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Summary

Two sets of innate immune proteins detect pathogens. Pattern recognition receptors (PRRs) bind 

microbial products, whereas guard proteins detect virulence factor activities by the surveillance of 

homeostatic processes within cells. While PRRs are well-known for their roles in many types of 

infections, the role of guard proteins in most infectious contexts remains less understood. Here, 

we demonstrated that inhibition of protein synthesis during viral infection is sensed as a virulence 

strategy and initiates pyroptosis in human keratinocytes. We identified the Bcl-2 family members 

Mcl-1 and Bcl-xL as sensors of translation shutdown. Virus or chemical-induced translation 

inhibition resulted in Mcl-1 depletion and inactivation of Bcl-xL, leading to mitochondria damage, 

caspase-3 dependent cleavage of Gasdermin E, and release of IL-1α. Blocking this pathway 

enhanced virus replication in an organoid model of human skin. Thus, Mcl-1 and Bcl-xL can act 

as guard proteins within barrier epithelia and contribute to antiviral defense.
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ETOC blurb

Pattern recognition receptors are well-known for their roles in antiviral defense, but the role of 

guard proteins in sensing viral infection is less clear. Orzalli et al reveal that the Bcl-2 family 

members MCL-1 and BCL-xL act as guard proteins of virus-mediated protein synthesis inhibition 

and trigger pyroptosis upon inactivation.

Introduction

The initiation of innate immunity in metazoans is predominantly attributed to the activation 

of germline encoded pattern recognition receptors (PRRs), which recognize pathogen 

associated molecular patterns (PAMPs) during infection. Engagement of a PRR by its 

cognate PAMP triggers intracellular signaling pathways with diverse outcomes ranging from 

the transcriptional upregulation of anti-microbial genes and pro-inflammatory cytokines 

to cell death (Fitzgerald and Kagan, 2020; Iwasaki, 2012). However, because PRRs 

recognize conserved microbial components, such as nucleic acids and lipopolysaccharides, 

these receptors may not differentiate between pathogenic and non-pathogenic microbial 

encounters. Instead, host cells use additional intracellular sensors called guard proteins 

to identify pathogenic host-microbe interactions (Boyer et al., 2011; Jones et al., 2016; 

Kufer et al., 2019; Lopes Fischer et al., 2020). First described in plants, guard proteins 

do not typically interact with microbial factors directly, like their PRR counterparts. 
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Rather, guards interact with factors that represent key nodes in cellular pathways that 

are commonly manipulated by virulence factors. Disruption of key host pathways during 

infection results in guard protein activation, with the most common consequence in plants 

and animals being cell death. In mammalian systems, several proteins that seed the assembly 

of inflammasomes can be considered guards, such as pyrin, NOD-, LRR- and pyrin domain­

containing protein (NLRP) 3 (NLRP3) and NLRP1 (Kufer et al., 2019; Lopes Fischer 

et al., 2020). These factors detect pathogen-induced changes in Rho GTPase activity, 

ion concentrations or protease activity, respectively, resulting in inflammasome-dependent 

pyroptosis.

A critical feature of inflammasome-dependent pyroptosis is the disruption of plasma 

membrane integrity by the host-encoded pore-forming protein Gasdermin D (GSDMD) 

(Kovacs and Miao, 2017; Shi et al., 2017). GSDMD exists as an inactive protein, unable 

to form plasma membrane pores, in the absence of infection. Upon virulent pathogenic 

encounters, the above-described guard proteins may be activated to stimulate inflammasome 

assembly and inflammatory caspase activity. These caspases (e.g., caspase-1, -8, or -11) 

cleave GSDMD into an active p30 fragment that forms membrane pores and causes 

pyroptosis (Kayagaki et al., 2015; Orning et al., 2018; Sarhan et al., 2018; Shi et al., 2015). 

While other members of the GSDM family can form pores, such as GSDMB and GSDME 

in the context of cancer or following DNA damage (Wang et al., 2017; Zhang et al., 2020; 

Zhou et al., 2020), only GSDMD has been implicated in promoting inflammation during 

infection. The role of other GSDMs in host-microbe interactions remains undefined.

Numerous bacterial virulence factors are sensed by guard proteins that initiate the cell 

death processes described above. For example, anthrax lethal toxin produced by Bacillus 
anthracis cleaves rodent Nlrp1b, resulting in the functional degradation of Nlrp1b and 

inflammasome activation (Chui et al., 2019; Sandstrom et al., 2019). In addition, the pyrin 

inflammasome is triggered by bacterial effectors that modulate Rho GTPase activity (Xu 

et al., 2014). In contrast, we know less about how guard proteins may operate during viral 

infections, although the influenza A virus M2 protein, as well as viroporins encoded by 

other viruses, activate the NLRP3 inflammasome (Farag et al., 2020; Ichinohe et al., 2010). 

These examples of virus-triggered pyroptosis via NLRP3 may only apply to infections of 

immune cells, where these interactions have mainly been investigated. In the context of viral 

infections of barrier surfaces, immune cells are not the primary cell types infected. Rather, 

epithelia are the most common target of viral replication at barrier surfaces, including the 

lung, intestine and skin. The function of guard proteins in non-immune cells is largely 

undefined. This study initiated with the hypothesis that barrier epithelia may use guard 

proteins to detect virulence activities during viral infections, leading to cell death and the 

release of inflammatory mediators. As described below, we demonstrate that inhibition 

of translation, a common virulence strategy used by viruses, can be sensed by the Bcl-2 

family members Bcl-xL and Mcl-1. These Bcl-2 family members normally act to prevent 

mitochondrial damage. We found that upon translation inhibition, dual inactivation of 

Bcl-xL and Mcl-1 occurred, which initiated an intrinsic signaling pathway that promoted 

pyroptosis via the actions of caspase-3 (CASP3) and GSDME. This GSDME-dependent 

pyroptosis pathway was important for limiting viral replication in human skin. These studies 
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therefore identify a guard activity and regulatory mechanism that protects the host at the 

primary site of pathogen encounter.

Results

Multiple apoptotic stimuli drive pro-inflammatory cell death in primary human 
keratinocytes.

To identify an experimental system to explore the role of guard proteins in barrier cells, 

we sought to model the natural interaction between a pathogen of epithelia and primary 

human cells. Vesicular stomatitis virus (VSV) represents an excellent model for infection of 

skin epithelial cells (keratinocytes), as this pathogen is naturally transmitted into mammals 

via an insect bite. As guard proteins often drive inflammatory responses via the actions of 

interleukin-1 (IL-1) family cytokines, we initially determined if primary human foreskin 

keratinocytes released IL-1 following VSV infection. Consistent with our work using 

immortalized keratinocytes (Orzalli et al., 2018), IL-1α and, to a lesser extent, IL-1β was 

released from VSV-infected cells (Figure 1A). To determine if similar results would be 

obtained in the context of a human tissue, we constructed human skin equivalents (HSEs), 

which are in vitro tissues consisting of a fully differentiated, stratified squamous epithelium 

derived from keratinocytes grown at an air-liquid interface on a collagen matrix populated 

with dermal fibroblasts (Figure 1B) (Carlson et al., 2008). VSV infection of HSEs was 

productive, as evidenced by the log-based increase in virus replication over 48 hours (Figure 

1C). Moreover, VSV infection led to the accumulation of IL-1α in the supernatants of these 

tissues (Figure 1D). We observed expression of the inflammatory chemokine CXCL8 in the 

fibroblast layer that underlies the epithelium in VSV-infected tissues (Figure 1E). CXCL8 
expression was inhibited in these fibroblasts by the addition of recombinant IL-1 receptor 

antagonist (IL-1Ra), indicating this response was stimulated by IL-1 activity (Figure 1E). 

In the context of a natural infection, CXCL8 expression would be expected to stimulate 

neutrophil recruitment and promote elimination of the infection (Moore and Kunkel, 2019). 

Our finding that VSV induced IL-1α release in HSEs and primary human keratinocytes in 
vitro supports the latter as a model to dissect this host-pathogen interaction.

IL-1 family cytokines are released from living or dead cells and these two events can 

be differentiated by the extent of plasma membrane disruption observed during infection 

(Evavold and Kagan, 2019). Living cells release IL-1 through size restricted plasma 

membrane pores, while IL-1 release from dead cells is associated with large tears in the 

plasma membrane (Evavold et al., 2018). These cytokine release events can be distinguished 

by examining the uptake of the membrane impermeable dye propidium iodide (PI) and 

the extracellular accumulation of tetrameric intracellular lactate dehydrogenase (LDH). 

Ruptured (i.e., lysed) cells will stain positive for PI and release LDH, whereas cells with 

intact plasma membranes will not release LDH (Evavold et al., 2018; Fink and Cookson, 

2006). We therefore compared PI uptake and LDH release from keratinocytes infected with 

VSV or stimulated with the NLRP1-CARD8 inflammasome activator talabostat (Johnson 

et al., 2018; Okondo et al., 2018; Zhong et al., 2018). Consistent with VSV promoting 

IL-1 release from dead or dying cells, infected keratinocytes were permeable to PI as early 

as 8 hours post infection and released LDH within 24 hours of infection (Figure 2A-B). 
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In contrast, talabostat promoted PI uptake and IL-1 release in the absence of detectable 

LDH release (Figure 2A-C), suggesting this stimuli triggers pore formation but not lysis in 

these cells. The differential cellular responses to these stimuli suggested that the pathways 

activated by VSV to induce IL-1 release may differ from the NLRP1-CARD8 pathway 

activated by talabostat (Figure 2B). As a control, we also examined apoptotic stimuli that 

would not be expected to induce cell death via pore formation or promote IL-1 release. 

Cells were treated with the combination of TNFα, cycloheximide and a SMAC-mimetic 

(T+C+Sm), which trigger the extrinsic apoptotic cell death pathway (Wang et al., 2008). 

Despite our expectation that apoptotic pathways would not drive cell lysis, T+C+Sm-treated 

cells rapidly became PI-positive and released IL-1 cytokines and LDH into the cell culture 

media (Figure 2A-C). Similar findings were observed when keratinocytes were treated with 

raptinal, a distinct activator of apoptosis (Palchaudhuri et al., 2015). Raptinal promoted PI 

uptake and IL-1 and LDH release from treated cells (Figure 2D-E). These findings suggest 

that within primary human epithelial cells, apoptotic pathways induce cellular responses that 

resemble lytic forms of cell death.

To determine the relationships between the disparate stimuli described above, proteins that 

regulate select death pathways were examined in cells that were either infected with VSV 

or treated with the extrinsic apoptosis inducer T+C+Sm. Caspases are cytosolic cysteine 

proteases that regulate apoptosis and pyroptosis but are not necessary for necroptotic cell 

death. We therefore determined the requirement for caspases in facilitating cell death and 

IL-1α release from VSV-infected keratinocytes. Consistent with caspase activity being 

required for VSV-induced pro-inflammatory cell death, treatment of primary keratinocytes 

with the pan-caspase inhibitor z-VAD-FMK reduced PI uptake, LDH release, and IL-1α 
release following infection, as compared to DMSO-treated control cells (Fig 2F-G). Viral 

titers were equivalent in DMSO and z-VAD-FMK treated keratinocytes (Figure 2H), 

indicating that the reductions in PI uptake, LDH, and IL-1 cytokine release were not a 

consequence of changes in virus replication. At early times post-stimulation, similar findings 

were made following T+C+Sm treatment, as z-VAD-FMK inhibited T+C+Sm-induced 

PI uptake, LDH and IL-1α release (Figure 2F and I). However, consistent with a shift 

from caspase-dependent apoptosis to caspase-independent necroptosis when caspases are 

inhibited (Holler et al., 2000), z-VAD-FMK had less of an effect on T+C+Sm-induced PI 

uptake, LDH and IL-1α release at 24 hours post-stimulation (Figure 2F and I). IL-1β release 

was still significantly reduced in caspase-inhibited keratinocytes treated with T+C+Sm 

(Figure 2I), indicating that IL-1α and IL-1β release can be decoupled in these cells. 

These collective results indicate that viral infection and apoptosis-inducing stimuli promote 

caspase-dependent lytic forms of cell death in primary human epithelial cells.

Caspase 3 is necessary to mediate VSV-induced inflammatory cell death in keratinocytes.

The requirement for caspase activity for lytic cell death in VSV-infected keratinocytes 

prompted us to determine which caspases were required for this process. Caspases are 

activated by proteolytic processing, which can be demonstrated by the accumulation of 

cleavage products in stimulated cells. We initially examined CASP1 and CASP8 cleavage 

in VSV-infected keratinocytes, because these two caspases are important executioners of 

pro-inflammatory cell death in other cell types (Orning et al., 2019). Our observation 
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that raptinal triggered an inflammatory cell death process in keratinocytes prompted us to 

also examine the activation status of CASP3, a critical component of intrinsic apoptosis. 

Examination of whole cell lysates from VSV-infected keratinocytes revealed a reduction 

in full length CASP1, −3, and −8 when compared to mock-infected cells (Figure 3A). 

However, we only detected the accumulation of cleaved CASP3 in VSV-infected cell 

lysates, suggesting CASP3 was active in these cells. Consistent with this finding, the 

substrates of CASP3, poly ADP ribose polymerase 1 (PARP-1) and GSDMD, were cleaved 

in VSV-infected cells (Figure 3A). CASP3 cleaved GSDMD to its inactive p43 fragment, 

but not its active pore forming p30 fragment, in VSV-infected cell lysates (Figure 3A). 

In addition, we observed a reduction in mitochondrial membrane potential, a hallmark of 

intrinsic apoptosis, in VSV-infected keratinocytes (Figure 3B-C). However, at 24 hours post 

infection, a majority of VSV-infected keratinocytes that were PI positive had swollen plasma 

membranes reminiscent of pyroptosis instead of the classic membrane blebbing observed 

during apoptosis (Figure 3D).

To determine if CASP3 was required to promote inflammatory cell death in VSV-infected 

keratinocytes, we constructed CASP3 or CASP8-deficient keratinocytes by clustered 

regularly interspaced short palindromic repeats (CRISPR) using two distinct guide RNAs 

for each gene. We identified single cell clones for each guide RNA that were deficient in 

CASP3 or CASP8 by western blot (Figure 3E, F; left panels). These cells were infected 

with VSV or treated with T+C+Sm and examined for hallmarks of inflammatory cell death. 

We observed a differential requirement for these individual caspases in promoting cell 

death in response to these stimuli. CASP3, but not CASP8, was required for VSV-induced 

PI-uptake, LDH and IL-1α release (Figure 3E-H). Conversely, CASP8, but not CASP3, was 

required for PI-uptake, LDH and IL-1α release in response to T+C+Sm treatment (Figure 

3E-H). Together these data indicate that VSV infection induces a CASP3-dependent, but 

CASP8-independent, pro-inflammatory cell death pathway in keratinocytes.

GSDME is required for VSV-induced inflammatory cell death.

Our findings are reminiscent of recent reports indicating that chemotherapeutic agents can 

stimulate a CASP3 mediated lytic death program (Wang et al., 2017). Cell lysis induced 

by chemotherapies is mediated by GSDME, which is cleaved by CASP3, yet GSDME 

has not been identified as a regulator of IL-1α release during viral infection. Thus, we 

sought to identify GSDM family members that regulated VSV-induced cell death and 

IL-1α release. To this end, we examined PI uptake and IL-1α release from VSV-infected 

keratinocytes treated with dimethyl fumerate (DMF), an inhibitor of GSDM-mediated cell 

death (Humphries et al., 2020). DMF treatment diminished PI uptake and IL-1α release 

following VSV infection, consistent with a role for the GSDM family in mediating 

these responses (Figure 4A-B). We then determined which GSDM family members were 

cleaved in VSV-infected keratinocytes, with a focus on the aforementioned GSDMD and 

GSDME. In primary keratinocytes, VSV infection resulted in the accumulation of the 

active N-terminal p30 fragment of GSDME and the inactive p43 fragment of GSDMD 

(Taabazuing et al., 2017) in infected-cell lysates (Figure 4C). By contrast, the active p30 

fragments of GSDMD and GSDME were both observed in cell lysates from T+C+Sm 

stimulated keratinocytes (Figure 4D). Consistent with the requirement for caspase activity in 
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mediating these cleavage events, z-VAD-FMK treatment reduced the cleavage of GSDMD 

and GSDME following VSV infection or T+C+Sm stimulation (Figure 4C, D). GSDMD 

and GSDME cleavage in T+C+Sm stimulated cells was dependent on CASP8 (Figure S1A), 

as expected (Aizawa et al., 2020; Chen et al., 2019). The inability to detect the p30 pore 

forming fragment of GSDMD and the robust production of the inactive GSDMD p43 

fragment suggested that GSDMD was not responsible for VSV-induced cell lysis (Figure 

4C). Consistent with these observations, GSDMD-deficient keratinocytes had no defect in 

PI uptake following VSV-infection but showed delayed PI uptake in response to T+C+Sm 

treatment (Figure S1B-C). Instead, the presence of the pore forming p30 GSDME fragment 

in infected cells suggests a role for this GSDM family member in infection-induced 

cytolysis.

To determine if GSDME cleavage was dependent on upstream regulators of VSV-induced 

death, we performed infections of CASP3-deficient keratinocytes. Notably, VSV infection 

of CASP3-deficient cells resulted in a delayed loss of full length GSDME and reduced 

accumulation of the p30 and p43 fragments of GSDME and GSDMD, respectively, as 

compared to infections of Cas9 expressing control cells (Figure 4E, left). CASP3 deficiency 

also reduced the accumulation of the p30 fragment of GSDME, but not GSDMD, in 

T+C+Sm-treated cells (Figure 4E, right), consistent with T+C+Sm treatment initiating 

GSDMD-dependent membrane permeability (Figure S1C). These findings implicate CASP3 

in the regulation of GSDME cleavage upon viral infection.

Since we observed that GSDME was cleaved in a CASP3 dependent manner following 

VSV-infection, we examined the requirement of GSDME for VSV-induced cytolysis. We 

constructed GSDME-deficient keratinocytes by CRISPR using two distinct guide RNAs 

that targeted the gene. We identified single cell clones for each guide RNA that were 

deficient in GSDME (Figure 4F, top) and infected these cells with VSV or treated them 

with T+C+Sm. As compared to Cas9 control cells, VSV-infected GSDME-deficient cells 

showed reduced PI uptake and LDH release at all time points examined (Figure 4F, G). 

T+C+Sm induced PI uptake and LDH release were also reduced in GSDME-deficient cells 

(Figure 4F, G). To further confirm a role for GSDME in VSV-mediated cell death, we 

took advantage of the fact that GFP fluorescence is lost as cells die, through an undefined 

mechanism (Steff et al., 2001; Strebel et al., 2001). We therefore reasoned that if GSDME 

was required for cell death during infections, then GSDME-deficiencies should impact 

virally encoded GFP fluorescence. Infections were performed with a recombinant VSV 

that encodes for eGFP (VSV-eGFP). We found that the percentage of GFP positive cells 

following VSV-eGFP infection of control cells peaked at 12 hours and rapidly declined 

between 12 and 24 hours (Figure 4H, I). By contrast, GFP positive cell numbers were 

sustained in GSDME-deficient keratinocytes between 12 and 24 hours post infection. No 

genotype specific changes in GFP protein were detected (Figure 4J). The requirement of 

GSDME for the loss of GSDME fluorescence supports the idea that GSDME promotes cell 

death in VSV-infected cells. Consistent with the requirement for GSDME in modulating cell 

death during VSV-infection, IL-1α release was reduced in infected keratinocytes lacking 

this protein (Figure 4K). These collective results establish the central role of a CASP3 and 

GSDME-dependent death pathway that is induced by VSV in keratinocytes. The implication 
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of GSDME in VSV-induced cell death prompts us to classify these lytic events as pyroptosis 

(Shi et al., 2017).

Bcl-2 family members detect disruption of translation and promote GSDME-dependent 
pyroptosis.

To define the mechanisms that drive CASP3 activation in infected cells, we considered 

the biology of VSV. This virus potently blocks PRR-mediated interferon stimulated gene 

(ISG) expression, as demonstrated by the inability of VSV-infected primary keratinocytes 

to produce the interferon stimulated protein RSAD2 (Figure 5A) (Orzalli et al., 2018). By 

contrast, RSAD2 was robustly produced during infections with a viral mutant (rVSV-M51R) 

that is incapable of inhibiting PRR-dependent responses (Figure 5A). This observation limits 

the possible role of RIG-I like receptors and the production of IFNs in mediating cell 

death following VSV infection. In addition, our finding that GSDMD was not required for 

this response (Figure S1C) diminishes the possible role of NLR-inflammasome pathways. 

We therefore considered an alternative possible trigger of CASP3 activity—that of guard 

proteins. Guard proteins survey the cell for disruptions in homeostasis that may indicate 

pathogenic disruptions (Jones et al., 2016). VSV, like many viruses, inhibits translation 

to promote expression of viral genes and block antiviral gene expression (Ahmed et al., 

2003; Neidermyer and Whelan, 2019). One mechanism to ensure generic surveillance of 

translational activity would be to couple the loss of a highly labile protein to the induction 

of cell death. In pondering such a protein, we considered the Bcl-2 family members, 

including Bcl-2, Mcl-1, and Bcl-xL. These Bcl-2 family members prevent apoptosis by 

direct sequestration of the mitochondrial pore-forming proteins Bax, Bak, or Bok or by 

inhibiting the activities of BH3-only proteins (Singh et al., 2019). Among the Bcl-2 family 

members, Mcl-1 is relatively unstable, with this protein displaying a half-life of less than 

1 hour (Adams and Cooper, 2007). To determine if loss of Mcl-1 occurs in VSV-infected 

primary cells, we examined the abundance of Mcl-1 at various stages of infection. Notably, 

we observed a reduction in the abundance of Mcl-1, but not Bcl-xL, following VSV 

infection, and Mcl-1 loss correlated with cleavage of GSDME (Figure 5A). The VSV M 

protein is necessary for efficient virus-mediated translation inhibition and facilitates this 

response by targeting general regulators of transcription and translation (Connor and Lyles, 

2002, 2005; Quan et al., 2014; von Kobbe et al., 2000). To determine if virus-mediated 

translation inhibition is necessary for Mcl-1 depletion, we examined Mcl-1 abundance in 

keratinocytes infected with rVSV-M51R. Mcl-1 loss and GSDME cleavage were delayed 

(but not abolished) in rVSV-M51R infected keratinocytes (Figure 5A). In addition, rVSV­

M51R infected keratinocytes showed a delay in the accumulation of intracellular PI when 

compared to wt VSV-infected cells (Figure 5B). These results indicate that the extent of 

virus-induced translation inhibition correlates with the loss of Mcl-1 and pyroptosis.

The loss of Mcl-1 and increased GSDME cleavage in WT VSV, but not rVSV-M51R, 

infected cell lysates suggested that dysregulation of translation may trigger this pathway. If 

inhibition of protein synthesis is generally sensed by keratinocytes, then chemical inhibitors 

of translation should trigger a similar signaling pathway as we have described following 

VSV infection. Consistent with this hypothesis, treatment of keratinocytes with the protein 

synthesis inhibitors puromycin or cycloheximide induced loss of mitochondrial membrane 
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potential (Figure 5C), a reduction in Mcl-1 abundance (Figure 5D), cleavage of GSDME 

(Figure 5D), and caspase- and GSDME-dependent membrane permeability (Figure 5E-F). 

Together these results suggest that inhibition of protein synthesis is sufficient to initiate 

GSDME-dependent pyroptosis in keratinocytes.

To determine whether decreased Mcl-1 abundance was sufficient to initiate pyroptosis in 

these cells, we depleted Mcl-1 by a doxycycline-inducible shRNA. Depletion of Mcl-1 

following doxycycline treatment in keratinocytes was not sufficient to promote GDSME­

cleavage or PI uptake (Figure 5G). The importance of individual anti-apoptotic Bcl-2 

family members in promoting cell survival correlates with their abundance within a given 

cell type, and co-incident inhibition of multiple Bcl-2 family members is sometimes 

necessary to initiate cell death (Kale et al., 2018). Bcl-xL protein was detected in human 

keratinocytes (Figure 5A), but its abundance was not markedly changed following VSV­

infection or treatment with chemical inhibitors of protein synthesis (Figure 5A, D). We 

therefore hypothesized that translation inhibition may simultaneously promote loss of Mcl-1 

and inactivation of Bcl-xL through a distinct mechanism to trigger pyroptosis. Bcl-xL 

is inactivated by increased expression or activation of the BH3-only family members 

Bcl2-associated agonist of cell death (BAD), BH3-interacting domain death agonist (BID), 

Bcl2-interacting mediator of cell death (BIM) and P53 up-regulated modulator of apoptosis 

(PUMA) (Czabotar et al., 2014). BAD and BID are constitutively expressed in human 

keratinocytes (Claerhout et al., 2007), suggesting that these two proteins may play a role 

in inactivating Bcl-xL in these cells. A role for BID was discounted as this protein is 

activated by CASP8, which was not required for VSV-induced cell death (Figure 3). We 

therefore examined whether BAD contributed to VSV-induced pyroptosis. Human BAD 

is maintained in an inactive state by phosphorylation at Serine-75 (S75), -99 (S99), and 

-118 (S118), which promote its sequestration by 14-3-3 (Datta et al., 2000; Yang et al., 

1995). Dephosphorylation of BAD disrupts the inhibitory 14-3-3 interaction and promotes 

its association with Bcl-xL, thereby displacing Bak and inducing cell death (Yang et 

al., 1995; Zha et al., 1996). If BAD contributed to VSV-induced cell death, then BAD 

phosphorylation would be reduced in infected keratinocytes. Consistent with this model, we 

observed a reduction in S75 and S99 phosphorylation of BAD in lysates from VSV-infected 

keratinocytes compared to mock-infected cells (Figure 5H). BAD phosphorylation was 

also reduced in keratinocytes treated with cycloheximide or puromycin, indicating that 

dephosphorylation of BAD can be triggered by chemical inhibition of protein synthesis 

(Figure 5I). BAD-deficient keratinocytes generated by CRISPR showed a slight delay in PI 

uptake following VSV infection (Figure 5J), suggesting that BAD may contribute to virus­

induced pyroptosis in these cells. We considered whether BAD activation and simultaneous 

loss of Mcl-1 were sufficient to trigger membrane permeability in keratinocytes. Thus, 

we examined PI uptake in our doxycycline-inducible shMcl-1 cells, which overexpressed 

murine Bad (wt Bad) or a constitutively active Bad construct containing alanine substitutions 

at S112 and S136 (Bad 2SA), which correspond to S75 and S99 in human BAD. Increased 

abundance of wt Bad or Bad 2SA had little effect on PI uptake when Mcl-1 was present in 

these cells (Figure 5K). By contrast, the combined loss of Mcl-1 and expression of Bad 2SA 

resulted in membrane permeability, as assessed by PI uptake (Figure 5K). Loss of Mcl-1 

in the presence of wt Bad did not induce a significant increase in membrane permeability 
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(Figure 5K). The combined loss of Mcl-1 and inactivation of Bcl-xL (by dephosphorylated 

Bad) is therefore sufficient to induce pyroptosis in keratinocytes.

If Mcl-1 loss and Bcl-xL inactivation following inhibition of protein synthesis were 

truly responsible for pyroptosis induction, then the overproduction of Mcl-1 or Bcl-xL 

prior to protein synthesis inhibition may create a kinetic buffer that prevents pyroptosis. 

We therefore used lentivirus-mediated expression to overproduce Mcl-1 or Bcl-xL in 

primary keratinocytes prior to viral infection. Notably, overexpression of Myc-tagged 

Mcl-1 (Mcl-1-Myc) or Bcl-xL was sufficient to prevent VSV-induced GSDME and PARP 

cleavage (Figure S2A), and reduced PI accumulation and LDH release from VSV-infected 

keratinocytes (Figure S2B, C). Overproduction of Bcl-xL also decreased the loss of 

mitochondrial membrane potential observed in VSV-infected keratinocytes and reduced the 

release of IL-1α from these cells when compared vector transduced cells (Figure S2D, E). 

Overproduction of Mcl-1-Myc was less effective than Bcl-xL in alleviating these responses, 

which may be explained by the fact that, like endogenous Mcl-1, lentivirus-expressed 

Mcl-1 abundance was reduced following VSV-infection (Figure S2A). The ability of either 

Mcl-1 or Bcl-xL overexpression to prevent VSV-induced pyroptosis is consistent with 

the idea that multiple Bcl-2 family members regulate cell death (Singh et al., 2019) and 

suggests that their anti- and pro-death activities are modulated following viral infection of 

keratinocytes. These data therefore support a model whereby translation inhibition promotes 

the simultaneous inactivation of Mcl-1 and Bcl-xL to induce pyroptosis in these cells.

HSV-1 inhibits GSDME-dependent membrane permeability via the actions of viral ICP27

Dysregulation of protein synthesis is a common mechanism by which viruses promote the 

translation of their own mRNAs (Stern-Ginossar et al., 2019). This generality raises the 

question of whether additional viruses can initiate pyroptosis through a similar mechanism 

to that demonstrated here for VSV. To determine whether additional viruses trigger the 

identified pyroptotic pathway, we investigated herpes simplex virus-1 (HSV-1), which 

initially infects keratinocytes prior to establishing latency in sensory neurons (Knipe and 

Howley, 2013). Similar to VSV, HSV-1 infection of keratinocytes resulted in loss of 

Mcl-1 protein (Figure 6A). However, in contrast to VSV-infection, HSV-1 did not induce 

cleavage of GSDME or the accumulation of PI in infected cells (Figure 6A, B). This 

finding suggested that HSV-1 may inhibit the engagement of this pyroptotic pathway, and 

we therefore sought a viral mutant that might alleviate this inhibition. A HSV-1 mutant 

lacking the immediate early protein ICP27 has been observed to activate CASP3 (Pradhan 

and Nguyen, 2013), although the mechanisms and consequences of this activity were 

not elucidated. We therefore asked whether an ICP27-deficient HSV-1 virus was capable 

of triggering keratinocyte pyroptosis. Infection of keratinocytes with an ICP27-deficient 

virus (HSV-1 d27-1), but not its rescue virus (HSV-1 d27-1 R1a), resulted in decreased 

mitochondrial membrane potential (Figure S3A), accumulation of the GSDME p30 cleavage 

product (Figure 6C), and PI uptake (Figure 6D). Overexpression of Bcl-xL was sufficient 

to prevent the loss of mitochondrial membrane potential following HSV-1 d27-1 infection 

(Figure S3B). Furthermore, cleavage of GSDME and PI staining were reduced in cells 

treated with the pan-caspase inhibitor z-VAD-FMK (Figure 6E, F) or in cells overexpressing 

Mcl-1 or Bcl-xL (Figure 6G, H). Notably, increased Mcl-1 or Bcl-xL protein abundance 
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had no effect on PI accumulation in talabostat treated cells (Figure 6H, bottom panel), 

demonstrating the specificity of the manipulations performed. We did not observe a 

reduction in BAD phosphorylation or a genetic requirement for BAD for PI uptake following 

HSV-1 d27-1 infection of keratinocytes (Figure S3C-D). The lack of a requirement for BAD 

following HSV-1 d27-1 infection may be explained by the activities of the viral protein 

kinase Us3, which is proposed to inhibit BAD through direct phosphorylation of the protein 

(Cartier et al., 2003; Munger et al., 2001). Additional BH3-only proteins may contribute 

to inactivating Bcl-xL following infection. Together these results highlight a direct link 

between guard protein abundance or activity and pyroptosis upon translation inhibition by 

multiple viruses (Figure S4). In addition, our results suggest that guard protein activity is 

manipulated following HSV-1 infection to maintain cell viability.

Bcl-xL mediated control of IL-1 activities and virus replication in human skin organoids.

To determine whether the pyroptosis pathway we have described is intrinsically antiviral, 

we examined VSV replication in keratinocytes overexpressing Bcl-xL (Figure 5). We 

observed no increase in virus production from monocultured keratinocytes overexpressing 

Bcl-xL (Figure 7A), indicating that keratinocyte pyroptosis was not intrinsically antiviral. 

However, this cell culture model does not capture the multi-cell type interactions that can 

contribute to host defense in human skin following virus infection. Indeed, as demonstrated 

earlier, IL-1 released from pyroptotic keratinocytes induced a transcriptional response in 

fibroblasts within VSV-infected HSEs (Figure 1). We found that overexpression of Bcl-xL 

in keratinocytes reduced IL-1α release from monocultured cells following VSV-infection 

(Figure S2E). We therefore constructed HSEs with keratinocytes overexpressing Bcl-xL 

and examined viral replication and host-transcriptional responses in these organotypic 

cultures. Primary keratinocytes transduced with empty vector (Vector-keratinocytes) or a 

Bcl-xL expressing (Bcl-xL-keratinocytes) lentiviruses formed fully differentiated HSEs as 

demonstrated by H&E staining (Figure 7B). Following VSV infection, we observed an 

almost complete reduction in virus induced CXCL8 expression in the fibroblasts of tissues 

constructed with keratinocytes overexpressing Bcl-xL (Figure 7C). As the VSV-induced 

CXCL8 response was dependent on IL-1R signaling in these tissues (Figure 1), this 

observation is consistent with mitochondrial-mediated pyroptosis of keratinocytes triggering 

IL-1 dependent signaling in fibroblasts. Notably, we observed increased virus accumulation 

in the supernatants of tissues constructed with Bcl-xL-keratinocytes when compared to 

tissues constructed with Vector-keratinocytes (Figure 7D). Together, these data support the 

idea that mitochondrial-mediated pyroptosis restricts virus replication in organotypic models 

of human skin.

Discussion

Viruses manipulate critical cellular processes to facilitate their replication, but whether these 

perturbations are actively sensed in infected cells is unclear. We propose that the Bcl-2 

family members Mcl-1 and Bcl-xL are guard proteins in keratinocytes whose activities 

monitor translational activity. Consequently, pathogen-mediated disruption of host gene 

expression, a common feature of viral infections, leads to the inactivation of Mcl-1 and 

Bcl-xL and the activation of pyroptosis. Guard proteins can be categorized by their 
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ability to directly engage an inflammatory cell death pathway after pathogen detection 

or by derepressing death pathways following their inhibition. The former category of 

guard proteins is exemplified by the activity of mNLRP1 and hNLRP1, which engage 

inflammasome components directly after sensing the enzymatic activities of various 

bacterial effector proteins or viral proteases (Mitchell et al., 2019; Robinson et al., 2020). By 

contrast, the second category is represented by the guard protein CASP8, which triggers 

necroptosis when its activity is inhibited by viral pathogens (Mocarski et al., 2011). 

The results of our study indicate that Mcl-1 and Bcl-xL are repressors of pyroptosis in 

keratinocytes. Pyroptosis can be triggered in keratinocytes when Mcl-1 protein abundance is 

reduced, and Bcl-xL is inactivated as a consequence of virus-mediated inhibition of protein 

synthesis. A role for translation inhibition in activating this pathway is supported by our 

observation that keratinocyte infection with a viral mutant unable to inhibit host protein 

synthesis was incapable of reducing Mcl-1 protein abundance and showed delayed kinetics 

in disrupting plasma membrane integrity. In addition, treatment of keratinocytes with 

chemical inhibitors of protein synthesis was sufficient to induce pyroptosis in these cells. 

Our data therefore support a model whereby Mcl-1 and Bcl-xL are sensors of translational 

activity and that their simultaneous inactivation following viral infection promotes GSDME­

dependent pyroptosis.

VSV and ICP27-deficient HSV-1 have been characterized as inducers of apoptosis in a 

number of transformed and normal cell lines (Aubert and Blaho, 1999; Balachandran et 

al., 2001; Pearce and Lyles, 2009; Pradhan and Nguyen, 2013). However, here we have 

demonstrated that primary human keratinocytes underwent pyroptosis (not apoptosis) when 

infected with VSV or ICP27-deficient HSV-1. Pyroptosis in virus-infected keratinocytes was 

not associated with inflammasome effector activity, such as GSDMD, but was regulated 

by CASP3-dependent cleavage of GSDME. GSDME-mediated pyroptosis is implicated in 

cell death responses initiated by certain chemotherapeutic agents and chemical activators 

of intrinsic apoptosis (Rogers et al., 2017; Wang et al., 2017), but its role in the host 

response to viral infection has remained unclear. Here we have provided genetic evidence 

that GSDME is required to disrupt plasma membrane integrity and promote release of IL-1α 
from virus-infected keratinocytes.

The initiation of pyroptosis and release of IL-1α downstream of CASP3 activation in 

VSV infected keratinocytes led us to reevaluate the contribution of apoptotic caspases 

in host-defense against viral infection. CASP3 activation is predominantly thought to be 

protective against viral infection by elimination of infected cells rather than by initiating 

a pro-inflammatory immune response. However, many virus-induced cell death pathways 

were originally characterized in transformed cells, which have dysregulated cell death 

pathways. Indeed, GSDME, the critical executioner of CASP3-mediated pyroptosis in 

human keratinocytes, is considered a tumor suppressor and is absent in many cancer 

cells (Wang et al., 2017; Zhang et al., 2020). CASP3-dependent pyroptosis in VSV-or 

HSV-1 d27-1 infected keratinocytes was not inherently antiviral, since we did not observe 

increased virus replication or gene expression, respectively, in keratinocytes when upstream 

and downstream regulators of the pathway were manipulated. However, in the context of 

an infection of human skin, CASP3 regulated pyroptotic release of IL-1 cytokines from 

keratinocytes may drive responses within other cell types that protect against infection 
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(Orzalli et al, 2018). Indeed, utilization of an organotypic multi-cell type model of human 

skin demonstrated that VSV infection drives IL-1 dependent chemokine expression in 

dermal fibroblasts, which could be blocked by overexpression of Bcl-xL in epidermal 

keratinocytes. Decreased IL-1 dependent responses in these organoids correlated with 

increased virus replication, implicating a role for the identified cell death response in 

host-defense.

Here we have demonstrated that two disparate viruses (VSV and HSV-1) can trigger 

GSDME-dependent pyroptosis by dysregulating protein synthesis. It remains to be 

determined whether additional viruses are capable of triggering this response. Members 

of the flavivirus family, including Japanese encephalitis virus (JEV), dengue virus (DENV), 

and zika virus (ZIKV) induce the loss of Mcl-1 protein in infected cells and inhibition or 

loss of Bcl-xL can protect mice from subcutaneous infection with JEV (Suzuki et al., 2018). 

The role of GSDME in this protective response is unknown. In addition, several viruses 

that replicate in keratinocytes, including members of the poxvirus and herpesvirus families, 

inhibit CASP3-mediated cell death by regulating Bcl-2 family members or inhibiting 

downstream signaling components (Campbell et al., 2010; Pradhan and Nguyen, 2013). 

Here we demonstrated that GSDME-mediated pyroptosis following HSV-1 infection was 

only observed when using an HSV-1 mutant virus that lacked the immediate-early protein 

ICP27. How ICP27 inhibits HSV-1 induced pyroptosis has not be established, but it may 

accomplish this goal by either directly inhibiting the signaling pathway or indirectly by 

promoting the expression of other viral genes (Rice and Knipe, 1990). Our study indicates 

that ICP27 likely contributes to inhibition of the pathway upstream of Bcl-xL inactivation 

and mitochondrial engagement, since mitochondrial membrane potential was reduced in 

ICP27-deficient, but not wt HSV-1, infected cells. Thus, these studies provide a mandate 

to further explore the role of Bcl-2 family members as guard proteins and mediators of 

pyroptosis in additional infectious and non-infectious contexts.

Limitations of the Study

Human skin equivalents (HSEs) are a powerful tool to study cell-to-cell communication 

events that may contribute to host-defense in a model that more closely mimics its in 
vivo counterpart. However, these models do not fully recapitulate the cellular complexity 

of human skin, and thus may overestimate (or underestimate) the contributions of specific 

cell types in host-defense. In this study, we utilized HSEs to demonstrate the importance 

of an intrinsic GSDME-dependent pyroptotic cell death pathway in contributing to the host 

response to viral infection. While we demonstrated that increased abundance of an upstream 

inhibitor of this pathway (Bcl-xL) contributes to restricting virus replication in this model, 

our results did not directly test whether GSDME was required to restrict virus replication 

in these HSEs. Future studies will therefore be necessary to fully elucidate the role of 

GSDME-dependent pyroptosis in the host-response to viral infection of human skin.
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STAR Methods

Resource Availability

Lead contact—Further information requests for resources and reagents should 

be directed to and will be fulfilled by the lead contact, Jonathan C. Kagan 

(jonathan.kagan@childrens.harvard.edu).

Materials availability—Reagents generated in this study are available upon request.

Data and code availability—This study did not generate/analyze datasets or code

Experimental Model and Subject Details

Cell Culture.—Normal human epidermal keratinocytes (NHEK) were isolated from human 

foreskin tissues provided by the Human Skin Disease Research Center at Brigham & 

Women’s Hospital (Boston, MA). Human foreskin tissues were acquired with Partners 

Institutional Review Board approval from infants undergoing circumcisions, and tissues 

were stored in sterile normal saline solution (0.9% NaCl) prior to processing. Foreskin 

tissues were cut into 5mm square pieces and floated in a filter-sterilized HEPES-buffered 

saline solution (50 mM Hepes/KOH pH 7.4, 150 mM NaCl) containing dispase II (2.4U/ml, 

Sigma 4942078001) overnight at 4° C. The epidermis of the foreskin tissue was then 

peeled away from the dermis, placed in a 15 ml falcon tube containing 2.5 ml of trypsin, 

and incubated at 37°C for 15 minutes with gentle agitation. Trypsin was neutralized by 

addition of DMEM supplemented with 10% FBS. Isolated single cells were washed 2x 

with PBS, resuspended in keratinocyte media (3:1 ratio of DMEM:Ham’s F12, 1.8 mM 

adenine, 10 ng/ml cholera toxin, 100 IU/ml penicillin, 100 ug/ml streptomycin, 5% FBS, 80 

mM HEPES, 0.25 ug/ml hydrocortisone, 10 ng/ml EGF, 5 ug/ml insulin) supplemented 

with Amphotericin B, and plated at 1×10^6 cells per 100 mm dish of mitomycin C 

inactivated 3T3 cells. NHEK cultures were passaged as sub-confluent colonies every three 

days. NHEK were plated at 3×10^5 cells / well of a 12-well dish (or similar cell density to 

surface area ratio) in Keratinocyte Serum Free Media (KSFM) supplemented with epidermal 

growth factor (EGF) and bovine pituitary extract (BPE) (ThermoFisher) 24 hours prior to 

experimentation. Normal oral keratinocytes (NOKs) immortalized with human telomerase 

were cultured in KSFM. Vero cells and Vero-E11 (Samaniego et al., 1995) were cultured 

in DMEM supplemented with 10% FBS and pen/strep. NIH/3T3 cells were maintained in 

DMEM containing 15% bovine calf serum (BCS) and pen/strep.

Viruses, infections, and transductions—Wild-type VSV (Whelan et al., 1995), rVSV­

M51R (Kopecky et al., 2001), and rVSV-eGFP (Lee et al., 2014) were kindly provided 

by Dr. Sean Whelan (Washington University St Louis). Wt VSV and recombinants were 

propagated in BHK-21 cells and viral titers were determined on Vero cells as previously 

described (Lee et al., 2014). HSV-1 KOS, HSV-1 d27-1 (Rice and Knipe, 1990) and HSV-1 

d27-1R1a (Johnson et al., 2008) were kindly provided by Dr. David Knipe (Harvard Medical 

School). HSV-1 KOS, HSV-1 d27-1 and HSV-1 d27-1R1a were propagated and viral titers 

were determined in Vero or Vero-E11 cells (Samaniego et al., 1995), respectively. For 

keratinocyte infections, virus was diluted in KSFM and incubated with cells for 1 hr at 
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37°C with intermittent rocking. Following the adsorption period, virus containing media was 

removed and replaced with fresh KSFM and cells were incubated at 37°C.

Human Bcl-xL and Mcl-1 were PCR-amplified from pCDH-puro-Bcl-xL (Cheng et al., 

2013) and pLX307 MCL-1 (Hong et al., 2019) and subcloned into the pCDH-EF1-FHC 

(Yousefzadeh et al., 2014) lentivirus vector. A myc-tag was added to the C-terminus 

of human Mcl-1 by PCR. shScramble (GTGGACTCTTGAAAGTACTAT) and shMCL-1 

(GCCTAGTTTATCACCAATAAT) (Elgendy et al., 2017) sequences were cloned into AgeI/

EcoRI digested Tet-pLKO-puro (Wiederschain et al., 2009). Lentivirus constructs were 

transfected into HEK293T cells along with a plasmid encoding VSV-G (pVSV-G) and 

the packaging vector psPAX2 using polyethylenimine. Twenty-four hours post-transfection, 

medium on transfected cells was replaced with KSFM or keratinocyte media. At forty­

eight hours post-transfection, the supernatants from transfected cells were harvested, 

filtered through a 0.45 μM filter and added to 6-well dishes containing primary human 

keratinocytes cultured on a monolayer of mitomycin C inactivated puro-resistant 3T3 cells 

or NOKs (2×10Λ5 cells/well). Cells were transduced by spinfection at 2,000 rpm for 30 

minutes. Virus containing media was replaced with keratinocyte media or KSFM containing 

puromycin (2.5 mg/ml) 48 h post-transduction. Puromycin resistant primary keratinocytes 

were passaged twice and then used for experiments.

Human skin equivalent construction and infections—HSEs were constructed as 

previously described (Carlson et al., 2008). For infections, 1×104 pfu of VSV was diluted in 

PBS and added to the epidermal side of the HSE. For IL-1R inhibition studies, 500 ng/ml 

of IL-1ra (Biolegend) were added to 8 ml of HSE cornification media at 1 h post-viral 

infection. Keratinocyte and fibroblast layers were separated by 5-10 min incubation in a 

dispase II containing buffer (150 mM NaCl, 10mM HEPES, 2mM CaCl2, 2.4 U/ml dispase 

II) followed by gentle peeling of the two layers. Supernatants or individual tissues layers 

were harvested at 12, 24, and 48 hpi for ELISA or transcriptional analysis, respectively. 

Tissues were snap frozen in LN2 and stored at −80°C until they could be processed in 

parallel. Supernatant viral titers from infected HSE tissues were determined as described 

above. Formalin fixed and paraffin embedded tissue sections were stained with Hematoxylin 

and Eosin (H&E) to evaluate tissue differentiation. Images were captured with an Echo 

Revolve microscope.

CRISPR gene targeting—Guide RNAs (gRNAs) targeting CASP3, CASP8, GSDME, 
GSDMD, and BAD were designed using software available at crispr.mit.edu or 

synthego.com. Double stranded DNA oligos containing gRNA sequences were inserted 

into the pRRL-Cas9-puro lentivirus construct (Eckard et al., 2014) as described previously 

(Orzalli et al., 2018). Lentiviruses were produced and NOKs were transduced as described 

above. Single cell colonies were isolated by limiting dilution and expanded for experiments. 

Successful deletion of the desired genes was confirmed by western blot.

Cytokines and Chemical Inhibitors—Human TNF-α was used at a final concentration 

of 1 ng/ml. BV6 (5 μM), cycloheximide (10 μg/ml), raptinal (10 μM), and doxycycline 

hyclate (0.1 μg/ml) were resuspended in DMSO. For TNF/CHX/Sm treatments, 

keratinocytes were treated with cycloheximide 1 h prior to the addition of TNF and BV6. 
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z-VAD-FMK was resuspended in DMSO and used at a final concentration of 20 μM. 

Talabostat was resuspended in DMSO and used at a final concentration of 30 μM. Dimethyl 

fumerate was a kind gift from Dr. Kate Fitzgerald (UMass Medical School) and was used at 

a concentration of 50 μm.

ELISA—Cell culture supernatants were cleared of cell debris by centrifugation at 2000 

rpm for 3 min and placed at −80°C until all time points could be processed in parallel. 

Aliquots of supernatant (100 ul) were analyzed in triplicate using the ELISA Max IL-1α and 

ELISA Max IL-1β kits from BioLegend in accordance with the manufacturer’s instructions. 

A Tecan Spark plate reader was used to measure absorbance at 450 nm and 570 nm.

Nucleofection—7×10^5 primary human keratinocytes transduced with Tet-pLKO-puro­

shscramble or Tet-pLKO-puro-shMCL-1 lentiviruses were resuspended in 100 μl of Human 

Nucleofector Solution (Lonza, VPD-1002) along with 3μg of empty vector (pCDNA3), 

wt BAD (Harada et al., 2001) and BAD S112A S136A (2SA) (Harada et al., 2001) 

plasmids. Cells were nucleofected using program T-024 on a Nucelofector 2b Device 

(Lonza, AAB-1001). After nucleofection, the cells were plated in a 96-well dish at 3×10^4 

cells/well for 24 hrs prior to treatment with doxycycline.

Membrane Permeability Assays.—Keratinocytes were plated at 2.5-3 ×10^4 cells/well 

of a tissue culture-treated black 96 well plate with optically clear flat wells 24 hr prior 

to experimentation. Propidium iodide and Hoechst 33342 were diluted in KSFM to a final 

concentration of 1 μg/ml and 0.3 μg/ml, respectively, and added to keratinocytes during 

treatment with T+C+Sm or Talabostat or following the 1-hour viral adsorption period. 

Positive control wells were lysed by the addition of 10 ul of 10x lysis buffer (9% v/v 

Triton X-100) 30 minutes prior to the desired time point. Cell culture plates were subjected 

to centrifugation at 400 x g for 5 min to accumulate cells at the bottom of the plate and 

a Tecan Spark plate reader was used to measure PI uptake at indicated time points as 

described previously (Evavold et al., 2018). For kinetic experiments examining PI uptake, 

cells were imaged using a Cytation 5 multi-mode reader from BioTek and analyzed by Gen5 

software. For LDH release assays, 50 μl of supernatants from the PI uptake experiments 

described above were transferred to a 96-well plate and assessed using the CyQUANT LDH 

cytotoxicity assay from ThermoFisher in accordance with the manufacturer’s protocol.

TMRE Assays—For kinetic experiments, virus-containing inoculum was replaced with 

KSFM containing TMRE and Hoechst 33342 at a final concentration of 150 nM and 0.3 

μg/ml, respectively. Cells were imaged using a Cytation 5 multi-mode reader from BioTek in 

2 hr increments and analyzed using Gen5 software (BioTek).

RNA isolation and RT-qPCR—Total RNA was isolated from HSE tissues using the 

PureLink RNA mini kit (ThermoFisher) or NEB Total RNA Miniprep kit and eluted from 

columns with 150 μL or 100 μL nuclease-free H20, respectively. A total of 40 ng of RNA 

was used for detection steps. Reverse transcription and PCR reactions were performed on a 

CFX384 Touch Real-Time PCR detection system (Bio-Rad) using the TaqMan RNA-to-CT 

1-Step Kit following the manufacturer’s instructions. TaqMan primer/probe sets to detect 

CXCL8, GADPH, and TBP were from ThermoFisher.
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Immunoblots—Cells were lysed in 1x Laemmli buffer, incubated on 100°C heat block for 

10 minutes, and run on 10 or 12% Tris-Glycine gels. Gels were transferred to Immobolin-P 

PVDF membranes (Millipore), blocked in tris-buffered saline (TBS) with 5% milk for 30 

minutes, washed with TBST (TBS, 0.05% Tween-20), and incubated overnight in TBST­

BSA (TBST, 2.5% BSA) containing primary antibody at 4°C. Blots were washed 3x with 

TBST for 10 minutes, incubated with secondary antibody for 1 hour at RT, followed by three 

additional 10-minute washes with TBST. Immunoblots were developed with Supersignal 

West Pico Plus or Femto Maximum Sensitivity Substrate (ThermoFisher) on a ChemiDoc 

MP or XRS Imaging System (BioRAD).

Statistics—All statistical analyses were performed using GraphPad Prism software. 

Results are reported as mean ± standard error of the mean (SEM). Student’s t tests (2-tailed) 

or Ratio t tests were performed when appropriate to determine p values. A p value < 0.05 

was considered statistically significant. *p < 0.05, **p < 0.01, and ***p < 0.001.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

1. Viral inhibition of translation drives Caspase-3/GSDME-dependent 

pyroptosis.

2. BCL-2 family members Mcl-1/Bcl-xL serve as guards of protein synthesis 

activity.

3. HSV-1 ICP27 inhibits GSDME-mediated pyroptosis.

4. Inhibition of pyroptosis enhances viral replication in human skin organoids.
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Figure 1: VSV infection induces release of IL-1α from primary human keratinocytes and skin 
organoids.
A) Primary human foreskin keratinocytes were infected with VSV (MOI 10). IL-1α and 

IL-1β release was quantified by ELISA at indicated time points.

B) H&E staining of fully differentiated HSE. Image is representative of at least three­

independent experiments. Scale bar, 180 μm.

(C and D) Fully differentiated HSEs were infected with VSV (10^4 pfu). Supernatants from 

mock or VSV infected HSEs were harvested at indicated time points and analyzed by (C) 

plaque assay or (D) ELISA for IL-1α.

E) HSEs were infected as in (C and D) in the presence or absence of IL-1ra (500 ng/ml). 

Total RNA from individual tissue layers was isolated at indicated time points and CXCL8 
transcripts were quantified by qRT-PCR and normalized to GAPDH.

Data represent the average of at least three-independent experiments +/− SEM. Student’s t 

test: *p<0.05, **p<0.01, ***p<0.001. See also Figure S4.
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Figure 2: VSV infection drives caspase-dependent pro-inflammatory cell death in primary 
human keratinocytes.
(A and B) Primary human keratinocytes were infected with VSV (MOI 10), treated with 

TNF (1 ng/ml), cycloheximide (10 μg/ml), and BV6 (5 μM) (T+C+Sm), or talabostat (30 

μM). A) PI+ nuclei were quantified hourly and plotted as a percentage of total nuclei 

detected. (B) LDH present in the cell culture media was quantified at 6 and 24 hours.

(C) Primary human keratinocytes were treated with TNF, cycloheximide, and BV6 

(T+C+Sm), or talabostat as described in (A). IL-1α and IL-1β release was quantified by 

ELISA at indicated time points.
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(D and E) Primary human keratinocytes were treated with DMSO or Raptinal (5 μM). (D) 

PI uptake and LDH release were quantified at 6 hr post-treatment. (E) IL-1α release was 

quantified by ELISA.

(F-H) Primary human keratinocytes were infected with VSV (MOI 10) or stimulated with 

T+C+Sm in the presence of DMSO or zVAD-FMK (20 μM). (F) PI uptake and LDH release 

were quantified at 6- and 24-hrs post-treatment. (G, I) IL-1α and IL-1β were quantified by 

ELISA at indicated time points.

(H) Viral titers from DMSO or z-VAD-FMK-treated cells were determined at 8, 24, and 48 

hpi by plaque assay. Data represent the average of at least three-independent experiments 

+/− SEM. Student’s t test: *p<0.05, **p<0.01, ***p<0.001****p<0.0001. See also Figure 

S4.
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Figure 3: CASP3 is necessary to mediate inflammatory cell death of VSV-infected keratinocytes.
(A-D) Primary human keratinocytes were infected with VSV (MOI 10). (A) Immunoblot 

of infected cell lysates at 4, 8, and 24 hpi. (B) Fluorescent micrograph of Mock or VSV­

infected keratinocytes at 24 hpi stained with TMRE and Hoechst. Scale bar, 1000 μm. (C) 

TMRE staining in VSV-infected or FCCP-treated (5 μM) keratinocytes was quantified every 

2 h for 24 h. Data are graphed as a percentage of TMRE signal in mock-infected cells at 

each individual time point. (D) Merged fluorescent (PI) and phase-contrast micrographs of 

Mock- or VSV-infected keratinocytes at 24 hpi. Scale bar, 100 μm.

(E) (left) Immunoblots of CASP3 deficient NOKs. (right) CASP3 deficient NOKs were 

infected with VSV (MOI 10) or treated with TNF, cycloheximide, and BV6 (T+C+Sm). 
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PI intensity and LDH release were quantified at 6 and 24 hours. Data are plotted as a 

percentage of signal from lysed cells.

(F) (left) Immunoblots of CASP8 deficient NOKs. (right) CASP8 deficient NOKs were 

infected with VSV (MOI 10) or treated with TNF, cycloheximide, and BV6 (T+C+Sm). PI 

uptake and LDH release were quantified at 6 and 24 hours. Data are plotted as a percentage 

of signal detected in lysed cells.

(G) CASP3 deficient NOKs were infected with VSV (MOI 10) or treated with TNF, 

cycloheximide, and BV6 (T+C+Sm). IL-1α release was quantified by ELISA at indicated 

time points.

(H) CASP8 deficient NOKs were infected with VSV (MOI 10) or treated with TNF, 

cycloheximide, and BV6 (T+C+Sm). IL-1α release was quantified by ELISA at indicated 

time points.

Immunoblots are representative of three-independent experiments. Data represent the 

average of at least three-independent experiments +/ SEM. Student’s t test: *p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001. See also Figure S4.
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Figure 4: GSDME regulates CASP3 mediated membrane permeability and IL-1α release.
(A-B) Primary human keratinocytes were infected with VSV (MOI 10) in the presence of 

DMSO or DMF (50 μM). (A) Kinetics of PI uptake following infection. (B) IL-1α release 

was quantified by ELISA at 24 hpi.

(C-D) Immunoblot of cell lysates from primary keratinocytes infected with (C) VSV or 

(D) treated with TNF, cycloheximide, and BV6 (T+C+Sm) in the presence of DMSO or 

zVAD-FMK (20 μM).

(E) Immunoblot of cell lysates from CASP3 deficient NOKs infected with (left) VSV (MOI 

10) or (right) treated with TNF, cycloheximide, and BV6 (T+C+Sm).
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(F) (top) Immunoblots of GSDME-deficient NOKs. (bottom) Kinetics of PI uptake in 

GSDME-deficient NOKs infected with VSV (MOI 10) or treated with TNF, cycloheximide, 

and BV6 (T+C+Sm). PI+ nuclei were quantified hourly and plotted as a percentage of total 

nuclei detected.

(G) LDH release from GSDME-deficient NOKs stimulated as in (F).

(H-J) Cas9-control or GSDME-deficient NOKs were infected with VSV-eGFP (MOI 10).

(H) GFP-positive cells were quantified hourly and plotted as a percentage of total cells 

detected.

(I) Fluorescent micrographs of VSV-eGFP infected NOKs at 24 hpi. Scale bar, 1000 μm.

(J) Immunoblots of mock or VSV-eGFP infected-cell lysates.

(K) Cas9-control or GSDME-deficient NOKs were infected with VSV (MOI 10) and IL-1α 
release was quantified by ELISA at indicated time points.

Immunoblots are representative of three-independent experiments. Data represent the 

average of at least three-independent experiments +/− SEM. Student’s t test: *p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001. +, p30 GSDME; ++, p43 GSDMD; +++, p30 

GSDMD. Please also see Figures S1 and S4.
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Figure 5: Inhibition of translation promotes loss of Mcl-1 and inactivation of Bcl-xL to induce 
pyroptosis
(A-B) Primary human keratinocytes were infected with wt VSV or rVSV-M51R (MOI 10).

(A) Immunoblots of infected cell lysates harvested at 4, 8, and 24 hpi. +, p30 GSDME.

(B) Kinetics of PI uptake following infection. PI+ nuclei were quantified hourly and plotted 

as a percentage of total nuclei detected.

(C) Kinetics of TMRE loss following treatment with cycloheximide (50 μg/ml) or 

puromycin (2.5 μg/ml). Data are plotted as a percentage of TMRE staining detected in 

DMSO-treated cells.
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(D) Immunoblots of cell lysates harvested from primary human keratinocytes treated with 

cycloheximide (50 μg/ml) or puromycin (2.5 μg/ml). +, p30 GSDME.

(E-F) Kinetics of PI uptake following treatment with cycloheximide (50 μg/ml) or 

puromycin (2.5 μg/ml) in (E) primary human keratinocytes in the presence or absence of 

z-VAD-FMK (20 μM) or (F) in Cas9 control or GSDME-deficient NOKs. PI+ cells were 

quantified and plotted as in (B).

(G)(left) Immunoblots of lysates from primary human keratinocytes transduced with Tet­

inducible shRNA lentiviruses treated with DMSO or doxycycline for 24 hrs. (right) Kinetics 

of PI uptake in Tet-inducible shRNA transduced primary human keratinocytes treated with 

DMSO or doxycycline. PI+ cells were quantified and plotted as in (B).

(H and I) Immunoblots of cell lysates from primary human keratinocytes (H) infected with 

VSV (MOI 10) or (I) treated with cycloheximide (50 μg/ml) or puromycin (2.5 μg/ml).

(J) (left) Immunoblots of pooled Cas9-control or BAD-deficient NOKs. (right) Kinetics of 

PI uptake in Cas9-control or BAD-deficient NOKs infected with VSV (MOI 10). PI+ cells 

were quantified and plotted as in (B).

(K) (left) Immunoblots of Tet-On shMCL-1 transduced primary keratinocytes nucleofected 

with indicated plasmids followed by treatment with doxycycline for 24 hrs. (right) PI uptake 

in nucleofected Tet-On shMCL-1 transduced keratinocytes. PI+ nuclei were quantified at 

24 hr post-doxycycline treatment and plotted as a percentage of total nuclei detected. Data 

represent the average of at least three-independent experiments +/ SEM. Student’s t test: 

*p<0.05, **p<0.01. Please also see Figures S2 and S4.
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Figure 6: HSV-1 infection inhibits GSDME-dependent membrane permeability via expression of 
ICP27
(A-B) Primary human keratinocytes were infected with HSV-1 KOS (MOI 10) or VSV 

(MOI 10). A) Immunoblots of mock or virus-infected cell lysates harvested at 4, 8, 24 hpi. 

+, p30 GSDME. B) Kinetics of PI uptake following infection. PI+ nuclei were quantified 

hourly and plotted as a percentage of total nuclei detected.

(C-D) Primary human keratinocytes were infected with HSV-1 d27-1(MOI 10), HSV-1 

d27-1R1a (MOI 10) or VSV (MOI 10). (C) Immunoblots of mock or virus-infected cell 

lysates harvested at 8, 24, 32 hpi. +, p30 GSDME. (D) Kinetics of PI uptake following 

infection. PI+ cells were quantified and plotted as in (B).
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(E-F) Primary human keratinocytes were infected with HSV-1 d27-1 (MOI 10), HSV-1 

d27-1R1a (MOI 10) and treated with DMSO or z-VAD-FMK (20 μM).

(E) Immunoblots of mock or virus-infected cell lysates harvested at 24 hpi. +, p30 GSDME.

(F) Kinetics of PI uptake following infection. PI+ cells were quantified and plotted as in (B).

G) Immunoblots of cell lysates from primary keratinocytes transduced with lentiviruses 

expressing Mcl-1-myc or Bcl-xL and infected with HSV-1 d27-1 (MOI 10), HSV-1 d27-1 

R1a (MOI 10) or VSV (MOI 10). +, p30 GSDME.

(H) Kinetics of PI uptake in Vector, Mcl-1-myc or Bcl-xL expressing lentivirus transduced 

primary keratinocytes (top) infected with HSV-1 d27-1 (MOI 10) or (bottom) treated with 

talabostat (30 μM). PI+ nuclei were quantified and plotted as in (B)

(I) Kinetics of PI uptake in Cas9-control or GSDME-deficient NOKs infected with HSV-1 

d27-1 (MOI 10). PI+ nuclei were quantified and plotted as in (B). Please also see Figures S3 

and S4.
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Figure 7: Inhibition of mitochondrial cell death inhibits IL-1-dependent cell-to-cell 
communication and promotes virus replication in human skin organoids
(A) Viral titers from primary human keratinocytes transduced with empty vector or Bcl-xL­

expressing lentiviruses and infected with VSV (MOI 0.1) were quantified by plaque assay.

(B) H&E staining of HSEs constructed with primary human keratinocytes transduced with 

empty vector or Bcl-xL-expressing lentiviruses. Scale bar, 360 μm.

(C-D) HSEs constructed in (B) were infected with VSV (10^4 pfu). (C) Total RNA from 

individual tissue layers was isolated at 24 hpi and CXCL8 transcripts were quantified by 

qRT-PCR. Results are plotted relative to TBP. (D) Supernatants from VSV infected HSEs 

were harvested at 24 hpi and infectious virus was quantified by plaque assay. (A) Data 

are the average three-independent experiments +/− SEM. (B, C) Data are representative of 

three-independent experiments. (D) Data from three-independent experiments are plotted. 

Ratio t test: *p<0.05.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mcl-1 Rabbit mAb Cell Signaling Technology Cat#5453; RRID:AB_10694494

Bcl-xL Rabbit mAb Cell Signaling Technology Cat#2764; RRID:AB_2228008

VSV-M Mouse mAb Kerafast Cat#EB0011; RRID:AB_2734773

Monoclonal Anti-β-Actin Sigma Cat#A5441; RRID:AB_476744

PARP Rabbit mAb Cell Signaling Technology Cat#9532; RRID:AB_659884

Recombinant Anti-GSDME Abcam Cat#ab21519

GSDMDC1 Antibody Novus Biologicals Cat#NBP2-33422; 
RRID:AB_2687913

Caspase-3 Antibody Cell Signaling Technology Cat#9662; RRID:AB_331439

Casapse-8 Rabbit mAb Cell Signaling Technology Cat#4790; RRID:AB_10545768

Caspase-1 Rabbit mAb Cell Signaling Technology Cat#3866; RRID:AB_2069051

Anti-HSV-1/2 ICP27 Antibody Santa Cruz Biotechnology Cat#sc-69806; 
RRID:AB_1124272

Anti-VP16 (1-21) Antibody Santa Cruz Biotechnology Cat#sc-7545; RRID:AB_628443

Anti-HSV 1 ICP4 Immediate Early Protein antibody [10F1] Abcam Cat#ab6514; RRID:AB_305537

Purified Mouse Anti-Bad Clone 48/Bad BD Biosciences Cat#610391; RRID:AB_397774

Bad (D24A9) Rabbit mAb Cell Signaling Technology Cat#9239; RRID:AB_2062127

Phospho-Bad (Ser112) Antibody Cell Signaling Technology Cat#9291; RRID:AB_331417

Phospho-Bad (Ser136) Antibody Cell Signaling Technology Cat#4366; RRID:AB_10547878

Anti-GFP Antibody Abcam Cat#ab1218; RRID:AB_298911

Peroxidase AffiniPure Goat Anti-Rabbit IgG (H+L) Jackson ImmunoResearch Cat#111-035-144; 
RRID:AB_2307391

Peroxidase AffiniPure Goat Anti-Mouse IgG (H+L) Jackson ImmunoResearch Cat#115-035-003; 
RRID:AB_10015289

Viperin (RSAD2) Rabbit mAb Cell Signaling Technology Cat#13996; RRID:AB_2734772

Bacterial and Virus Strains

wt VSV Provided by Dr. Sean Whelan (Whelan et 
al, 1995)

N/A

rVSV M51R Provided by Dr. Sean Whelan (Kopecky 
et al, 2001)

N/A

rVSV-eGFP Provided by Dr. Sean Whelan (Lee et al, 
2014)

N/A

HSV-1 KOS Provided by Dr. David Knipe N/A

HSV-1 d27-1 Provided by Dr. David Knipe (Rice and 
Knipe, 1990)

N/A

HSV-1 d27-1R1a Provided by Dr. David Knipe (Johnson et 
al, 2008)

N/A

Biological Samples

Normal human foreskin Human Skin Disease Research Center 
N/A (Brigham & Women’s Hospital)

N/A

Chemicals, Peptides, and Recombinant Proteins
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REAGENT or RESOURCE SOURCE IDENTIFIER

Recombinant human IL-1Ra Biolegend Cat#553902

Recombinant human TNFα Biolegend Cat#570102

BV6 Millipore Cat#533965

Cycloheximide Sigma Cat#C7698-1G

Polyethylenimine (PEI) Polysciences, Inc Cat#23966-1

Talabostat MedChemExpress Cat#HY-13233A

Amphotericin B ThermoFisher Cat#15290026

z-VAD-FMK Invivogen Cat#tlr-vad

Raptinal Sigma Cat#SML1745

Dimethyl Fumerate Provided by Dr. Katherine Fitzgerald 
(Humphries et al, 2020)

N/A

Propidium Iodide ThermoFisher Cat#P1304MP

Hoechst 33342 ThermoFisher Cat#H3570

Tetramethylrhodamine ethyl ester perchlorate (TMRE) MedChemExpress Cat#HY-D0985A

Carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone 
(FCCP)

MedChemExpress Cat#HY-100410

Doxycycline hyclate Sigma Cat#D9891

Disapase II Sigma Cat#D4693

Critical Commercial Assays

Monarch Total RNA Miniprep Kit NEB Cat#T2010S

In-Fusion HD cloning system Clontech Cat#639645

Taqman RNA-to-CT 1-Step Kit ThermoFisher Cat#4392653

SuperSignal West Pico Chemiluminescent Substrate ThermoFisher Cat#34577

SuperSignal West Femto Maximum Sensitivity Substrate ThermoFisher Cat#34094

Human IL-1α ELISA MAX kit Biolegend Cat#433404

Human IL-1β ELISA MAX kit Biolegend Cat#437004

Human Kertatinocyte Nucleofector Kit Lonza Cat#VPD-1002

CyQuant LDH cytoxicity assay ThermoFisher Cat#C20300

PureLink RNA mini kit ThermoFisher Cat#12183018A

Experimental Models: Cell Lines

HEK293T ATCC Cat#CRL-3216

BHK-21 Provided by Dr. Sean Whelan N/A

Vero-E11 Provided by Dr. David Knipe 
(Samaniego et al, 1995)

N/A

Normal Oral Keratinocytes (NOKs) Provided by Dr. Karl Munger N/A

Vero ATCC Cat#CCL-81

NIH/3T3 ATCC Cat#CRL-1658

Oligonucleotides

Human GAPDH Taqman primer/probe ThermoFisher Hs02786624_g1

Human CXCL8 Taqman primer/probe ThermoFisher Hs00174103_m1

Human TBP Taqman primer/probe ThermoFisher Hs00427620_m1
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REAGENT or RESOURCE SOURCE IDENTIFIER

sgCasp3 #1 GGAAGCGAATCAATGGACTC This paper N/A

sgCasp3 #2 ATGTCGATGCAGCAAACCTC, This paper N/A

sgCasp8 #1 GCCTGGACTACATTCCGCAA This paper N/A

sgCasp8 #2 TCCTTTGCGGAATGTAGTCC This paper N/A

sgGSDME #1 ATGAAGACTGGCTCTCTACG This paper N/A

sgGSDME #2 GTCGGACTTTGTGAAATACG This paper N/A

sgGSDMD #1 TCTCCGGACTACCCGCTCAA This paper N/A

sgBAD #1 GCTGGTGACTGGCGTCCCAC This paper N/A

sgBAD #2 GCTATGGCCGCGAGCTCCGG This paper N/A

shScramble GTGGACTCTTGAAAGTACTAT Elgendy et al, 2017 N/A

shMcl1 GCCTAGTTTATCACCAATAAT Elgendy et al, 2017 N/A

Recombinant DNA

pRRL-Cas9-Puro Provided by Dr. Dan Stetson, (Eckard et 
al., 2014)

N/A

psPAX2 Provided by Dr. Dan Stetson, (Eckard et 
al., 2014)

N/A

pVSV-G Provided by Dr. Dan Stetson, (Eckard et 
al., 2014)

N/A

pcdna3 Bad (WT Bad) Addgene, (Harada et al., 2001) Cat#8778

pcdna3 Bad S112A S136A (Bad 2SA) Addgene, (Harada et al., 2001) Cat#8779

pCDH-puro-Bcl-xL Addgene, (Cheng et al., 2013) Cat#46972

pLX307 MCL-1 Addgene, (Hong et al., 2019) Cat#117726

pCDH-EF1-FHC Addgene, (Yousefzadeh et al, 2014) Cat#64974

Tet-pLKO-puro Addgene, (Wiederschain et al., 2009) Cat#21915

Software and Algorithms

Gen5 Software BioTek N/A

Graphpad Prism 9 GraphPad Software N/A
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