carroll et al, 2011). This urges more work to explore
whether the mechanism described in this work is more broadly
involved in neuronal cell death.

Necrotic forms of cell death lead to release of intracellular con-
tent and hence release of immunostimulatory molecules, including
high-mobility group box 1, interleukin 1a, and ASC (Yang & Oppen-
heim, 2017). This can lead to enhancement of immunological pro-
cesses, which may exacerbate pathological inflammation. In
addition to the direct cytopathic effect of HSV, local inflammatory
responses contribute to the pathogenesis of HSV CNS infections
(Rouse & Sehrawat, 2010), and treatment with anti-inflammatory
agents improves prognosis (Kamei et al, 2005). On the other hand,
molecules released upon necrosis may contribute to antiviral
defense, as reported for pyroptosis release of interleukin-1a in kera-
tinocytes (Orzalli et al, 2021). The process of pyroptosis can also
directly block viral replication by killing the virus-producing cells
(Yogarajah et al, 2017; Orzalli et al, 2021). We found that pyroptosis
of HSV-infected neurons did not alter viral replication. However,
culture supernatants from infected wild-type, but not GSDME defi-
cient, neuron-like cells potently induced a proinflammatory gene
program in iPSC-derived microglia. This response was also observed
in macrophage-like THP1 cells and was dependent on the pattern
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recognition receptor signaling adaptor proteins MyD88 and STING.
These pathways are known to play central roles in protective and
deleterious responses to virus infections in the brain (Reinert
et al, 2016; Ghita et al, 2021; Tang et al, 2021). For instance, the
cGAS-STING pathway is vital in sensing cytosolic DNA to enhance
antiviral immune response by inducing type I IFN and inflammatory
responses (Kim et al, 2023). Additionally, it has been reported that
cytoplasmic accumulation of TDP-43, associated with amyotrophic
lateral sclerosis, leads to mitochondrial DNA release and activation
of cGAS-STING pathway, which promotes excessive inflammatory
response and neuronal loss (Yu et al, 2020). Thus, our work sug-
gests that neuronal cell death in virus replication foci in the HSV-
infected brain may promote inflammatory responses, which could
amplify disease progression.

In summary, we report that productive HSV-2 replication in neu-
rons can lead to ER stress and triggering of IREla-dependent pyrop-
totic cell death. This is mediated by GSDME, which is cleaved by
CASP 3/7 downstream of the CASP2-tBID mitochondrial axis. The
neuronal cell death leads to release of alarmins that induce a potent
proinflammatory response in microglia. This novel mechanism of
HSV-induced programmed cell death in neurons holds promise as
target of new intervention strategies in viral CNS infections.

Materials and Methods

Cell culture and virus infection

Human neuroblastoma SH-SYSY cells and monocyte THP1 cells
were individually cultured in Dulbecco’s modified Eagle’s medium
(DMEM) and RPMI 1640 medium with 10% fetal calf serum (FCS)
and 1% penicillin—streptomycin at 37°C and 5% CO,. All HSV infec-
tions were performed using HSV-1 KOS strain and HSV-2 333 strain
with MOI 1 and MOI 3 in kinetics (4, 8, 16, and 24 h).

Human pluripotent stem cell culture

H9 (WA-09, WiCell) and iPSC-CCD (reprogrammed from human
Foreskin fibroblasts, ATCC) cell lines were cultured as previously
described (Denham & Dottori, 2011). Briefly, hESCs and hPSCs were
cultured on irradiated human foreskin fibroblasts (HFF) in KSR
media consisting of DMEM/nutrient mixture F-12, supplemented
with b-mercaptoethanol 0.1 mM, non-essential amino acids 1%,
glutamine 2 mM, penicillin 25 U/ml, streptomycin 25 pg/ml, and
knockout serum replacement 20% (all from Life Technologies),
supplemented with FGF-2 10 ng/ml (Peprotech) and activin A
10 ng/ml (R&D systems). All cells were cultured at 37°C 5% CO,.
Colonies were mechanically dissected every 7 days and transferred
to freshly prepared HFF. Media were changed every second day.

Neural stem cell differentiation

hESCs or hPSCs were mechanically dissected into pieces ~ 0.5 mm
in diameter and transferred to vitronectin-coated organ culture
plates in N2B27 medium containing 1:1 mix of neurobasal medium
with DMEM/F12 medium, supplemented with insulin/transferrin/
selenium 1%, N2 1%, retinol-free B27 1%, glucose 0.3 %, penicillin
25 U/ml, and streptomycin 25 pg/ml (all from Life Technologies)
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for 13 days. From day 0 to day 6, the cells were grown in N2B27
media with SB431542 10 pM (Tocris) and LDN-193189 100 nM
(Stemgent). From day 6 to day 13, the cells were grown in N2B27
media with FGF-2 20 ng/ml (Peprotech). From day 13, the cells
were re-plated on culture plate coated with poly-L-ornithine, fibro-
nectin, and laminin (all from Sigma) and grown in neurobasal
media supplemented with B27 1%, penicillin 25 U/ml, streptomycin
25 pg/ml, and glutamax 0.5%. The media were changed every 2™
day and the cells were stimulated at day 21.

hiPSC-derived microglia

WTSIi015-A iPS cells (EBiSC through Sigma-Aldrich) were main-
tained on Matrigel (Corning) in mTeSR1+ medium (Stemcell Tech-
nologies). IPSC colonies were dissociated into single cells using
TrypLE Express (Thermo Fisher Scientific). 4*106 iPSCs were
seeded per Aggrewell 800 (Stemcell Technologies) in a 24-well plate
in 2 ml embryonic body medium (EBM; mTeSR1+ medium supple-
mented with 10 pM ROCK inhibitor, 50 ng/ml BMP-4, 20 ng/ml
SCF, and 50 ng/ml VEGF-121 [all from Peprotech]). Cells were cul-
tured for 4 days in Aggrewells to form embryonic bodies (EBs) with
half media change (1 ml) every day. EBs were harvested using an
inverted cell strainer (40 pm), and around 15 EBs were plated per
six-well in hematopoietic medium (HM; X-VIVO 15 medium [Lonza]
supplemented with 2 mM Glutamax, 100 U/ml penicillin, 100 pg/
ml streptomycin, 55 pM p-mercaptoethanol, 100 ng/ml human M-
CSF [Peprotech], and 25 ng/ml human IL-3 [Peprotech]). Every
7 days, 2 ml media were replaced by fresh HM. After around
30 days, primitive macrophage precursors could be harvested dur-
ing the media change and plated in microglia medium (MiM;
Advanced DMEM F12 medium [Gibco] supplemented with 2 mM
glutamax, 100 U/ml penicillin, 100 pg/ml streptomycin, 55 pM f-
mercaptoethanol, 100 ng/ml human IL-34 [Peprotech], and 10 ng/
ml human GM-CSF [Peprotech]) at a density of 105 cells/cm?.
Finally, cells were differentiated in MiM for subsequent 6-9 days
with full media change every other day.

hfOBSC preparation, culturing, and infection

Blood vessels and meninges were removed from the human fetal
brain tissue and cut into pieces of about 0.5 x 0.5 cm. The brain
tissue pieces were cut into 350-pm-thick slices using a vibratome
(Leica VT1200S) in artificial cerebrospinal fluid (aCSF) under con-
stant carbogen (95% O,, 5% CO,) bubbling and stored in fresh
aCSF before further processing (Ravi et al, 2019; Reinert
et al, 2021). Slices were transferred to 12 mm Transwell® with
0.4 pm pore polyester membrane inserts (Corning) and cultured at
37°C (95% 0,, 5% CO,) in culture medium (Reinert et al, 2021).
Culturing medium was replaced the day after slicing and every
2" day.

The human organotypic brain slices were cultured for 3 days
before HSV infection. Slices were infected with 1 x 10° PFU/ml of
cell-free recombinant HSV-1-expressing green fluorescent protein
(GFP) N-terminally tagged to VP16 (HSV-1-GFP) and recombinant
HSV-2 (333) containing a GFP expression cassette in place of the
US4 gene (HSV-2-GFP) for 1 h (La Boissiere et al, 2004; Kropp
et al, 2020). The inoculum was discarded and the brain slices
were washed with PBS and maintained in culture medium for 72 h

© 2023 The Authors

85U8017 SUOWILLOD BAIERID gedtjdde au Aq pauseAoh a/e SN YO (8N JO SN 104 ARIGIT BUIIUO AB]IM UO (SUORIPUOD-PUR-SWIRI O A IMARe.1d 1 pU1IUO//SANY) SUORIPUOD PUR SWS L 33 39S *[£202/60/90] U0 AIq1T 3UIIUO AB]IM SESUI0IIGICSIBISIBAIUN WepRRoY AIsieAuN snuses3 Aq 8TTETTZZ0C [We/zSZST 0T/10p/B10 ssaidoquie mmm//sdny Wwo.y pepeojumoa ‘0 ‘L0209 T



Fanghui Ren et al

post-infection at 37°C (95% O,, 5% CO,). Supernatants were col-
lected and refreshed every day. Images of the HSV-infected brain
slices were monitored with a fluorescent microscope (Zeiss AXIO
inverted microscope, 2.5x objective) at indicated time points and
reconstituted by using Fiji ImageJ software 1.53 t.

Protein precipitation from supernatant

SH-SYSY cells were seeded in 12-well plates at an intensity of
5 x 10° and cultivated overnight. Cells were cultivated in 500 pl
reduced serum medium (opti-MEM), pretreated 1 h with various
drugs, and infected with HSV. After 16 h HSV infection, supernatant
was harvested and subsequently mixed with equal volume metha-
nol and % volume chloroform. The mixture was vortexed 20 s and
spinned down at 20,000 g for 10 min at room temperature. After
removing the upper liquid phase, another equal volume methanol
was added and subsequently vortexed and spinned down at
20,000 g for 10 min. The pellet was dried at 55°C for 5 min after
removing the upper liquid and resuspending in TBS.

Western blotting and Coomassie blue assay

Cells were seeded in 12-well plates at an intensity of 5 x 10°, culti-
vated overnight, and treated with different drugs and infected with
HSV as mentioned above. Cells were washed twice with cold PBS
and lysed with cold RIPA buffer supplemented with NaF and benzo-
naze. Cell lysates and precipitated protein with the presence of 1x
XT sample buffer and 1x XT reducing agent were denatured at 95°C
for 5 min. Twenty milligram reduced sample was loaded and sepa-
rated by SDS-PAGE and then transferred onto a PVDF membrane
(Bio-Rad). Membranes were blocked with 5% milk diluted in TBST
for 1 h at room temperature and then incubated with primary anti-
bodies at 4°C overnight. Membranes were washed with TBS-T for
30 min and incubated with secondary antibodies at room tempera-
ture for 1 h. Proteins were exposed with SuperSignal chemilumines-
cent detection kit (Thermo Fisher Scientific, 23227). The SH-SY5Y
cells were transduced by lentivirus packaged with pEGFP:T2A:Puro-
hPGK-hHSPAS (HSPAS, also named BIP). After selection, 1 pg/ml
puromycin was used. The efficiency of gene delivery was analyzed
by immunoblotting. Coomassie blue assay was performed by using
SimplyBlue™ SafeStain (Invitrogen) according to the protocol.

MTT assay and lactate dehydrogenase activity

Cells were seeded in a 96-well plate at a density of 10 x 10° cells/
well and incubated overnight with DMEM. The next day, DMEM
was replaced with RPMI1640 medium. Cells were pretreated with
different inhibitors for 1-2 h, and then cells were co-incubated
with HSV and inhibitors. For MTT assay, 10 pl 98% thiazolyl blue
tetrazolium bromide (Sigma) was added to each well and incubated
for 4 h. After 4 h incubation, the medium was removed. Insoluble
formazan was dissolved with DMSO. The plate was shaken for
10 min and read at 570 nm wavelength. For lactate dehydrogenase
activity assay (LDH assay), 50 pl of supernatant was transferred to a
new 96-well plate, and 50 pl reaction buffer was added. This was
done for a period of 30 min incubation and read at 450 and 690 nm
wavelength. Both assays should be protected from light. Two formu-
las were used to quantify LDH release:

© 2023 The Authors
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LDH release% =

Compound—treated LDH activity—Spontaneous LDH activity
Maximum LDH activity—Spontaneous LDH activity
* 100.

LDH (0D, 450) = A4s0, test—A450 blank

Flow cytometry assay for cell death

SH-SYSY cells were seeded in 12-well plates with the same density
described above and infected with HSV-2 for 16 h. After infection,
cells were washed with PBS and incubated with 500 upl 1x annexin
V binding buffer and 5 pl annexin V for 15 min at room tempera-
ture. Subsequently, cells were harvested and centrifuged at 300 g
for 5 min. Cells were further washed with PBS and resuspended in
400 pl 1x annexin V buffer for flow cytometry assay.

Genome editing by CRISPR/Cas9

The single-guide RNAs (sgRNAs) used in this study were purchased
from Integrated DNA Technologies (IDT). These modified sgRNAs
contain 2’-O-methyl-3’-phosphorothioate modifications at the three
terminal nucleotides of the 5 and 3’ ends. Ribonucleoprotein (RNP)
complexes were made by mixing 100 pmol sgRNA and 6 pg Cas9
nuclease V3 protein (IDT) in 5 pl Opti-MEM (Gibco) for incubation
at room temperature for 25 min before electroporation. SH-SY5Y
cells (300,000 cells) resuspended in 15 pl Opti-MEM were mixed
with the RNP complexes and subjected to electroporation using the
Lonza 4D electroporator (program CM138). The gene knockout effi-
ciency was validated by Western blotting. The sgRNA spacer
sequences were as follows:

AAVSI1 sgRNA: 5-GGGGCCACUAGGGACAGGAU-3’

GSDME sgRNA 1#: 5-AAGUCCGACUCCACGACCAC-3’

GSDME sgRNA 2#: 5'-CUCCUCCAUUCCAGUGGUCG-3'

Caspase 2 sgRNA 1#: 5-UGUAGGAUAUUGGGAGUGUG-3’

Caspase 2 sgRNA 2#: 5'-UUUAGAGUUUCCUGAUGAUG-3'

BiD sgRNA 1#: 5-UCAACAACGGUUCCAGCCUC-3’

BiD sgRNA 2#: 5-GAUGCACUCAUCCCUGAGGC-3’

Caspase 3 sgRNA 1#: 5'-CUAAACAGAAAGAUCAUACA-3'

Caspase 3 sgRNA 2#: 5-GGAAGCGAAUCAAUGGACUC-3'

Caspase 7 sgRNA 1#: 5-GCCCUGAUCAUCUGCCAUCU-3’

Caspase 7 sgRNA 2#: 5'-UCCCAGAUGGCAGAUGAUCA-3’

IF116 sgRNA 1#: 5-ACUGACCACAAUCAACUGUG-3’

TRIF sgRNA: 5-CGAAGGCGCUAGGAAGUGAU-3'

MAVS sgRNA: 5-AGGUGGCCCGCAGUCGAUCC-3'

MYD88 sgRNA: 5'-CUGUCUCUUCCCCACAGAGG-3’

STING sgRNA: 5-CAGUCCUCCAGUAGCUGCCC-3'

IREla sgRNA 1#: 5'-UUCAGGAAGCGUCACUGUGC-3’

IREla sgRNA 2#: 5'-CAGCGUUGACACAAACAACA-3'.

Antibodies and reagents

The following primary antibodies were obtained from Cell Signaling:
anti-cleaved PARP (5625, 1:1,000), anti-caspase 3 (14220s, 1:1,000),
anti-cleaved caspase 3 (9664, 1:1,000),anti-caspase 6 (9762,
1:1,000), anti-caspase 7 (9492T, 1:1,000), anti-caspase 8 (4790,
1:1,000), anti-cleaved caspase 8 (9496T, 1:1,000), anti-JNK (9252,
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1:1,000), anti-phospho-JNK (4668, 1:1,000), anti-phospho-Bad
(Ser112) (9291), phospho-elF2a (Ser51) (9721S, 1:1,000), anti-
phospho-Bad (Ser136) (D25H8) (4366), anti-IREla (3294, 1:1,000),
anti-XBP1s (12782, 1:1,000), anti-ATF6 (65880, 1:1,000), anti-CHOP
(2895T, 1:1,000), anti-cytochrom c (11940, 1:1,000), anti-BIP (3177,
1:1,000), anti-cathepsin B (31718, 1:1,000), anti-MCL-1 (94296,
1:1,000), anti-BID (2002, 1:1,000), and anti-BCL-XL (27647,
1:1,000). Several antibodies were purchased from Abcam and
Sigma: anti-caspase 1 (ab207802, 1:1,000), anti-caspase 2
(ab179520, 1:1,000), anti-caspase 4 (ab238124, 1:1,000), anti-
caspase 5 (ab40887, 1:1,000), anti-caspase 9 (ab202068, 1:1,000),
anti-DFNAS also named as anti-GSDME (ab215191,
1:1,000), COX IV (ab33985, 1:1,000), caspase 7(ab255818, 1:1,000),
HSV-1 + HSV-2 (ICP5) (ab6508, 1:10,000), anti-phospho-mlkl
(ab196436, 1:1,000), anti-phospho-IREla (Abcam, ab124945), and
HMGB1(ab79823,1:10,000) are from Abcam and anti-Vinculin
(Sigma, 1:1,000). The secondary antibodies were purchased from
Jackson ImmunoResearch: peroxidase-conjugated F(ab)2 donkey
anti-mouse IgG (H + L) (1:10,000) and peroxidase-conjugated F(ab)
2 donkey anti-rabbit IgG (H + L) (1:10,000).

The reagent used in this study are as follows: Pan-caspase inhibi-
tor Z-VAD-FMK (Sigma, V116), caspase 1 inhibitor Z-YVAD-FMK
(Selleck Chemicals, S8507), caspase 2 inhibitor Z-VDVAD (R&D Sys-
tems, FMKO003), caspase 3 inhibitor Z-DEVD FMK (R&D Systems,
fmk004), caspase 6 inhibitor Z-VEID (R&D Systems, FMKO006),
caspase 8 inhibitor Z-IETD-FMK (Selleck Chemicals, S7314), caspase
9 inhibitor (Selleck Chemicals, S7313), NLRP3 inhibitor MCC950
(Invivogen, inh-mcc), nigericin (Selleck Chemicals, S6653), lipopoly-
saccharides (LPS) (Selleck Chemicals, L.2637), staurosporine (Selleck
Chemicals, S1421), IREla RNase inhibitor STF-083010 (Sigma,
SML0409), IREla RNase inhibitor 4u8c (Selleck Chemicals, S7272),
IREla kinase inhibitor APY29 (Sigma, SML2381), IREla/XBP1s acti-
vator IXA4 (Selleck Chemicals, S9797), phosphor-JNK inhibitor
SP600125 (Invivogen, tlrl-SP60), acyclovir (Sigma, PHR1254), cyclo-
heximide (CHX, 2112 s, Cell Signaling), acycloguanosine (Sigma,
A4669), tauroursodeoxycholic acid (TUDCA, Sigma, 580549), N-
acetylcysteine (NAC, Sigma, A9165), recombinant human TNF-alpha
Protein (R&D, 210-TA), birinapant (MedChemExpress, HY-16591),
thapsigargin (Selleck Chem, S7895), tunicamycin (VWR, 654380-
10), necrostain-1 (NEC-1) (Selleck chem, S8037) (Sigma, 480073),
ethidium bromide (EtBr, E1510-10ML, Sigma Aldrich), uridine
(U3750, Sigma Aldrich), caspase 2 activity assay kit (Abcam,
ab39830), caspase 3 activity assay kit (Abcam, ab39401), cyto-
chrome c release assay kit (Abcam, ab65311), annexin V conjugates
for apoptosis detection (Invitrogen™, A13201), and CyQUANT™
LDH cytotoxicity assay kit (Thermo Fisher Scientific, C20301).

Caspase 2 and 3 activity assays

SH-SYSY cells were seeded in 10 mm dishes (5 x 10° cells) and
infected with HSV-2 (MOI = 1) at the time intervals specified for the
individual experiments. The cells were harvested, centrifuged
(300 g, 5 min), and washed twice with cold PBS. The pellet was re-
suspended in 250 pl chilled cell lysis buffer supplied with the
caspase 2/3 assay kits (Abcam ab39830 and ab39401) and incubated
on ice for 10 min. The samples were centrifuged at 10,000 g for
10 min and the supernatant was transferred to a new tube. All pro-
cedures were performed at 4°C. For each assay, cytosolic extracts
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(100-200 pg) diluted in 50 pl cell lysis buffer were mixed with 50 pl
2x reaction buffer and 5 pl VDVAD-p-NA substrate (caspase 2
assay) or DEVD-p-NA substrate (caspase 3 assay). The mixed reac-
tion samples were incubated at 37°C for 2 h and read using Spec-
traMax iD3 at 400 nm. The OD value minus background was used
for data analysis.

Establishing mitochondria DNA depletion with ethidium bromide

According to the published protocol, the human neuroblastoma
cells were seeded in T-75 flask. The cells were treated with EtBr
(2 pg/ml) and supplemented with 100 pg/ml sodium pyruvate
and 50 pg/ml uridine for 1 month. Mitochondria DNA COX 1
and COX 2 are qualified by b-actin to detect mtDNA depletion
efficiency.

SYBR green qRT-PCR program for mtDNA and genome DNA gene
expression

Phenol:chloroform:isoamyl solution (PH = 7,7 Cat#77617 Sigma)
was used to isolate whole-genome DNA and mtDNA. DNeasy Blood
& Tissue kit (Cat. No. 69506) was used to extract mtDNA from the
cytosolic supernatant. Ice-cold PBS was used to wash cells simu-
lated with thapsigargin (20 pM, 24 h), CHX (10 pg/ml, 24 h), or
infected with HSV-2 (16 h), which were centrifuged at 600 g for
5 min at 4°C. The pellet was resuspended in 150 pl digitonin lysis
buffer (NaCl 150 mM, HEPES 50 mM, and digitonin 200 pg/ml to
10 ml) on ice for 15 min and centrifuged at 1,000 g for 10 min
to remove cell debris and organism fragments. The supernatant was
centrifuged at 20,000 for 30 min to get purified cytosolic superna-
tant. The collected supernatant was mixed with 150 pl ethanol (96—
100%) and skipped directly to step 4 in the DNeasy Blood & Tissue
kit. SYBR® Green QRT-PCR Master Mix (Agilent Technologies,
600886) was used to generate cDNA. The qPCR program for mtDNA
detection was performed according to the paper published by
Bronner & O’Riordan (2016).
The following primers used were as follows:

Gene

name Forward Reverse

COX-1 CCTGACTGGCATTGTATTAG GATGGGATGTTTCATGTG

COX-2 TTCATGATCACGCCCTCATA CGGGAATTGCATCTGTTTTTA
ND1 ATGGCCAACCTCCTACTCCT GCGGTGATGTAGAGGGTGAT
BIP CAACCAAAGACGCTGGAACTATT  CCCTCTTATCCAGGCCATAAGC
ATF6 ACCTCAGCCACTTTCTCCAG GGCTCCGCTGAAGAGAGACTATT
CHOP AGAACCAGGAAACGGAAACAGA  TCTCCTTCATGCGCTGCTTT
XBP1s TGCTGAGTCCGCAGCAGGTG GCTGGCAGGCTCTGGGGAAG

Blos1 TACAGGTCCAGGCTGCCCAATT ~ TTCCAGTGCAGTGGCAATGGTG
B-Actin ATCATGTTTGAGACCTTCAACA CATCTCTTGCTCGAAGTCCA
18 s TAGAGGGACAAGTGGCGTTC CGCTGAGCCAGTCAGTGT

qRT-PCR with TagMan gene expression assays

HiPSC-derived cells were lysed in RLT plus buffer (Qiagen) supple-
mented with 4 mM DTT (Sigma) and RNA was isolated using the
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RNeasy Mini Kit (Qiagen). cDNA was synthesized using the high-
capacity cDNA kit (Thermo Fisher). Kit was used to isolate RNA from
THP1 and mouse mixed brain cells. Quantitative PCR was performed
using the following TagMan gene expression assays (Applied Biosys-
tems): ACTB (Hs01060665_gl), IL6: Hs00174131_ml, B-Act:
Hs00357333_gl, TNFa: Hs00174128_m1, IFNB: Hs01077958_s1, and
CXCL10: Hs00171042_m1. mRNA levels of interest were normalized
to the housekeeping gene ACTB using the AACT method.

Isolation of primary mouse mixed brain cells.

Mixed brain cells were isolated from PO to P3 mice. The brains were
collected in Hank’s balanced salt solution (HBSS; Gibco), and the
meninges were lifted carefully. The brains were minced and washed in
an HBSS medium followed by a 2.5% trypsin (Gibco) treatment. After
15 min, the reaction was stopped by the addition of culture media
(DMEM 1640 supplemented with 10% FBS, 100 U/mL penicillin, and
100 mg/mL streptomycin). The cells were triturated and filtered
through a 70 mm pore size filter and seeded on poly-D-lysine (Sigma-
Aldrich) and laminin (Invitrogen) pre-coated 24-well plates. The media
were changed every 2 days until day 6 when it was used for assay.

Conditioned media experiments on THP1, human hiPSC-derived
microglia, and mouse mixed brain cells

Cell media supernatants from AAVS1 control and GSDME KO cells
were diluted 1:10 with the respective cell media. THP1 cells, human
iPSC-driven microglia cells, and mouse mixed brain cells were
grown in 24-well plates and incubated with diluted supernatants for
8 h. Cells were washed once with PBS, and RNA was isolated using
the RNeasy micro kit (Qiagen) according to the manufacturer’s
instructions, including DNase digestion.

Statistical analysis

Statistical analysis and graphs were performed using GraphPad
Prism9. Mean and standard deviation (SD) were used to analyze the
difference among groups with one-way or two-way ANOVA tests.

Data availability
This study includes no data deposited in external repositories.
Expanded View for this article is available online.
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