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SUMMARY

Cellular inflammasome activation causes caspase-1 cleavage of the pore-forming protein 

gasdermin D (GSDMD) with subsequent pyroptotic cell death and cytokine release. Here, we 

clarify the ambiguous role of the related family member gasdermin E (GSDME) in this process. 

Inflammasome stimulation in GSDMD-deficient cells led to apoptotic caspase cleavage of 

GSDME. Endogenous GSDME activation permitted sublytic, continuous interleukin-1β (IL-1β) 

release and membrane leakage, even in GSDMD-sufficient cells, whereas ectopic expression led to 

pyroptosis with GSDME oligomerization and complete liberation of IL-1β akin to GSDMD 

pyroptosis. We find that NLRP3 and NLRP1 inflammasomes ultimately rely concurrently on both 

gasdermins for IL-1β processing and release separately from their ability to induce cell lysis. Our 

study thus identifies GSDME as a conduit for IL-1β release independent of its ability to cause cell 

death.
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In brief

Gasdermin D is the immediate effector of pyroptosis after cellular inflammasome activation. Zhou 

and Abbott demonstrate that the homologous gasdermin E is activated secondarily to release of 

IL-1β in a sublytic phase that is independent of cell lysis, which requires higher gasdermin E 

presence and substantial pore formation.

INTRODUCTION

The innate immune system helps tailor an adaptive immune response to offending 

pathogens, and the induction of a pro-inflammatory cell death, termed pyroptosis, amplifies 

this response. Pyroptosis typically initiates after activation of a cellular inflammasome and 

most often results in activation of the pore-forming protein gasdermin D (GSDMD). 

Inflammasomes are supramolecular organizing centers that locally concentrate the 

inflammatory protease caspase-1 (CASP1) via its caspase activation and recruitment 

domain, or CARD, for proximity-induced auto-activation (Martinon et al., 2002). CASP1 

drives inflammatory cell death through GSDMD activation and magnifies an immune 

response by cleavage of interleukin-1β (IL-1β) to allow its mature form to be released along 

with other cytokines (He et al., 2015; Kayagaki et al., 2015; Shi et al., 2015).

Each member of the gasdermin family contains an N-terminal pore-forming domain and a 

C-terminal autoinhibitory domain separated by a linker region. Of these family members, 

GSDMD is the best studied (Aglietti et al., 2016; Ding et al., 2016; Liu et al., 2016, 2019; 

Ruan et al., 2018). GSDMD can be cleaved by CASP1 after canonical inflammasome 

activation or by CASP4 after direct caspase detection of intracellular bacterial 

lipopolysaccharide (LPS) (Hagar et al., 2013; Kayagaki et al., 2015). More recently, a small-

molecule inhibitor driving new putative NLRP1/CARD8 inflammasomes was described also 

to act through GSDMD (Johnson et al., 2018; Okondo et al., 2017). Proteolysis of GSDMD 

disinhibits association of the pore-forming domain with acidic membrane phospholipids, and 

membrane insertion promotes dimerization and further oligomerization of the pore-forming 

domain into heterogeneous pores ranging from 6 to 20 nm of inner diameter (Aglietti et al., 

2016; Ding et al., 2016; Sborgi et al., 2016). These pores have been shown to allow exodus 

of smaller proteins, such as IL-1β, while the cell remains viable (Evavold et al., 2018; Heilig 

et al., 2018). During this interval, termed the sublytic phase, the pores also promote 
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uncontrolled diffusion of ions and eventual full loss of membrane integrity, leading 

ultimately to cellular demise in the lytic phase. The underlying cellular mechanisms of 

GSDMD transition from the sublytic to lytic phase are unclear.

The next best-studied gasdermin family member is gasdermin E (GSDME). Initially 

described as a genetic cause of hearing loss (van Camp et al., 1995), GSDME was more 

recently characterized as a pyroptosis-inducing protein that is cleaved by apoptosis-

associated CASP3 rather than inflammatory CASP1 or CASP4 (Rogers et al., 2017; Wang et 

al., 2017). The cleaved N-terminal fragment of GSDME was initially suggested to function 

nearly identically to the GSDMD pore-forming domain (Rogers et al., 2019; Yu et al., 2019; 

Zeng et al., 2019), yet conflicting reports (Chen et al., 2019; Heilig et al., 2020; Lee et al., 

2018; Sarhan et al., 2018; Tixeira et al., 2018) were unable to ascribe pyroptotic activity to 

GSDME. Notably, there has been scant direct evidence of GSDME cleavage and 

oligomerization preceding lysis in a cell (Rogers et al., 2019). Finally, no study has actually 

directly shown GSDME to be responsible for GSDMD-independent IL-1β release after 

inflammasome activation, although this conclusion has been inferred in multiple studies 

(Aizawa et al., 2020; Monteleone et al., 2018; Sagulenko et al., 2018; Schneider et al., 

2017).

In this work, we unify previous observations by showing within a single model system that 

higher GSDME concentration is sufficient to drive intracellular oligomerization and cell 

lysis after NLRP3 and NLRC4 inflammasome activation. We identify a previously 

undescribed GSDME sublytic phase in which GSDME pores allow substantial IL-1β release 

over time, akin to GSDMD. Finally, we observe a codependency for both gasdermins, 

although not their lytic capabilities, in Val-boroPro (VbP)-induced IL-1β processing and 

release. Our results thus reveal a parallel system of cytokine release by pore-forming 

gasdermins that is segregated from their ability to instigate lytic cell death.

RESULTS

Inflammasome activation triggers apoptotic cascade and GSDME cleavage in GSDMD-
deficient macrophages

To study cellular consequences of inflammasome activation when classical pyroptotic 

executors are absent, we terminally differentiated wild-type and GSDMD−/− human THP-1 

monocyte-like cells into macrophages with phorbol 12-myristate 13-acetate (PMA), then 

activated the NLRP3 inflammasome with nigericin. For wild-type cells, traditional 

hallmarks of GSDMD-associated lytic cell death were present: cell swelling, membrane 

permeability as measured by propidium iodide influx, and overt cell lysis as assessed with 

supernatant lactate dehydrogenase (LDH) activity (Figures 1A and 1B). Morphologically, 

we noted that classically pyroptotic cells also appeared speckled and translucent under light 

microscopy (Figure 1A). Genetic deletion of GSDMD prevented these sequelae at early 

times, yet these knockout cells eventually manifested cell death characteristics, as others 

have observed (He et al., 2015; Heilig et al., 2020; Kayagaki et al., 2015). A few classically 

pyroptotic cells were noted, but also present were apoptotic bodies and opaque, swollen 

cells. To rule out inflammasome-independent nigericin effects, we pre-incubated cells with 

Zhou and Abbott Page 3

Cell Rep. Author manuscript; available in PMC 2021 May 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



NLRP3 inhibitor MCC950 and observed abrogation of cell lysis in GSDMD−/− cells (Figure 

1B), consistent with this residual death being an inflammasome-driven event.

To determine whether secondary activation of apoptotic caspases at the inflammasome 

(Heilig et al., 2020; Lee et al., 2018; Sagulenko et al., 2013, 2018) could be responsible for 

delayed cell death, we queried caspase activation after treatment with nigericin or the 

bacterium S. typhimurium, an NLRC4 inflammasome activator (Zhang et al., 2015). THP-1 

macrophages treated with nigericin (Figure 1C) exhibited GSDMD cleavage and depletion 

of cellular protein over 4 h (Davis et al., 2019). In contrast, GSDMD−/− cells showed the 

presence of the residual CASP1 large catalytic p20 subunit (Boucher et al., 2018) and active 

subunits of apoptotic caspases, whereas wild-type cells expelled CASP1 p20 into the 

supernatant fraction. Also observed was cleavage of GSDME into its p30 pore-forming 

domain. Treatment with S. typhimurium showed comparable results (Figure 1D). Our results 

mirror those from other recent reports showing apoptotic caspase-driven GSDME cleavage 

downstream of inflammasome activation (Aizawa et al., 2020; Heilig et al., 2020; Tsuchiya 

et al., 2019; Zeng et al., 2019). To study an orthogonal system, we similarly treated 

immortalized murine bone marrow macrophages (iBMMs) described previously (Rathkey et 

al., 2018). Wild-type and Gsdmd−/− iBMMs showed a similar apoptotic caspase activation 

and morphological changes (Figures S1A–S1C), but the residual cell death upon Gsdmd 
deletion was blunted compared with THP-1 cells (Figure 1E). Notably, we did not detect 

GSDME in this lineage of iBMM. Taken together, these data initially suggested that 

macrophages undergoing inflammasome stimulation lose membrane integrity in the absence 

of GSDMD only when GSDME is present, and that this process depends on cellular 

expression and possibly species specificity.

Endogenous GSDME permits IL-1β release with limited secondary pyroptosis

Because Gsdmd−/− murine iBMMs lacked both GSDME and delayed cell death, we 

hypothesized that GSDME expression underlay species differences in secondary necrotic 

death post-inflammasome activation. To test this hypothesis, we generated GSDMD
−/−GSDME−/− double knockouts in human THP-1 cells. Nigericin treatment revealed greatly 

reduced propidium iodide influx with a small drop in cell lysis as compared with GSDME-

sufficient GSDMD−/− cells (Figure 2A). Thus, although some of the overt lysis in double-

knockout cells was attributable to gasdermin-independent events, GSDME was responsible 

for almost all of the membrane leakage, with no clear morphological difference between 

treated single- and double-knockout cells (Figure 2B). Notably, GSDME single deletion did 

not alter cell death parameters in response to nigericin (Figure S2A), although somewhat 

increased GSDMD cleavage was noted (Figure S2B).

This pattern of membrane leakiness without full lysis is most consistent with sublytic pores 

acting as a conduit for IL-1β as described for GSDMD (Evavold et al., 2018; Heilig et al., 

2018). Therefore, we hypothesized that in our system, GSDME may be acting similarly, 

with overt lysis being prevented by multiple factors, such as membrane repair, insufficient 

pore number, or other undetermined mechanisms (Evavold et al., 2018; Heilig et al., 2018; 

Rühl et al., 2018). Thus, we next explored release of the cytokine IL-1β by THP-1 

macrophages treated with nigericin or S. typhimurium (Figures 2C and 2D). Immunoblots 
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showed that whereas wild-type cells readily released almost all intracellular, mature IL-1β to 

the cell-free supernatant, GSDMD−/− cells retained most mature IL-1β within the cell with 

modest release increasing over time and S. typhimurium treatment eliciting a slower effect. 

Double-gasdermin deletion further prevented release of both pro-IL-1β and mature p17 

IL-1β into the supernatant, indicating dependency on GSDME, and this result was 

confirmed with two individual clones (Figure S3). We also noted baseline secretion of pro-

IL-1β in untreated cells over the experimental time course, probably reflecting other 

mechanisms of GSDMD-dependent IL-1β secretion, such as the recently reported 

endosomal pathway (Bulek et al., 2020).

To quantify the dependency of IL-1β release on gasdermins, we conducted an extended time 

course of double and both individual gasdermin knockouts in THP-1 macrophages with 

nigericin treatment (Figure 2E). We found that control cells quickly released a large amount 

of IL-1β, which then increased over a day. GSDME-attributable IL-1β release in GSDMD−/− 

similarly rose over a day without the initial bolus. IL-1β release attributable to GSDMD 

alone in GSDME−/− cells, which exhibit similar lysis and propidium iodide uptake as control 

cells (Figure S2B), peaked at 2 h and remained level over a day, and double knockouts 

exhibited greatly diminished IL-1β release. Thus, the two gasdermins were almost fully 

responsible for all IL-1β release in a parallel yet seemingly additive manner with different 

kinetics. In support of this conclusion, wild-type THP-1 IL-1β release resembled the sum of 

that in the individual knockout cell lines. Thus, endogenous THP-1 GSDME is able to 

support movement of small ions and IL-1β across intact cell membrane with limited actual 

cellular lysis.

GSDME expression level determines secondary pyroptosis

For GSDMD, lack of lytic action is caused by too little cellular homeostatic disruption, 

purportedly because of insufficient spatial concentration of pores (Evavold et al., 2018). We 

reasoned that if GSDME followed a similar paradigm, simply increasing the steady-state 

concentration of full-length GSDME would confer lytic, secondary pyroptosis to cells. We 

thus virally overexpressed human GSDME and the non-cleavable GSDMED270A variant 

(altered at the CASP3 cleavage and activation site) into THP-1 double-knockout 

macrophages. Micrographs of cells reconstituted with wild-type GSDME and treated with 

nigericin showed the presence of swollen, pyroptotic cells with propidium iodide staining, 

whereas the negative controls, i.e., double-knockout and caspase-immune GSDME cells, did 

not (Figure 3A). Quantification of propidium iodide uptake and cell lysis further showed 

higher cell lysis per propidium iodide-positive cell (Figure 3B), in contrast with GSDMD−/− 

cells expressing endogenous, lower levels of GSDME (Figure 2A). Immunoblots of these 

cells additionally pretreated with NLRP3 inhibitor MCC950 or pan-caspase and calpain 

inhibitor z-VAD-fmk revealed, as expected, substantial mature IL-1β release only in wild-

type, non-inhibited GSDME-competent cells, and the non-cleavable variant did not impair 

either CASP3 activation or generation of p17 IL-1β (Figure 3C).

Next, we wanted to address the initial observations that murine Gsdmd−/− iBMMs did not 

exhibit meaningful amounts of delayed cell death (Figures S1A–S1C) using orthologous 

expression of human GSDME. Gsdmd-sufficient cell lines primed with bacterial LPS and 
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then treated with nigericin exhibited similar, high measures of lysis and propidium iodide 

influx, with no meaningful effect of concurrent GSDME expression, while in Gsdmd−/− 

iBMMs, wild-type, but not non-cleavable, GSDME overexpression was able to recapitulate 

this phenotype (Figure 3D). Similarly, only wild-type GSDME was able to mirror the 

pyroptotic morphology conferred in primary pyroptosis by Gsdmd (Figure 3E). 

Immunoblots showed that in the presence of either active gasdermin, cleaved IL-1β was 

released almost in its entirety (Figure 3F). We again observed depletion of antibody-reactive 

protein within the 2 h of nigericin treatment, accounting for, for example, loss of CASP3 

immunoreactivity. In summary, these results indicated that increasing the amount of 

GSDME in cells is sufficient to transform sublytic activation to bona fide lysis, and that this 

pathway is conserved between mouse and human.

Sublytic GSDME activity transitions to oligomer pore-dependent lysis

We next sought to confirm biochemically whether GSDME forms pores as GSDMD does to 

act as a plasma membrane channel for IL-1β and propidium iodide. One measure of pore 

formation is observation by immunoblot of higher-order gasdermin p30 forms. GSDMD first 

dimerizes, and the dimers subsequently oligomerize into higher-order structures, and this 

process is targetable by small-molecule inhibitors (Hu et al., 2020; Rathkey et al., 2018). In 

wild-type and GSDMD−/− THP-1 cells, treatment with nigericin induced GSDMD or 

GSDME cleavage, respectively (Figure 4A). When cell lysates were prepared under non-

reducing conditions to maintain monomer association, we detected GSDMD dimers, but not 

appreciable GSDME self-association. Upon GSDME rescue in double-knockout cells, 

however, we did observe the GSDME p30 dimer (Figure 4B). In the murine iBMM system, 

we observed similar results, except GSDMD and GSDME dimers and an oligomer smear 

were detected (Figure 4C).

Finally, we asked whether the GSDME response was binary or a transition, i.e., if sublytic 

activation with concomitant IL-1β release and propidium iodide influx was present prior to 

secondary pyroptosis and cell lysis. To test this hypothesis, we performed a detailed time 

course over 2 h of nigericin treatment comparing wild-type to Gsdmd−/− with GSDME cells, 

in essence comparing the two gasdermins directly (Figures 4D and 4E). GSDMD activation 

caused maximum propidium iodide influx by 20 min, but not full lysis, measured by 

released LDH activity, until between 40 and 60 min. However, GSDME cleavage was 

apparent by 20 min and nearly complete by 40 min, yet a greater proportion of IL-1β p17 

remained intracellular in the first hour. Compared with GSDMD, a similar transition point 

for GSDME between 60 and 80 min was observed, whereby increased IL-1β release 

coincided with both an increase of cell lysis (Figure 4D) and GSDME p30 dimer formation 

in non-reducing conditions (Figure 4E, bottom panel). This slower lysis coincides with the 

stoichiometrically lower presence of GSDME dimer versus the GSDMD dimer, even when 

overexpressed. In other words, for GSDME overexpression, we observed a sublytic phase 

similar to in THP-1 cells with endogenous GSDME, yet also an eventual transition to full 

lytic phase with greater IL-1β release and cellular demise.
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Gasdermins segregate VbP pyroptosis from IL-1β release

Having established a role for GSDME in secondary IL-1β release from cells upon NLRP3 

and NLRC4 inflammasome stimulation in the absence of GSDMD, we next asked whether 

this pathway extended to other inflammasomes. We treated our THP-1 cell lines with VbP, a 

small-molecule inhibitor of the two serine proteases dipeptidyl peptidase 8 and 9. VbP 

induces death with pyroptotic characteristics in a CASP1-dependent manner through either 

the NLRP1 inflammasome or another protein, CARD8, also containing a CARD, although 

exact mechanisms remain elusive (Gai et al., 2019; Johnson et al., 2018; Okondo et al., 

2017). One of these studies (Johnson et al., 2018) noted that cell lines, including THP-1, 

treated with VbP exhibited LDH release and loss of viability but variable, sometimes even 

minimal, GSDMD cleavage. We hypothesized that GSDME instead underlies some of the 

cellular outcomes from VbP treatment.

We treated control or gasdermin-deficient THP-1 cells with VbP or with nigericin as a 

pyroptosis-positive control (Figure 5A). GSDME or GSDME deficiency resulted in a 

striking lack of secreted IL-1β in response to VbP, but as opposed to constrained release of 

processed cytokine in nigericin-treated GSDMD−/− cells, removal of either gasdermin 

resulted in less production of the cleaved IL-1β. The double gasdermin knockout further 

diminished cleaved IL-1β in both compartments, suggesting parallel instead of redundant 

pathways for IL-1β activation. These data indicate that more complicated signaling 

pathways, such as cooperativity or feed-forward loops, for GSDMD and GSDME in VbP 

treatment.

IL-1β release was dissociated from cell death in these assays, however. Analysis of cell 

death parameters upon VbP treatment revealed modest cell death compared with nigericin-

treated cells (25% versus 75% for nigericin in Figure 1B). This resulted regardless of 

gasdermin presence, because double-knockout cells exhibited the same amount as control 

cells (Figure 5B). However, GSDMD sufficiency in wild-type cells seemed to accelerate cell 

death toward this level. More surprising was that GSDME deletion exacerbated the 

GSDMD-dependent necrotic death, and cell morphology in these and control cells 

resembled classically pyroptotic cells (Figure 5C). In contrast with the NLRP3 and NLRC4 

models, then, GSDME dissociated IL-1β processing from pyroptotic cell death.

Last, we tested the role of caspase activation in the VbP system by co-treating with the pan-

caspase inhibitor z-VAD-fmk (Figure 5D). These experiments revealed that the baseline 

VbP-induced cell death in cells without GSDMD was completely blocked by caspase 

inhibition. However, the GSDMD-dependent death, in wild-type and GSDME−/− cells, was 

not. Further, although CASP3 activation was effectively neutralized by z-VAD-fmk, the 

levels of CASP1 p20 were decreased but only shifted to a higher molecular weight. This 

shift possibly reflected the blockage of terminal autoprocessing of CASP1 at the 

interdomain linker site (Boucher et al., 2018), and our findings indicate a z-VAD-fmk-

resistant source of CASP1 activation in response to VbP treatment, a hypothesis consistent 

with the lower effectiveness of a CASP1 inhibitor in this system (Okondo et al., 2017). 

These data suggest that although both gasdermins can facilitate IL-1β processing and 

release, cell death mechanisms can be dissociated.
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In summary, our experiments have shown that GSDME underlies mature IL-1β release in a 

multitude of inflammasome-dependent contexts. On one hand, when GSDMD is absent, 

NLRP3 or NLRC4 stimulation causes GSDME to be activated downstream of the apoptotic 

cascade. Alternatively, VbP induced pyroptosis-like cell death that utilized cell death-

independent IL-1β processing that was dependent on the presence of gasdermins. Thus, 

gasdermin activation in general cannot be thought of as a straightforward cell death 

mechanism but depends heavily on cellular context ranging from activation method to 

protein abundance.

DISCUSSION

Similar domain architecture among gasdermin proteins initially led to the assumption of 

identical pyroptotic activity upon cleavage. Activation was assumed to take cues from 

cellular context to provide signal specificity for the all-or-nothing committal to concerted 

pyroptotic cell lysis and cytokine release. Thus, inflammatory caspases cleave GSDMD to 

cause pro-inflammatory pyroptosis, and GSDME-dependent lysis in an apoptotic 

environment would be immunologically silent. However, since the initial characterization of 

GSDMD (He et al., 2015; Kayagaki et al., 2015) and GSDME (Rogers et al., 2017; Wang et 

al., 2017), this simple model has been plagued with exceptions: GSDMD can instead be 

activated by apoptotic CASP8 (Orning et al., 2018; Sarhan et al., 2018); GSDMD can act as 

a channel for IL-1β in membrane-intact, living cells (Evavold et al., 2018; Heilig et al., 

2018); and GSDME cleavage may not lead to necrotic death (Lee et al., 2018; Tixeira et al., 

2018). Our study further challenges this initial dogma of gasdermin activation, showing that 

“apoptotically” activated GSDME possesses an immunological role. In stark contrast with 

the more commonly studied context of GSDME in cancer cells as an apoptosis-to-pyroptosis 

converter (Croes et al., 2019; Ding et al., 2020; Liang et al., 2020; Liu et al., 2020; Wang et 

al., 2017; Yu et al., 2019), we specifically establish a causal link between GSDME cleavage 

and mature IL-1β release into the extracellular space following inflammasome activation 

independent of cell death.

Further, our data address the discrepancies regarding the ability of cleaved GSDME to 

initiate pyroptosis, finding that a sufficient concentration of GSDME was necessary for 

dimerization and oligomerization, as suggested recently (Chen et al., 2020a). Human THP-1 

macrophages do not possess sufficient GSDME for pore-induced cell death and detectable 

self-association (Figure 4A), but GSDME overexpression in both THP-1 and iBMM cells 

was sufficient to induce dimer and oligomer formation following nigericin treatment 

(Figures 4B and 4C). Importantly, we have directly demonstrated higher-order GSDME 

structures in cells, a principle that has been assumed but shown thus far only in a cell-free 

system (Rogers et al., 2019).

GSDME can function in either sublytic or lytic modes. In the former, low numbers of pores 

are postulated to act as a conduit for ions and small molecules, such as IL-1β. We did not 

explicitly observe sublytic pore formation, yet the combination of propidium iodide influx 

and IL-1β efflux with relatively low cell lysis, both attributable to endogenous GSDME, 

makes a strong case for this inference (Figures 2A, 2C–2E, and 4A). To engage in lytic 

activation, a critical threshold of pore number or local concentration need be surpassed, and 
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membrane integrity is irreversibly compromised. Although the terminal mechanisms 

underlying this Anal step are still unknown (Heilig et al., 2020), it results in expulsion of 

larger molecules, a process commonly approximated by LDH activity (Figure 3B). We 

provide evidence that these two modes can be transitional, rather than mutually exclusive, 

for both gasdermins in the iBMM orthologous GSDME expression model, wherein GSDMD 

and GSDME both exhibited a sublytic-to-lytic transition period with different kinetics 

(Figure 4D). This result reconciles previous studies showing either ability (Rogers et al., 

2017, 2019; Tsuchiya et al., 2019; Wang et al., 2017) or lack thereof (Chen et al., 2019; 

Heilig et al., 2020; Lee et al., 2018; Tixeira et al., 2018) by GSDME in induction of lytic cell 

death. In our experiments, lysis strictly coincided with presence of dimers and oligomers 

(Figures 5B and 5C), suggesting that any mechanisms opposing or delaying the lytic phase 

do so by removing or inhibiting higher-order GSDME structures.

More surprisingly, our findings also indicate that the immunological consequence of IL-1β 
release is independent of GSDME lytic death, because supernatant mature IL-1β increased 

gradually over time in both sublytic THP-1 and iBMM activation, but then en masse after 

lytic phase onset in murine iBMMs (Figures 2C–2E, 3C, and 4E). This mode of action for 

GSDME-dependent IL-1β release is consistent with some unexplained observations in 

recent studies. Monteleone et al. (2018) reported plasma membrane-localized murine IL-1β 
that was secreted in a fast, GSDMD-dependent manner, yet they also found a GSDMD-

independent fraction that was continuously released in a slower, non-lytic manner over at 

least 5 h, as we similarly quantified with GSDME-dependent release (Figure 2E). Schneider 

et al. (2017) separately characterized IL-1β release with secondary lytic pyroptosis in 

primary Gsdmd−/− murine bone marrow-derived dendritic cells undergoing apoptotic 

caspase activation, although they were not able to identify the effector. Finally, the Broz 

group recently found that GSDME was not necessary for CASP1-initiated, GSDMD-

independent secondary necrosis, yet they observed moderate amounts of IL-1β release and 

GSDME cleavage in Gsdmd-deficient murine bone marrow-derived macrophages (Heilig et 

al., 2020). Systematic comparison of GSDME expression and p30 self-association and 

among C57BL/6 primary and immortalized macrophages (Heilig et al., 2020; Monteleone et 

al., 2018), differentiated dendritic cells from crossed 129 and C57BL/6 mice (Schneider et 

al., 2017), and human cells would be necessary to further confirm our working model and 

rationalize species and cell-type differences.

Our central finding has implications for several lines of ongoing research. From the 

therapeutic standpoint, targeting GSDMD itself (Hu et al., 2020; Rathkey et al., 2018; 

Sollberger et al., 2018) may not be sufficient. In the case of IL-1β release, alternative release 

by GSDME over time may supersede GSDMD-dependent cellular lysis that terminates 

further IL-1β processing (Figure 2E). However, because our work was done in immortalized 

cellular models, whether physiologically relevant amounts of cytokine release in vivo are 

attained remains to be determined, although a recent preprint report noted a similar 

redundancy of GSDME for GSDMD in mice (Wang et al., 2021). In addition, our study, like 

most others, was performed under GSDMD deficiency or genetic ablation. Albeit a 

constructed condition in our work, cell types that are inflammasome competent and 

GSDMD deficient likely exist physiologically, and it is tempting to speculate that GSDME 

may act as the primary IL-1β conduit there. In contrast, when GSDMD is present, the 
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kinetics of GSDME activation pathways likely differ. Follow-up studies using knockin 

GSDMD polymorphic variants, various expression levels as in physiology, or caspase-

immune D276A versions may result in different conclusions, as use of the Casp1C284A 

mouse model versus knockouts has shown (Aizawa et al., 2020; Schneider et al., 2017).

Overall, results from our study and other similar recent reports coalesce in a redundant 

network of lytic cell death and cytokine release, a notion supported by discovery of 

mitochondrial crosstalk between GSDMD and GSDME (Rogers et al., 2019) and 

enhancement of inflammasome-dependent CASP3 processing through a mitochondrial axis 

(Heilig et al., 2020), hence blurring the lines of single gasdermin reliance in any cell death 

process. Along these lines, our results with VbP treatment of THP-1 cells indicated that even 

when both GSDMD and GSDME are present, they need not follow the paradigm of 

GSDMD primacy in either cell death or cytokine release. Here, both GSDMD and GSDME 

are important for IL-1β release and, surprisingly, processing, in a cooperative manner, as 

either single deletion disproportionately reduced IL-1β cleavage and output (Figure 5A). 

However, we found that GSDME single deletion was unexpectedly deleterious for cell 

viability. This finding further emphasizes the dissociation of IL-1β release through 

gasdermin conduits from lytic cell death.

Of note, non-differentiated THP-1 monocytes treated with VbP were previously shown to 

utilize the ASC-independent CARD8 inflammasome, with weak cytokine processing, as 

opposed to the fully effective NLRP1 inflammasome (Johnson et al., 2018). Although the 

relative contributions of these two inflammasomes in differentiated THP-1 macrophages 

may differ from monocytic conditions, it is also likely that in our system, activation of either 

gasdermin as a conduit may trigger downstream, feedforward NLRP3 activation, similarly to 

the non-canonical NLRP3 inflammasome or with pannexin-1 activity (Chen et al., 2020b; 

Kayagaki et al., 2013). Determination of the complex steps of intertwined activation and 

lytic pathways will be a strong focus in upcoming research as the mechanisms of individual 

pathways are resolved. Some investigators have recently suggested that the definition of 

pyroptosis be refined to necrotic gasdermin-dependent cell death with indifference to 

upstream activators (Broz et al., 2020). Our data indicate that this definition could be 

difficult to consolidate. As demonstrated, sublytic gasdermin activation permits a subset of 

activity, such as cytokine release, but downstream effectors, as in the case of VbP 

inflammasome activation, may be the ultimate arbiters of cell death.
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Materials availability—Plasmids and cell lines generated in this study will be available 

internationally upon request with appropriate materials transfer agreements.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mammalian Cell Lines—Murine Nlrp3−/− immortalized bone marrow-derived 

macrophages overexpressing FLAG-NLRP3 and mCerulean-ASC (in summation referred to 

as iBMMs) were a gift from Eicke Latz and were characterized previously (Rathkey et al., 

2018). DMEM with 10% SuperCalf serum (GeminiBio), 100 U mL−1 penicillin, and 100 μg 

mL−1 streptomycin was used as culture medium. Human THP-1 cells (TIB-202; American 

Type Culture Collection) were cultured in RPMI with 10% fetal bovine serum (Gemini Bio), 

100 U mL−1 penicillin, and 100 μg mL−1 streptomycin. THP-1 and iBMMs were routinely 

tested for mycoplasma contamination by PCR.

METHOD DETAILS

Cell Line Modifications—Knockouts of iBMM Gsdmd were generated previously with 

stable lentiviral expression of FLAG-Cas9 and sgRNA targeting the protospacer adjacency 

motif at 77TGG (Russo et al., 2016) using pLentiCRISPRv2 (Addgene, a gift from Feng 

Zhang). THP-1 GSDMD knockouts were made with lentiviral targeting of 11CCT(−). These 

cell lines were selected with puromycin, 10 μg mL−1 for iBMM and 3 μg mL−1 for THP-1, 

for two weeks, then single cell clones were confirmed for knockout with immunoblotting 

and genomic DNA sequencing. THP-1 GSDME knockouts in control and GSDMD−/− cells, 

targeting 653CCT(−) and 170CCC(−) respectively, were generated with nucleoporation of 

Cas9 protein (Integrated DNA Technologies) coupled with Alt-R tracrRNA and Alt-R 

crRNA (Integrated DNA Technologies) according to manufacturer protocols. The 4D-

Nucleofector, SG cell line kit, and default THP-1 program (Lonza) were used for transient 

Cas9 transfection and gene editing. Single cell clones per line were obtained by limiting 

dilution and verified with immunoblot and genomic sequencing.

For overexpression of GSDME and GSDMED270A, we used Gibson assembly to subclone 

open reading frames of the more common 142Pro human GSDME variant (NCBI reference 

sequence NM_004403.2) into a lentiviral expression plasmid with constitutive expression 

driven by the mammalian Elongation Factor-1α short promoter as described previously 

(Chirieleison et al., 2017). The expression cassette consisted of neomycin resistance coupled 

by a self-cleaving P2A peptide (Liu et al., 2017) to GSDME. This schema resulted in 

addition of a proline residue at the N terminus of GSDME. Transduced cells were selected 

with G418/geneticin (InvivoGen) at 0.5 μg mL−1 for three weeks, then total populations 

assayed for overexpression compared to knockouts with immunoblot.

Cell Culture Conditions—For experiments, iBMMS were seeded for overnight 

confluency. They were then primed with 0.2 μg mL−1 ultrapure S. minnesota 
lipopolysaccharide (InvivoGen) in fresh media for 4 hours. Cells were washed once in 

phosphate-buffered saline then incubated for treatment in live cell imaging solution (140 

mM NaCl, 2.5 mM KCl, 1.8 mM CaCl2, 1.0 mM MgCl2, and 20 mM HEPES at pH 7.4 and 

300 mOsm; ThermoFisher Scientific). THP-1 cells were differentiated terminally into 

adherent macrophages using 100 ng mL−1 PMA (MilliporeSigma) in fresh media for 16-18 

hours. Fresh media plus PMA was used for THP-1 seeding at 4 × 106 cells in 4 mL for 60 

mm plates or at 0.5 × 106 cells in 0.5 mL for 24-well dishes then replaced with fresh media 

for treatment. Treatment was staggered to achieve synchronous endpoints where possible.
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Inflammasome activation and drug treatment—Cellular inflammasomes were 

activated with log phase S. typhimurium (14028; American Type Culture Collection) at a 

multiplicity of infection of 10, with 20 μM nigericin (MilliporeSigma), or with 2 μM Val-

boroPro/Talabostat (R&D Systems) in 0.5 mL per well or 1.5 mL per plate. Propidium 

iodide at 1 μg mL−1 (ThermoFisher Scientific) was added concurrently for imaging 

experiments. The NLRP3 inhibitor MCC950 was used at 10 μM and pan-caspase and 

calpain inhibitor z-VAD-fmk at 20 μM for 30 minutes prior to inflammasome activation. 

Ethanol was used as a vehicle for 1000 × nigericin stock solution, DMSO for other 1000 × 

stock solutions.

Cell death assays—Propidium iodide influx was assayed directly through brightfield and 

epifluorescence images taken with 20 × objective magnification on a DM IL LED 

microscope (Leica Microsystems). Cell lysis was measured using the CyQUANT LDH 

Cytotoxicity Assay kit (ThermoFisher Scientific). Cellular supernatant was directly used, 

and maximum signal was obtained by lysing cells for 30 minutes in 1% Triton X-100. 

Absorbance of warmed media was used as baseline and subtracted from all other samples 

before dividing by the maximum signal for each cell genotype.

Immunoassays—For immunoblots and ELISA assays, cells were scraped with 

supernatant from plates and centrifuged at 20,000 × g for one minute. For cleaved human 

IL-1β ELISA (#437004, BioLegend), supernatant was then directly diluted and assayed. For 

immunoblots, cleared supernatant was incubated with 5 × SDS-PAGE sample buffer (5% 

sodium dodecyl sulfate, 0.25 M Tris pH 6.8, 50% glycerol, 5% β-mercaptoethanol) for 5 

minutes at 98°C. Cell pellets were washed with PBS, re-centrifuged, disrupted with lysis 

buffer (1% SDS, 1 mM EDTA, 0.01 M Tris pH 8, and 150 mM NaCl) at 25°C, and then held 

for 5 minutes at 98°C. Sample buffer was added to 1 × and samples held for 5 minutes at 

98°C. To assay gasdermin cleavage product dimerization and oligomerization, non-reducing 

lysis conditions were obtained by omitting β-mercaptoethanol from sample buffer.

Lysates and supernatant were separated using SDS-PAGE, and proteins were wet transferred 

onto 0.22 μm nitrocellulose membranes. Membranes were then washed with Tris-buffered 

saline with 0.01% Tween-20 (TBST) and incubated with primary antibody diluted in 5% 

bovine serum albumin in TBST for 16 hours at 4°C or 1-2 hours at 25°C. Membranes were 

washed thrice in TBST for 5 minutes then incubated with HRP-conjugated secondary 

antibody diluted in 5% milk in TBST for 1-2 hours at 25°C. Membranes were again washed 

thrice in TBST then developed with enhanced chemiluminescence.

Primary antibodies were used at 1:1000 dilution. Primary mouse-specific antibodies were 

CASP1 p20 (#AG-20B-0048-C100; AdipoGen Life Sciences), GSDMD (ab209845; 

Abcam), and IL-1β (AF-401-NA, R&D Systems). Human-specific antibodies were GSDMD 

(HPA044487, Atlas Antibodies) and IL-1β (AF-201-NA, R&D Systems). Dual specificity 

antibodies were GSDME (ab215191, Abcam), CASP1 p10 (ab179515, Abcam), CASP3 

(#9662, Cell Signaling Technology [CST]), CASP8 (#4790, CST), cleaved CASP8 (#9429, 

CST), CASP9 (#9508, CST). Secondary antibodies were used at 1:10,000-1:5000 dilution: 

anti-goat (sc-2354, Santa Cruz Biotechnology), anti-mouse (#7076, CST), and anti-rabbit 

(#7074, CST).
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QUANTIFICATION AND STATISTICAL ANALYSIS

Experiments were performed with at least three independent biological replicates. For 

propidium iodide quantification, at least 100 cells each in at least two random fields per 

replicate were manually counted in a non-blinded manner using the ImageJ cell counter 

module. Any visible trace of red channel pixels was considered a propidium iodide-positive 

cell. Data were compiled in Microsoft Excel and plotted using Graphpad Prism 8 as mean ± 

standard error of the mean. Exact values for statistical parameters are detailed in figure 

legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Inflammasome activation in the absence of gasdermin D activates gasdermin 

E

• Gasdermin E permits IL-1β release independent of cell death in a sublytic 

phase

• Lysis depends on substantial gasdermin E oligomerization and pore formation
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Figure 1. Inflammasome activation triggers apoptotic cascade and GSDME cleavage in GSDMD-
deficient macrophages
(A) Representative micrographs of human PMA-differentiated (100 ng/mL, 16 h) wild-type 

and GSDMD−/− THP-1 cells treated with nigericin (20 μM) and incubated with cell-

impermeable propidium iodide dye to visualize membrane permeability upon inflammasome 

activation. Arrows indicate classically swollen pyroptotic cells that are transparent, speckled, 

and positive for propidium iodide uptake. Arrowheads indicate atypical opaque, 

impermeable cells and apoptotic bodies.
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(B) Quantification of propidium iodide uptake and quantification of frank cell lysis by 

supernatant lactate dehydrogenase activity assay for similar experiments. For the latter, cells 

were also pre-treated with NLRP3 inhibitor MCC950 (10 μM, 0.5 h).

(C and D) Immunoblots of similar cells treated with nigericin (20 μM) to activate the 

NLRP3 inflammasome or S. typhimurium (MOI = 10) for the NLRC4 inflammasome. 

Combined supernatant and lysate were assayed to detect caspase-1 fragments expelled 

during pyroptosis.

(E) Quantification of propidium iodide uptake and quantification of cell lysis for wild-type 

and Gsdmd−/− murine immortalized bone marrow-derived macrophages (iBMMs) treated 

with S. typhimurium (MOI = 10) or primed with LPS (0.2 μg/mL, 4 h) before nigericin 

treatment (20 μM).

Scale bar, 50 μm. Graph bars represent mean ± standard error of biological replicates. Graph 

points represent pooled technical replicates per biological replicate. Immunoblots are 

representative of at least six independent experiments. Asterisks indicate cross-reactive S. 
typhimurium protein bands.

See also Figure S1.
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Figure 2. Endogenous GSDME permits IL-1β release with limited secondary pyroptosis
(A and B) PMA-differentiated (100 ng/mL, 16 h) wild-type, GSDMD−/−, and GSDMD
−/−GSDME−/− THP-1 cells treated with nigericin (20 μM) assessed for propidium iodide 

uptake, cell lysis through supernatant lactate dehydrogenase activity assay (A), and cell 

morphology by microscopy (B).

(C and D) Immunoblots of these cells treated with nigericin or S. typhimurium (MOI = 10).

(E) Mature IL-1β ELISA for supernatants of wild-type and indicated gasdermin knockout 

differentiated THP-1 treated with nigericin (20 μM).
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Immunoblots are representative of at least five independent experiments. Scale bar, 50 μm. 

Graph bars represent mean ± standard error of biological replicates. Graph points represent 

pooled technical replicates per biological replicate.

See also Figure S2.
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Figure 3. GSDME expression level determines secondary pyroptosis
(A) Micrographs of GSDMD−/−GSDME−/− THP-1 cells rescued with constitutively 

expressed wild-type or caspase-immune D270A GSDME, PMA differentiated (100 ng/mL, 

16 h), and treated with nigericin (20 μM).

(B) For similarly treated cells, quantification of propidium iodide uptake and quantification 

of cell lysis with supernatant lactate dehydrogenase activity assay.
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(C) Immunoblots of indicated PMA-differentiated cells pre-treated with NLRP3 inhibitor 

MCC950 (10 μM, 0.5 h) or pan-caspase and calpain inhibitor z-VAD-fmk (20 μM, 0.5 h) 

before exposure to nigericin (20 μM).

(D–F) Identical analyses of murine control or Gsdmd−/− iBMMs with orthologous 

expression of human GSDME or caspase-immune variant D270A.

Immunoblots are representative of at least four independent experiments. Scale bar, 50 μm. 

Graph bars represent mean ± standard error of biological replicates. Graph points represent 

pooled technical replicates per biological replicate.
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Figure 4. Sublytic GSDME activity transitions to pore-dependent lysis
(A and B) Immunoblots of PMA-differentiated (100 ng/mL, 16h) human THP-1 cells with 

the indicated genotypes were treated with nigericin (20 μM). Where noted, lysates were 

processed under non-reducing conditions to assess higher-order self-association of GSDMD 

or GSDME p30 fragments as a readout for pore formation.

(C–E) Murine immortalized bone marrow-derived macrophages were LPS primed (0.2 

μg/mL, 4 h) and treated with nigericin (20 μM) for up to 2 h and similarly prepared to assess 

gasdermin self-association.
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(D) Quantification of propidium iodide uptake and quantification of frank cell lysis by 

supernatant lactate dehydrogenase activity assay for similar experiments. Arrows indicate 

transition from sublytic phase to full-blown cell lysis.

Immunoblots are representative of at least three independent experiments. Graph bars 

represent mean ± standard error of biological replicates. Graph points represent pooled 

technical replicates per biological replicate.
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Figure 5. Gasdermins segregate Val-boroPro pyroptosis from IL-1β release
Indicated genotypes of PMA-differentiated (100 ng/mL, 16 h) human THP-1 cells were 

treated with NLRP1 inflammasome activator Val-boroPro (2 μM).

(A) Immunoblots of these cells also were treated with nigericin (20 μM, 3 h) as pyroptosis 

positive control.

(B) Quantification of propidium iodide uptake and cell lysis through supernatant lactate 

dehydrogenase activity assay.
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(C) Micrographs of Val-boroPro treatment. Arrows indicate classically pyroptotic cells that 

are swollen, speckled, transparent, and permeable to propidium iodide. Arrowheads indicate 

atypical, opaque cells that are impermeable to propidium iodide and opaque.

(D) Quantification of cell lysis induced with Val-boroPro with additional pretreatment with 

calpain and pan-caspase inhibitor z-VAD-fmk (20 μM, 0.5 h).

Scale bar, 50 μm. Immunoblots are representative of at least three independent experiments. 

Graph bars represent mean ± standard error of biological replicates. Graph points represent 

pooled technical replicates per biological replicate.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-Caspase-1 (p20, mouse) AdipoGen Life Sciences Cat# AG-20B-0042; 
RRID:AB_2490248

Rabbit monoclonal anti-GSDMD (mouse) Abcam Cat# ab209845; RRID:AB_2783550

Goat polyclonal anti-IL-1β (mouse) R&D Systems Cat# AF-401-NA; RRID:AB_416684

Rabbit polyclonal anti-GSDMD (human) Atlas Antibodies Cat# HPA044487; RRID:AB_2678957

Goat polyclonal anti-IL-1β (human) R&D Systems Cat# AF-201-NA; RRID:AB_354387

Rabbit monoclonal anti-GSDME Abcam Cat# ab215191; RRID:AB_2737000

Rabbit recombinant anti-Caspase-1 (p10 + p12) Abcam Cat# ab179515; RRID:AB_2884954

Rabbit polyclonal anti-Caspase-3 Cell Signaling Technology Cat# 9662; RRID:AB_331439

Rabbit monoclonal anti-Caspase-8 Cell Signaling Technology Cat# 4790; RRID:AB_10545768

Rabbit polyclonal anti-Caspase-8 (cleaved) Cell Signaling Technology Cat# 9429; RRID:AB_2068300

Mouse monoclonal anti-Caspase-9 Cell Signaling Technology Cat# 9508; RRID:AB_2068620

Monoclonal anti-goat IgG-HRP Santa Cruz Biotechnology Cat# sc-2354; RRID:AB_628490

Polyclonal anti-mouse IgG-HRP Cell Signaling Technology Cat# 7076; RRID:AB_330924

Polyclonal anti-rabbit IgG-HRP Cell Signaling Technology Cat# 7074; RRID:AB_2099233

Bacterial and virus strains

Salmonella enterica subsp. enterica serovar Typhimurium American Type Culture 
Collection

Cat# 14028

Chemicals, peptides, and recombinant proteins

Propidium iodide ThermoFisher Scientific Cat# P1304MP

Nigericin MilliporeSigma Cat# N7143

Val-boroPro/Talabostat R&D Systems Cat# 3719

Live cell imaging solution ThermoFisher Scientific Cat# A14291DJ

SuperCalf serum GeminiBio Cat# 100-510

Fetal bovine serum GeminiBio Cat# 100-106

Salmonella minnesota ultrapure lipopolysaccharide InvivoGen Cat# tlrl-smlps

Critical commercial assays

CyQUANT LDH Cytotoxicity Assay ThermoFisher Scientific Cat# C20301

Human IL-1β ELISA MAX Deluxe Kit BioLegend Cat# 437004

Experimental models: Cell lines

THP-1 human monocytic leukemia American Type Culture 
Collection

Cat# TIB-202, RRID:CVCL_0006

Immortalized murine bone marrow-derived macrophages 
overexpressing FLAG-NLRP3 and mCerulean-ASC (iBMMs)

Eicke Latz (De Nardo et al., 
2018)

N/A

iBMM Gsdmd−/− Rathkey et al., 2018 N/A

Oligonucleotides

Human GSDMD crRNA targeting 11CCT(−): 
TCTCCGGACTACCCGCTCAA

This paper N/A

Cell Rep. Author manuscript; available in PMC 2021 May 09.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Zhou and Abbott Page 29

REAGENT or RESOURCE SOURCE IDENTIFIER

Human GSDME crRNA targeting 653CCT(−): 
GTATAACTCAATGACACCGT

This paper N/A

Human GSDME crRNA targeting 170CCC(−): 
TTCTATGAGTACATCGCCAA

This paper N/A

Recombinant DNA

pLN.GSDME (third generation lentiviral vector based on 
pLentiCRISPR v2): EF-1α–PuroR–P2A–GSDME-WPRE

This paper N/A

pLN.GSDMED270A This paper N/A
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