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a b s t r a c t 

The newly identified cell death type, pyroptosis plays crucial roles in various diseases. Most recently, 

mounting evidence accumulates that pyroptotic signaling is highly correlated with coronavirus disease 

2019 (COVID-19). Thus, understanding the induction of the pyroptotic signaling and dissecting the detail 

molecular control mechanisms are urgently needed. Based on recent experimental studies, a core reg- 

ulatory model of the pyroptotic signaling is constructed to investigate the intricate crosstalk dynamics 

between the two cell death types, i.e., pyroptosis and secondary pyroptosis. The model well reproduces 

the experimental observations under different conditions. Sensitivity analysis determines that only the 

expression level of caspase-1 or GSDMD has the potential to individually change death modes. The de- 

crease of caspase-1 or GSDMD level switches cell death from pyroptosis to secondary pyroptosis. Be- 

sides, eight biochemical reactions are identified that can efficiently switch death modes. While from the 

viewpoint of bifurcation analysis, the expression level of caspase-3 is further identified and twelve bio- 

chemical reactions are obtained. The coexistence of pyroptosis and secondary pyroptosis is predicted to 

be observed not only within the bistable range, but also within proper monostable range, presenting 

two potential different control mechanisms. Combined with the landscape theory, we further explore the 

stochastic dynamic and global stability of the pyroptotic system, accurately quantifying how each compo- 

nent mediates the individual occurrence probability of pyroptosis and secondary pyroptosis. Overall, this 

study sheds new light on the intricate crosstalk of the pyroptotic signaling and uncovers the regulatory 

mechanisms of various stable state transitions, providing potential clues to guide the development for 

prevention and treatment of pyroptosis-related diseases. 

© 2021 Elsevier Ltd. All rights reserved. 
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. Introduction 

Cell death plays important roles in homeostasis and diseases. 

yroptosis, one of the major types of cell death has been widely 

tudied most recently [1] . Pyroptosis triggers a strong inflam- 

atory response, leading to the pathology of various diseases, 

uch as immune disease, metabolic disease, cardiovascular disease, 

lzheimer’s disease, and cancer [2–4] . Moreover, a recent clini- 
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al study shows that up to 63% of people infected with COVID-19 

re highly correlated with pyroptotic death signaling [5] . Currently, 

any pyroptotic signaling inhibitors have exerted great function 

n COVID-19 treatment. The inhibitors, such as chloroquine and 

ydroxychloroquine, have been reported to effectively prevent the 

inding of SARS-CoV-2, which has been included in the treatment 

uidelines of COVID-19 [6] . Anakinra and disulfiram, which prevent 

he inflammatory storm induced by pyroptotic signaling, was re- 

ently used in COVID-19 treatment experiment [7] . Thus, under- 

tanding the regulatory mechanism of pyroptotic signaling is ur- 

ent for disease prevention and treatment. 

Pyroptotic cell death is performed by the gasdermin family 

roteins, allowing the release of various damage/danger-associated 

olecular patterns (DAMPs), such as lactate dehydrogenase (LDH), 

https://doi.org/10.1016/j.chaos.2021.111724
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L-1 α, and IL-1 β , from the lytic cells [3] . The released DAMPs 

n turn bind to pattern recognition receptors (PRRs), inducing 

ubsequent inflammatory responses [8] . Pyroptosis is determined 

s a programmed cell death type since the executioner GSDMD 

as identified in 2015 [9–11] . GSDMD is the cleavage target for 

aspase-1. The cleaved GSDMD can form oligomeric pores on the 

ell membrane, promoting the release of inflammatory cytokine. 

he experiments found that GSDMD can also be activated by 

aspase-4/5 through non-canonical inflammatory signaling, while 

aspase-8 can directly cleave and activate GSDMD to induce py- 

optosis [12–16] . Moreover, in 2017, Shao and Rogers teams suc- 

essively identified that GSDME, which is also activated by the py- 

optotic signaling, is the executioner of secondary pyroptosis [17–

9] . Different from pyroptosis, the release of IL-1 β is absent in sec- 

ndary pyroptosis [20] . IL-1 β is a key factor for triggering and am- 

lifying the inflammatory response, causing cytokine storm and in- 

ucing various diseases [ 3 , 21 ]. 

In contrast to the various diseases triggered by pyroptosis, sec- 

ndary pyroptosis releases fewer inflammatory cytokines, which 

an reduce the occurrence of severe immune diseases [20] . Exper- 

ments confirmed that GSDME can inhibit tumor growth by en- 

ancing the anti-tumor function of cells [22] , and thus secondary 

yroptosis can act as a tumor suppressor for cancer treatment [23] . 

esides, the GSDME-derived caspase-3 inhibitors to protect mice 

rom acute hepatic failure have been developed [24] . Therefore, 

xploring the connectivity of pyroptosis and secondary pyroptosis 

nd their potential switching mechanisms are urgently needed. 

Great achievements have been made in the study of how cell 

ates are determined by the intricate pyroptotic signaling. High ex- 

ression level of GSDMD causes a rapidly induction of pyroptosis 

25] . While when GSDMD or caspase-1/11 is deficiency, activation 

f caspase-3 drives secondary pyroptosis in cells with a high ex- 

ression of GSDME [ 18 , 26–28 ], emphasizing the crosstalk dynam- 

cs of caspases, GSDMD and GSDME in specifying cell fates [29] . 

esides the experimental studies, network modeling is also a pow- 

rful approach to dissect the complicated regulatory mechanism of 

iological systems [30–33] . Bifurcation analysis has been success- 

ully employed to quantitatively elucidate the tumor-suppressive 

echanisms and cell-fate determination [34] . The biphasic roles 

f RIP1 in determining the distinct cell death outcomes have also 

een revealed recently [35] . To systematically explore the regu- 

atory mechanisms of the newly identified death types, a core 

egulatory network model is constructed based on the most re- 

ently experimental data. Both the sensitivity analysis and bifur- 

ation analysis are performed to address the underlying switch- 

ng mechanisms between pyroptosis and secondary pyroptosis. Be- 

ides, the recently developed potential landscape theory [36–38] is 

urther utilized to describe the stochastic dynamic and global sta- 

ility of the intricate crosstalk, which accurately quantifies the oc- 

urrence probability of different death modes. Overall, this study 
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(
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K 

n9 
GE _ C9 

+ [ GSDM
2 
akes a quantitative analysis of the pyroptotic signaling control 

echanism, providing possible therapeutic strategies for interven- 

ng various death modes. 

. Results 

.1. Data-driven modeling of the crosstalk between pyroptosis and 

econdary pyroptosis 

To investigate the pyroptotic signaling, a coarse-grained model 

s proposed based on our current understanding of the crosstalk 

etween pyroptosis and secondary pyroptosis. Our simplified 

odel comprises seven key constituents, i.e., caspase-1, caspase- 

, caspase-9, caspase-3, tBid, GSDMD, and GSDME ( Fig. 1 A). Upon 

timulation, the formation of inflammasome promotes the acti- 

ation of caspase-1, which quickly cleaves and activates GSDMD, 

nducing the occurrence of pyroptosis [9] . The cleaved GSDMD 

lso promotes the activation of caspase-1 [39] , forming a positive 

eedback loop for the induction of pyroptosis. Caspase-1 can ac- 

ivate caspase-8 directly, which is restricted by the cleaved GS- 

MD [28] . In addition, caspase-1 can directly activate caspase-3 

40] with slow dynamics, or cleave tBid and then activate caspase- 

 to cleave caspase-3 through the intrinsic apoptotic pathway [27] . 

he cleaved caspase-3 also activates caspase-8/9, providing an effi- 

ient positive feedback loop for caspase-3 activation [41] . 

Meanwhile, the inflammasome also recruits and activates 

aspase-8, which is inhibited by caspase-1 [42] . Recent studies in- 

icated that the activated caspase-8 also cleaves GSDMD to cause 

yroptosis [14–16] . It is widely reported that the activated caspase- 

 directly cleaves caspase-3 through the extrinsic apoptotic path- 

ay, or cleaves tBid to activate caspase-3 through the intrinsic 

poptotic pathway [43] . Most recently, the caspase-3-cleaved GS- 

ME that determines the occurrence of secondary pyroptosis has 

een identified [ 17 , 19 ]. Similar to tBid, GSDME can also promote 

he activation of caspase-9, forming a positive feedback loop to fa- 

ilitate the induction of secondary pyroptosis [43] . Emerging ev- 

dence suggests that pyroptosis and secondary pyroptosis com- 

ete with each other. Secondary pyroptosis suppresses pyropto- 

is through inhibiting GSDMD by caspase-3, while pyroptosis can 

lock secondary pyroptosis through strongly inhibiting the acti- 

ation of tBid, caspase-8, and caspase-3 by GSDMD [ 28 , 29 , 44 ].

he detailed biological background description and a complete 

chematic diagram of the crosstalk (Figure S1) can be found in 

upplemental Files. 

Based on the schematic network shown in Fig. 1 A, we con- 

tructed a corresponding model comprising these seven con- 

tituents. The death decision-making process of the intricate 

rosstalk can be described by seven coupled ordinary differential 

quations (ODEs) presented below: 

 C1 ∗ [ Casp 1 ] , (1) 

 _ C8 ∗ [ Casp 3 ] 
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Fig. 1. Modeling the crosstalk between pyroptosis and secondary pyroptosis network. (A) The simplified regulatory network of pyroptosis and secondary pyroptosis signal- 

ing. (B) Comparison between experimental data (dots) and simulation results (lines) of the constituent time-course responses. The results of three different single constituent 

knockout conditions are colored by black (wild-type, WT), red (GSDMD knockout, GSDMD-KO) and blue (caspase-1 knockout, Casp1-KO). (C) Comparison between experi- 

mental data (dots) and simulation results (lines) in GSDME KO, GSDMD/BID DKO, GSDMD/Casp1 DKO, GSDMD/Casp8 DKO, GSDMD/Casp9 DKO, and GSDMD/Casp8/Casp9 TKO 

BMDMs. (D) Scatter diagram of experimental data versus simulation results. There are 27 comparison results for wild-type (WT), 78 comparison results for single knockout 

(KO), 30 comparison results for double knockout (DKO) and 3 comparison results for triple knockout (TKO) with a total of 138 comparison results. R 2 reflects the correlation 

strength between simulation results and experimental data. 
(
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d [ GSDME ] 

dt 
= ( GEtot − [ GSDME ] ) ∗ k C3 _ ∗ [ Casp 3 ] 

n22 

K 

n22 
C3 _ 

+ [ Casp 3 ] 
n22 

−d GE ∗ [ GSDME ] . (7) 

The dynamics of caspase-1 is described by Eq. (1) , which mainly 

ontains three terms. The first two terms respectively represent the 

ctivation of caspase-1 induced by stimuli and cleaved GSDMD. 

he last term describes the degradation/inactivation of caspase- 

. Eq. (2) describes the dynamics of caspase-8, where the first 

erm describes the activation of stimuli-induced caspase-8 activa- 

ion, which is inhibited by caspase-1. The second term corresponds 

o the caspase-3-induced caspase-8 activation. While the last two 

erms represent the caspase-1-mediated caspase-8 activation that 

s blocked by GSDMD, and the degradation/inactivation of caspase- 

, respectively. Eqs. (3) to (5) correspondingly describe the dynam- 

cs of caspase-3/9, and tBid. For the dynamics of the pyroptotic ef- 

ector protein GSDMD in Eq. (6) , the first two terms correspond 

o the processes of caspase-1/8-induced GSDMD activation that 

re suppressed by caspase-3, and the last term is for the degra- 

ation/inactivation of GSDMD. While for the secondary pyroptotic 

ffector protein GSDME, Eq. (7) contains the terms of caspase-3- 

nduced activation of GSDME and the degradation/inactivation of 

SDME. 

The dynamics of the cell population N is described by the fol- 

owing equation: 

d [ N ] 

dt 
= k N ∗ [ N ] − d N ∗ [ N ] ∗ [ N ] − [ N ] 

∗
( 

k GD _ Np ∗ [ GSDMD ] 
n23 

K 

n23 
GD _ Np 

+ [ GSDMD ] 
n23 

+ 

k GE _ Np ∗ [ GSDME ] 
n24 

K 

n24 
GE _ Np 

+ [ GSDME ] 
n24 

) 

, (8) 

here the first two terms describe the basal cell proliferation and 

eath [45] . The last two terms represent the population decrease 

nduced by GSDMD-mediated pyroptosis and GSDME-mediated 

econdary pyroptosis. Cell death rate is defined by the ratio of the 

opulation of stimulus-induced cell death to the initial population 

f cell (steady state of non-stimulated cells), which is described by 

he formula of (N init -N)/N init , where Ninit is the initial population 

f cell. 

The kinetic parameters in the model are mostly determined by 

 global optimization method that minimizes the deviation be- 

ween simulation results and experimental data, and the rest pa- 

ameters are estimated within a biologically plausible range based 

n previous literature. The experimental data are obtained from 

he study by Heilig et al. in bone marrow-derived macrophages 

BMDMs) [27] . The deviation is characterized with the correlation 

oefficient, R-square, which is determined as the following func- 

ions: 

 

2 = 1 −
∑ n 

i=1 ( y exp ( t i ) − y sim 

( t i ) ) 
2 ∑ n 

i=1 ( y exp ( t i ) − y exp ) 
2 

, (9) 

here y exp (t i ) and y sim 

(t i ) are experimental data and simulation 

esults of constituents at time t i , respectively. The total amounts 

f the constituents are also estimated based on the experimental 

tudy. All the constituent descriptions and values are elaborated in 

able S1. Detailed description of each parameter and their corre- 

ponding values can be found in Table S2. 

We examine the reliability of the model through compar- 

ng with the experimental data under the conditions of wild- 

ype (WT), caspase-1 knockout (KO), GSDMD KO, as well as the 

onditions of double constituents KO and triple constituents KO 

 Fig. 1 B,C) in BMDMs. For the WT BMDMs ( Fig. 1 Bi, black line),

aspase-1 is quickly activated after stimulation. Then GSDMD is ac- 

ivated to induce pyroptosis ( Fig. 1 Bvi and Bviii, black lines). While 
4 
he other caspase-3/8/9, tBid, and GSDME are almost inactivated 

 Fig. 1 Bi-Bvii, black lines) since the inhibition effects of GSDMD. 

or single caspase-1 KO or GSDMD KO BMDMs (red and blue lines 

n Fig. 1 B), caspase-8 can be activated, leading to the activation of 

Bid, caspase-3/9, and the downstream GSDME. Both caspase-1 KO 

nd GSDMD KO can respectively turn cells from pyroptosis to sec- 

ndary pyroptosis, while the activation dynamics of caspase-3/8/9 

nd GSDME are significantly different. Com pared with caspase-1 

O, GSDMD KO induces a rapid response of the constituents, re- 

ulting in a faster cell death pattern ( Fig. 1 B (viii)). The dynam- 

cs of the constituents double KO and triple KO cases given by our 

odel are also quantitatively supported by the experimental obser- 

ations ( Fig. 1 C) and the fitting results can be reflected clearly by 

he statistical chart shown in Fig. 1 D. Overall, the excellent fitting 

etween the simulation and experiment indicates that our model 

as high confidence for further clarifying the mechanisms of death 

ode switching between pyroptosis and secondary pyroptosis. 

.2. Sensitivity analysis reveals the switching mechanisms between 

yroptosis and secondary pyroptosis 

To determine whether and how the components mediate the 

eath mode switching between pyroptosis and secondary pyrop- 

osis, sensitivity analysis is conducted in this section. We first ex- 

lore the effects of the expression level of the seven constituents 

n the death mode switching ( Fig. 2 A,B). The sensitivity of the 

ownstream effector proteins, the cleaved GSDMD for pyroptosis, 

nd the cleaved GSDME for secondary pyroptosis to the change of 

ach constituent are investigated. We vary the level of each con- 

tituent individually in the range of 0.0 01–10 0 0 nM to inquire the 

ctivation of GSDMD and GSDME. As the results shown, the in- 

rease of caspase-1 (C1tot) or GSDMD (GDtot) expression level en- 

ances the GSDMD activation ( Fig. 2 A, left panel) and restrains the 

SDME activation ( Fig. 2 B, left panel), presenting a death mode 

witching from secondary pyroptosis to pyroptosis. While the vari- 

tion of the other five constituents (C8tot, C9tot, C3tot, BIDtot, 

nd GEtot) barely affects cell death mode. The corresponding two- 

imensional heat maps are presented in the right panels of Fig. 2 A 

nd B. These results are consistent with the experimental observa- 

ions that GSDMD or caspase-1 is required for the switching be- 

ween pyroptosis and secondary pyroptosis [ 18 , 20 , 27 , 28 , 46 ]. 

The pyroptotic crosstalk signaling totally includes 29 biochem- 

cal reactions, which are described by 45 kinetic parameters. We 

ext discuss the key reactions in the crosstalk that can effectively 

witch the death mode. There are two kinds of parameters in the 

quations, i.e., the reaction rates and the Michaelis constants. Since 

he parameters of reaction rates and Michaelis constants have dif- 

erent biological ranges [47] , we severally set their ranges within 

0 −7 ∼10 −2 for the reaction rates and 10 −3 ∼10 3 for the Michaelis 

onstants. The parameter sensitivity analysis suggests that only 

 reaction rates ( Fig. 2 C) and 6 Michaelis constants parameters 

 Fig. 2 D) can effectively switch the death mode between pyroptosis 

nd secondary pyroptosis. These parameters correspond to 8 bio- 

hemical reactions in the crosstalk, i.e., the activation of caspase-1 

nduced by stimuli (k S_C1 and K S_C1 ), the activation of GSDMD in- 

uced by caspase-1 (k C1_GD and K C1_GD ), the activation of caspase- 

 induced by caspase-1 (k C1_C3 ), the caspase-8-induced activation 

f caspase-3 that inhibited by GSDMD (K GD_C3 ), the caspase-9- 

nduced activation of caspase-3 that inhibited by GSDMD (K GD_C9 ), 

he activation of GSDMD inhibited by caspase-3 (K C3_GD ), the acti- 

ation of GSDME induced by Caspase-3 (K C3_GE ), and the degrada- 

ion of GSDMD (d GD ). Therefore, sensitivity analysis suggests that 

nly the expression levels of GSDMD and caspase-1, and above 8 

iochemical reactions can effectively switch the death mode of the 

yroptotic signaling. 
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Fig. 2. Sensitivity analysis of constituent levels and reaction parameters. (A-B) The response curves and two-dimensional heat maps of GSDMD (A) and GSDME (B) to the 

level change from 0.001 nM to 10 0 0 nM for the seven constituents. (C) The two-dimensional heat maps of GSDMD (upper panel) and GSDME (down panel) with the value 

change from 10 −7 to 10 −2 for the reaction rates. (D) The two-dimensional heat maps of GSDMD and GSDME with the value change from 0.001 to 10 0 0 for the Michaelis 

constants. 
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.3. Bifurcation analysis identifies the hidden components in 

witching death modes 

Compared with sensitivity analysis, bifurcation analysis is a 

ore comprehensive and widely used approach to study the state 

ransition of various biological systems [48] . We therefore employ 

ifurcation analysis to evaluate the components that can switch 

eath modes. Effects of the seven constituents expression levels 

n the death effector proteins, i.e., the cleaved GSDMD and GS- 

ME are studied firstly. As shown in Fig. 3 A, the caspase-1 expres- 

ion level (C1tot) is conducted as the control parameter and the 

ifurcation diagram shows that the system presents monostability 

hen the caspase-1 level is very low ( < ∼1.5 nM) (blue region). 

he cleaved GSDMD is stable at a low level (upper panel), while 

he cleaved GSDME level is high (down panel). The death rate of an 

llustrative example (point A) is plotted in Fig. 3 B, indicating that 

econdary pyroptosis occurs alone. The system exhibits bistability 

ith the increase of caspase-1 expression level, which are enclosed 

y two saddle-node bifurcation points (SN1 and SN2) (green re- 

ion). SN1 is the low threshold of the caspase-1 level ( ∼1.5 nM) for 

SDMD activation and GSDME inactivation, while SN2 is the high 

hreshold ( ∼14 nM) for GSDMD inactivation and GSDME activation. 

ithin the bistable region, the stable state is sensitive to the ini- 

ial condition of the activated caspase-3. For a certain caspase-1 

xpression level (e.g., C1tot = 10 nM), two stable states are given 

point B and point C) ( Fig. 3 A) and a small perturbation of caspase-

 will drive the system to one of the two stable states. At the same

evel of caspase-1, when the initial activation level of the caspase- 

 is 0 nM, GSDMD stays at a high level and GSDME activation is 

tabilized at a low level ( Fig. 3 A, point C), resulting in pyroptosis

 Fig. 3 B, point C). While a small initial activated caspase-3 (15 nM) 

an drive GSDME to a high steady state, and GSDMD converges to 
5 
 low stable state ( Fig. 3 A, point B), inducing the concurrence of 

yroptosis and secondary pyroptosis ( Fig. 3 B, point B). When the 

xpression level of caspase-1 is high enough ( > ∼14 nm), the sys- 

em exhibits monostability and the cleaved GSDMD maintains at a 

igh level, which gradually increases with the increase of caspase- 

 (red region), while GSDME is stable at a quite low level, occur- 

ing pyroptosis only ( Fig. 3 B, point D). 

The bifurcation diagrams of GSDMD level are similar to the re- 

ults of caspase-1. The system presents monostability when GS- 

MD level is lower than ∼88 nM ( Fig. 3 C), inducing secondary 

yroptosis alone ( Fig. 3 D, point 1), and exhibits bistability when 

SDMD level ranging from 88 to 165 nM, in which cells will 

electively execute the concurrence of pyroptosis and secondary 

yroptosis (point 2) or pyroptosis alone (point 3) depending on 

he initial conditions. Pyroptosis alone will be exclusively induced 

point 4) with higher level of GSDMD. Different from sensitivity 

nalysis, bifurcation analysis reveals that the expression level of 

aspase-3 can also trigger bistability within the biologically plau- 

ible range ( Fig. 3 E). The cells execute only pyroptosis with low 

evel of caspase-3 ( < ∼250 nM), and selectively induce pyroptosis 

r secondary pyroptosis with higher level ( Fig. 3 F). Bifurcation di- 

grams of the other four constituent levels (caspase-8/9, GSDME, 

id) merely exhibit monostability, indicating that variations of the 

our constituents hardly affect the high steady states of GSDMD- 

nduced pyroptosis ( Fig. 3 G). As a result, above bifurcation anal- 

sis suggests that only caspase-1, GSDMD, and caspase-3 expres- 

ion levels among the seven constituents are capable to switch 

eath modes between pyroptosis and secondary pyroptosis. Com- 

ared with sensitivity analysis, the switching role of caspase-3 is 

urther identified by using bifurcation analysis. 

Besides the constituents, whether and how the reactions me- 

iate the cell death modes are discussed as well. Bifurcation dia- 
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Fig. 3. Roles of constituent levels in death mode switching. (A) Bifurcation diagrams of GSDMD and GSDME as function of caspase-1 expression level (C1tot). Stable and 

unstable steady states are indicated by solid and dashed lines, respectively. (B) The contribution proportions of pyroptosis and secondary pyroptosis to cell death for points 

A–D in Fig. 3 A, respectively. (C) Bifurcation diagrams of GSDMD and GSDME as function of GSDMD expression level (GDtot). (D) The contribution proportions of pyroptosis 

and secondary pyroptosis to cell death for points 1–4 in Fig. 3 C, respectively. (E) Bifurcation diagrams of GSDMD and GSDME as function of caspase-3 expression level 

(C3tot). (F) The contribution proportions of pyroptosis and secondary pyroptosis to cell death for points a–c in Fig. 3 E, respectively. (G) Bifurcation diagrams of GSDMD and 

GSDME as function of the expression level of caspase-8 expression level (C8tot), caspase-9 (C9tot), Bid (BIDtot), and GSDME (GEtot). In Fig. 3 A, C, and E, the green areas are 

the bistability regions, while pink and blue areas correspond to monostability regions, respectively. In Fig. 3 B, D and F, the pink and blue areas correspond to pyroptosis and 

secondary pyroptosis, respectively. 
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rams of activated GSDMD and GSDME as a function of the acti- 

ation rate of caspase-1 induced by stimuli (parameter k S_C1 ) are 

hown in Fig. 4 A, presenting two different dynamical regions. A 

mall value of parameter k S_C1 selectively induces the cells undergo 

yroptosis or secondary pyroptosis depending on the initial condi- 

ions, while a large value of k S_C1 exclusively triggers pyroptosis 

 Fig. 4 A,B). For the activation rate of GSDMD induced by caspase- 

 (parameter k C1_GD ), the bifurcation diagrams present three dif- 

erent dynamical regions ( Fig. 4 C), which are similar to the re- 

ults shown in Fig. 3 C. A small value of parameter k C1_GD triggers 

econdary pyroptosis alone, while the increase of k C1_GD first con- 

erges the system to bistability with the concurrence of pyroptosis 

nd secondary pyroptosis or pyroptosis alone, and then turns to 

he monostability region with the induction of pyroptosis. How- 

ver, the system only presents monostability but can still switch 

ell death modes from pyroptosis to the concurrence of pyroptosis 

nd secondary pyroptosis with the increase of the activation rate 

f caspase-3 induced by caspase-1 (parameter k C1_C3 ). 
6 
There are totally 29 biochemical reactions that described by 45 

arameters in the pyroptotic system. After scanning all the param- 

ters, we find that 12 parameters, i.e., the activation rate/michaelis 

onstant of caspase-1 induced by stimuli (k S_C1 /K S_C1 ), the ac- 

ivation rate/michaelis constant of GSDMD induced by caspase- 

 (k C1_GD /K C1_GD ), the activation rate of caspase-3 activation in- 

uced by caspase-9 (k C9_C3 ), michaelis constant for GSDMD inhibit- 

ng activation of caspase-3 induced by caspase-8/9 (K GD_C3 /K GD_C9 ), 

he activation rate of caspase-3 activation induced by caspase- 

 (k C8_C3 ), michaelis constant for caspase-3 inhibiting the cleav- 

ge of GSDMD (K C3_GD ), and the degradation/inactivation rate of 

aspase-1/3 (d C1 /d C3 ), and GSDMD (d GD ), can switch death modes 

hrough generating bistable state (Fig. S2). While for the rest pa- 

ameters, the bifurcation diagrams only present monostability (Fig. 

3). Among those parameters that exhibit monostability, two pa- 

ameters, i.e., the activation rate of caspase-3 induced by caspase-1 

k C1_C3 ) and the michaelis constant of GSDME cleaved by caspase- 

 (K C3_GE ), can efficiently change the death modes between pyrop- 
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Fig. 4. Roles of reaction parameters in death modes switching. (A) Bifurcation diagrams of GSDMD and GSDME as function of the activation rate of caspase-1induced by 

stimuli (k S_C1 ). Stable and unstable steady states are indicated by solid and dashed lines, respectively. (B) The contribution proportions of pyroptosis and secondary pyroptosis 

to cell death for points a-c in Fig. 4 A, respectively. (C) Bifurcation diagrams of GSDMD and GSDME as function of the activation rate of GSDMD induced by caspase-1(k C1_GD ). 

(D) The contribution proportions of pyroptosis and secondary pyroptosis to cell death for points A-D in Fig. 4 C, respectively. (E) Bifurcation diagrams of GSDMD and GSDME 

as function of the activation rate of caspase-3 induced by caspase-1 (k C1_C3 ). (F) The contribution proportions of pyroptosis and secondary pyroptosis to cell death for points 

1–3 in Fig. 4 E, respectively. 
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osis and secondary pyroptosis. Taken together, the 14 parameters 

entioned above, which refer to 12 biochemical reactions in the 

ntricate crosstalk signaling are determined. Compared with sensi- 

ivity analysis, one constituent (caspase-3), four hidden parameters 

hat corresponds to 4 reactions, are further identified for modes 

witching by using the bifurcation analysis. 

.4. Potential landscape analysis dissects the global stability of the 

rosstalk 

To systematically study the stochastic properties of the pyrop- 

otic crosstalk switching mechanisms, a recently developed poten- 

ial landscape theory that describes the global dynamic behavior 

f the system in phase space is further employed [ 36 , 37 , 49–52 ].

he dimensionless potential (U) and steady-state probability dis- 

ribution (P) of the system is given by the Boltzmann relation, 

hat is, U = -ln(P) [ 53 , 54 ]. We first investigate the effects of the ex-

ression level of the three identified constituents (caspase-1, GS- 

MD, and caspase-3) on the global stability of the system. The 

orresponding potential landscapes on the GSDMD-GSDME phase 

pace are shown in Fig. 5 . The yellow region represents higher po- 

ential or lower probability, and the blue region corresponds to 

ower potential or higher probability. As a result, the system ex- 

ibits monostable landscape when caspase-1 expression level is 

uite low (C1tot = 1 nM), implying that the system evolves into 

 unique state (secondary pyroptosis state) from any initial val- 

es ( Fig. 5 A). However, with a relative high caspase-1 level (C1tot 

 2 nM), the landscape presents two basins of attraction, which 
7 
haracterizes two stable states (pyroptosis state and secondary py- 

optosis state) ( Fig. 5 B). The system eventually evolves into one of 

he two basins from any initial conditions. The result shows that 

he secondary pyroptosis state is more stable than the pyroptosis 

tate, indicating the high occurrence probability of secondary py- 

optosis when caspase-1 expression level is low ( Fig. 5 B). As the 

aspase-1 level increases (C1tot = 14 nM), the secondary pyropto- 

is state becomes less stable while the pyroptosis state turns more 

table ( Fig. 5 C), implying that the increase of caspase-1 promotes 

he induction of pyroptosis. When caspase-1 level is high enough 

C1tot = 20 nM), the landscape changes from two coexisting stable 

tates to the monostable pyroptosis state ( Fig. 5 D), suggesting that 

nly pyroptosis occurs from any initial conditions. To quantify the 

andscape topography, we define the probability of cells evolve into 

he secondary pyroptosis state and pyroptosis state, which is asso- 

iated with the height of the basin. As the results shown in Fig. 5 E,

oo low ( < ∼ 1 nM) or too high ( > ∼15 nM) level of caspase-1 re-

pectively induces the sole occurrence of secondary pyroptosis or 

yroptosis. The occurrence probability of the secondary pyroptosis 

asin is decreased with the increase of caspase-1, while the prob- 

bility of pyroptosis basin is increased. When the caspase-1 level 

s < ∼9 nM, the probability of secondary pyroptosis is larger than 

yroptosis. These results are consistent with the experimental ob- 

ervations that cells prefer secondary pyroptosis when caspase-1 

xpression level is low, but trend to pyroptosis with high caspase- 

 level [ 18 , 20 , 46 ]. 

Similarly, the effects of the GSDMD and caspase-3 expression 

evel on the landscape topography are discussed as well. As the 
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Fig. 5. Potential landscape changes as constituents level change. (A–D) Landscapes at different caspase-1 expression level (C1tot). (E) The occurrence probability of 

pyroptosis and secondary pyroptosis change as caspase-1 level changes. (F-I) Landscapes at different GSDMD expression level (GDtot). (J) The occurrence probability of 

pyroptosis and secondary pyroptosis change as GSDMD level changes. (K–N) Landscapes at different caspase-3 expression level (C3tot). (O) The occurrence probability of 

pyroptosis and secondary pyroptosis change as caspase-3 level changes. 

Fig. 6. Potential landscape changes as reaction rates change. (A–D) Landscapes at different values of k S_C1 . (E) The individual occurrence probabilities of pyroptosis and 

secondary pyroptosis change as k S_C1 changes. (F-I) Landscapes at different values of k C1_GD . (J) The individual occurrence probabilities of pyroptosis and secondary pyroptosis 

change as k C1_GD changes. (K–N) Landscapes at different values of k C1_C3 . (O) The occurrence probabilities of pyroptosis and secondary pyroptosis change as k C1_C3 changes. 

r

t

r

p

t  

m  

c

r

T

w

o

b

m

e

t

r

b

s

a

s

e

>  

c

m

b  

t

o

o

k

p

∼

c

p

a

b

c

esults shown in Fig. 5 F–I, increasing the GSDMD level increases 

he probability of cell death mode switching from secondary py- 

optosis to pyroptosis. The occurrence probability of secondary 

yroptosis is larger than pyroptosis when GSDMD level is lower 

han ∼130 nM. ( Fig. 5 J) This is also supported by the experi-

ental data [ 27 , 28 , 55 , 56 ]. However, increasing the caspase-3 level

auses the decrease of the occurrence probability of secondary py- 

optosis, but increases the probability of pyroptosis ( Fig. 5 K–N). 

he probability of pyroptosis is larger than secondary pyroptosis 

hen caspase-3 level is lower than ∼400 nM ( Fig. 5 O). More- 

ver, our result predicts that increasing the caspase-3 within the 

iologically plausible range can not switch the landscape to the 

onostable pyroptosis state, which needs to be further validated in 

xperiments. 

Besides the constituents, we also explore how the identified vi- 

al biochemical reactions ( Fig. 4 ) determine the landscape topog- 

aphy of the system. For the activation rate of caspase-1 induced 

y stimuli (parameter k S_C1 ), the landscapes present two basins of 

table states when k S_C1 is small ( Fig. 6 A,B). The occurrence prob- 
8 
bility of pyroptosis becomes larger than the secondary pyropto- 

is when k S_C1 > ∼1.5 × 10 −6 s −1 , and the landscape eventually 

volves into the monostable pyroptosis state ( Fig. 6 D) when k S_C1 

 ∼10 −5 s −1 ( Fig. 6 E). For the activation rate of GSDMD induced by

aspase-1 (parameter k C1_GD ), the landscapes respectively exhibit 

onostable secondary pyroptosis state ( Fig. 6 F), two basins of sta- 

le state ( Fig. 6 G,H), and monostable pyroptosis state ( Fig. 6 I) with

he increase of k C1_GD ( Fig. 6 J). However, for the activation rate 

f caspase-3 induced by caspase-1 (parameter k C1_C3 ), the system 

nly presents monostable landscape ( Fig. 6 K–N). Increasing the 

 C1_C3 switches the monostable pyroptosis state to the secondary 

yroptosis state, and the switching occurs when k C1_C3 equals to 

2 × 10 −5 s −1 ( Fig. 6 L). 

Therefore, potential landscape analysis provides a more physi- 

al description of the stochastic dynamic and global stability of the 

yroptotic crosstalk. Compared with bifurcation analysis, a more 

ccurate description of the transition dynamics of the system can 

e achieved through quantitatively calculating the individual oc- 

urrence probabilities of secondary pyroptosis and pyroptosis. 
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Fig. 7. Diverse states transition meditated by caspase-1 level and k C1_GD . (A) Bifurcation diagrams of GSDMD and GSDME as function of caspase-1 level (C1tot) when 

k C1_GD = 3 × 10 −5 s −1 . As C1tot increases, the system presents monostability (region I), bistability (region II), monostability (region III), and bistability (region IV) in turn. 

(B–E) Landscapes at different expression levels of caspse-1 (C1tot) when k C1_GD = 3 × 10 −5 s −1 . (F) The occurrence probabilities of pyroptosis and secondary pyroptosis change 

as C1tot changes. (G) Phase diagram of the system stability on k C1_GD with respect to C1tot. The blue area represents the monostable region (M) and pink area represents 

the bistable region (B). 
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.5. Diverse stable states controlled by the constituent levels and 

eactions 

The pyroptotic crosstalk could present a more diverse state 

ransitions under certain conditions. As shown in Fig. 7 A, the sys- 

em first exhibits monostability, then bistability, and then monos- 

ability, finally bistability with the increasing expression level of 

aspase-1. Similarly, the influence of caspase-1 level on the po- 

ential landscape is shown in Fig. 7 B–E, indicating that the sys- 

em selectively presents monostable secondary pyroptosis land- 

cape (C1tot = 1 nM and 35 nM), and the bistable secondary py- 

optosis and pyroptosis landscape (C1tot = 15 nM and 100 nM). 

he individual occurrence probabilities of secondary pyroptosis and 

yroptosis shown in Fig. 7 F quantitatively appears the choice of 

eath modes that depend on the initial conditions of caspase-1 

evel. We further conduct the two-parameter bifurcation diagram, 

hich can display the synergistic modulation of multiple param- 

ters on the diverse states transitions of the pyroptotic signaling. 

he phase diagram in the plane of multiple constituents or reac- 

ions provides a more holistic view of the states. The distribution 

f stable states with respect to different caspase-1 levels and the 

alues of k C1_GD is shown in Fig. 7 G. With the increase of caspase-

 level, the states can be exclusively monostability (blue dashed 

ine), four states switching (from monostability to bistability, to 

onostability, and to bistability) (green dashed line), two states 

witching (orange dashed line), and three states switching (red 

ashed line), depending on the value of k C1_GD . A similar result of 

he state distribution is observed in the plane of k S_C1 -k C1_GD (Fig- 

re S4), indicating the complicated role of k C1_GD in mediating the 

iverse states transitions. 

Accordingly, we next focus on the previously identified compo- 

ents that can switch death modes. Fig. 8 A shows the distribution 
9 
f stable states with respect to different caspase-1 and caspase- 

 expression levels. With low level of caspase-3 expression ( < 

50 nM), monostable state for pyroptosis occurs alone with in- 

reasing caspase-1. A middle level of caspase-3 ( ∼50 - ∼140 nM) 

nduces the states switching from bistable to monostable. While 

he change of states from monostability, to bistability, and fi- 

ally to monostability are observed with high caspase-3 expres- 

ion ( ∼140 - ∼240 nM). The bistable range becomes larger with 

he increasing caspase-3. Higher level of caspase-3 ( > ∼240 nM) 

nduces the transition from monostability to bistability. The di- 

erse states distribution with respect to caspase-1/GSDMD and 

SDMD/caspase-3 is shown in Fig. 8 B and 8 C. The phase dia- 

rams with respect to the activation rate of GSDMD induced by 

aspase-1 (parameter k C1_GD ) and the three identified constituents 

re shown in Fig. 8 D–F. All the other co-variation of parameters 

nd constituents are explored and shown in Fig. S5. Moreover, the 

o-variation of two parameters that can switch death modes are 

lso studied, presenting diverse states distributions ( Fig. 8 G–I). Af- 

er scanning all the two-parameters bifurcation (Fig. S6), the four- 

tate switching from monostability to bistability, to monostability, 

nd to bistability can only be observed when k C1_GD is considered 

 Fig. 8 D, G, and H), suggesting the reaction of GSDMD activation by 

aspase-1 is dominant for various death mode determination. 

. Discussion 

Extensive studies have focused on elucidating the molecular 

echanisms of various types of cell death. While dissecting the 

merging connectivity of different types of cell death and explore 

ow these pathways synergistically work together to generate spe- 

ific fate decision remain challenging [ 57 , 58 ]. Pyroptosis is related 

o various disease, while secondary pyroptosis appears harmless 
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Fig. 8. Phase diagram of the system stability on the vital constituent levels and reactions. (A–C) Phase diagrams of the system stability on one of the three constituents 

level (C1tot, C3tot, and GDtot) with respect to another constituent. (D–F) Phase diagrams of the system stability on k C1_GD (activation rate of GSDMD induced by caspase-1) 

with respect to the level of the three constituents, C1tot (D), C3tot (E) and GDtot (F). (G-H) Phase diagrams of the system stability on k C1_GD (activation rate of GSDMD 

induced by caspase-1) with respect to the 2 key parameters, k S_C1 (activation rate of caspase-1 induced by stimuli) (G) and d C1 (inactivation/degradation rate of caspase-1) 

(H). (I) Phase diagram of the system stability on d GD (inactivation/degradation rate of GSDMD) with respect to d C3 (inactivation/degradation rate of caspase-3). 
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Fig. 9. Summary of the constituents and reactions that can switch cell death 

modes. The yellow and blue lines represent the reactions that can trigger monos- 

tability and bistability for switching death modes. Only changes in the expression 

level of caspase-1, caspase-3, or GSDMD can switch the cell death modes. 
nd can inhibit tumor growth [23] . Thus, searching the poten- 

ial strategies for efficiently switching death modes from pyropto- 

is to secondary pyroptosis is significant. Taken together with the 

ost recently experimental observations, we constructed a coarse- 

rained model of the crosstalk between pyroptosis and secondary 

yroptosis. We systematically study how each component and their 

ombinations within the pyroptotic crosstalk determine the various 

eath mode transitions. As a result, the deterministic components 

or mode switching are identified and shown in Fig. 9 . 

Sensitivity analysis indicates that the expression level of two 

onstituents, i.e., GSDMD and caspase-1 can individually switch 

eath modes between pyroptosis and secondary pyroptosis. Nev- 

rtheless, sensitivity analysis can only reveal the time-dynamical 

spects. While with bifurcation analysis of stable state transition, 

e manifest the roles of three constituents, i.e., GSDMD, caspase- 

, and caspase-3 in switching death modes. The switching roles 

f GSDMD and caspase-1 are consistent with previous experimen- 

al observations [ 18 , 20 , 27 , 28 , 46 , 55 , 56 ], while the predicted switch-

ng role of caspase-3 has not been experimentally reported. Be- 

ides, our results also suggest that varying the expression level of 

aspase-8/9, tBid, or GSDME could not efficiently switch the pyrop- 

osis death mode. Thus, targeting on caspase-8/9, tBid, or GSDME 

or mode control might be invalid, which need to be further exper- 

mentally validated. 

Compared with the eight biochemical reactions identified by 

ensitivity analysis, twelve reactions are determined by bifurca- 

ion analysis, which provides deeper insights into the regulatory 

echanism of the crosstalk. The predicted multistability elucidates 

he mechanistic basis of various switches between pyroptosis and 

econdary pyroptosis. A more global view of multistability of the 

ystem is further clarified by using the phase diagram, reveal- 
10 
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ng the possible molecular mechanisms in pathological cells. Al- 

hough a “mutual inhibition” relationship between pyroptosis and 

econdary pyroptosis is generally assumed as many inhibition in- 

eraction among the crosstalk [ 27 –29 , 44 ], the concurrence of py-

optosis and secondary pyroptosis is predicted to be observed un- 

er certain circumstances. Thus, there might be a “speed competi- 

ion” between the two death modes. However, the coexistence of 

yroptosis and secondary pyroptosis can also induce diseases, such 

s silicosis [59] . Thus, our proposed strategies for exclusively trig- 

ering secondary pyroptosis are especially important to guide the 

evelopment for diseases prevention and treatment. 

Mathematical modeling is a powerful approach and has suc- 

essfully dissected many complex regulatory mechanisms of var- 

ous cell death modes, such as apoptosis, necroptosis, and their 

rosstalk [ 35 , 48 , 60 ]. However, previous studies focused more on

he deterministic dynamics [ 61–64 ]. Here, our study from the land- 

cape viewpoint quantitatively provides the stochastic dynamics, 

he global nature, and the kinetic transitions of the pyroptotic sig- 

aling. This is the first landscape for the pyroptotic network, which 

nvolves the intricate crosstalk dynamics between pyroptosis and 

econdary pyroptosis. The landscape topography presents more dy- 

amical properties of the signaling, such as the occurrence prob- 

bility of secondary pyroptosis and pyroptosis that can be quan- 

itatively calculated. Using this approach, we systematically study 

ow the occurrence probabilities of the two death modes are de- 

ermined by the key constituents and reactions, providing possible 

lues to design the effectiveness strategies in terms of different tar- 

ets for death control. 

Emerging evidences have suggested that the pyroptotic signal- 

ng plays important roles in COVID-19. The plasma levels of IL-1 β
nd other inflammatory cytokines that are triggered by pyropto- 

is in patients infected with COVID-19 are much higher than those 

n healthy people [65] . Recent studies indicated that the spike (S) 

rotein of SARS-CoV-2 binds to the ACE-2 receptor, which activates 

he NLRP3 inflammasome [7] . The caspase-1 in inflammasome fur- 

her cleaves GSDMD, triggering the occurrence pyroptosis and se- 

ere immune response induced by IL-1 β [ 66 , 67 ]. Besides, SARS- 

oV-2 can also activate the AIM2 inflammasome to trigger pyrop- 

osis and cytokine storm [ 7 , 68 ]. While the release of IL-1 β is ab-

ent in secondary pyroptosis [20] . Therefore, targeting on potential 

omponents to switch the modes from pyroptosis to secondary py- 

optosis could efficiently reduce the occurrence of cytokine storm 

n COVID-19. 

At present, a number of pyroptotic signaling inhibitors have 

een proposed for COVID-19 clinical trial. Chloroquine and hy- 

roxychloroquine, which can efficiently impair the binding of ACE- 

 to SARS-CoV-2, and thus blocking the activation of inflamma- 

ome induced by SARS-CoV-2, have been partial applied in COVID- 

9 treatment [6] . Besides, a patient with COVID-19 was success- 

ully treated with IL-1 receptor antagonist (anakinra) [69] , which 

locks the pro-inflammatory effect of IL-1 to trigger cytokine storm 

70] . Bruton tyrosine kinase (BTK), which involved in inflamma- 

ome activation cascade, is also proposed to be a therapy target 

or COVID-19 [71] . In our study, we offer the theoretical guidance 

f potential targets for the treatment of COVID-19. As the sum- 

ary shown in Fig. 9 , we suggest that the three constituents, i.e., 

SDMD, caspase-1, and caspase-3, and twelve biochemical reac- 

ions could be therapy target for COVID-19. Actually, for the pro- 

osed target of GSDMD, the GSDMD inhibitor, disulfiram, was re- 

ently applied in COVID-19 treatment experiment [7] . Moreover, 

he caspase-1 inhibitor, belnacasan (VX765) is also considered to 

ave the therapeutic potential for COVID-19 [72] . However, for the 

roposed caspase-3 and the identified twelve reactions, there is no 

irect evidence right now. We hope these predictions can be fur- 

her experimentally validated, or at least guide the development of 

otential strategies for COVID-19 treatment ( Eqs. (4) , (8) , (9) ) 
11 
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