S

ELS

Since January 2020 Elsevier has created a COVID-19 resource centre with
free information in English and Mandarin on the novel coronavirus COVID-
19. The COVID-19 resource centre is hosted on Elsevier Connect, the

company's public news and information website.

Elsevier hereby grants permission to make all its COVID-19-related
research that is available on the COVID-19 resource centre - including this
research content - immediately available in PubMed Central and other
publicly funded repositories, such as the WHO COVID database with rights
for unrestricted research re-use and analyses in any form or by any means
with acknowledgement of the original source. These permissions are
granted for free by Elsevier for as long as the COVID-19 resource centre

remains active.



Chaos, Solitons and Fractals 155 (2022) 111724

Contents lists available at ScienceDirect

Chaos, Solitons and Fractals

Nonlinear Science, and Nonequilibrium and Complex Phenomena

journal homepage: www.elsevier.com/locate/chaos

Network modeling-based identification of the switching targets n
between pyroptosis and secondary pyroptosis

Ligang Zhu®', Xiang Li*™'~, Fei Xu®!, Zhiyong Yin? Jun Jin®, Zhilong Liu®, Hong Qi¢,
Jianwei Shuaij®b¢e*

2 Department of Physics, and Fujian Provincial Key Lab for Soft Functional Materials Research, Xiamen University, Xiamen 361005, China

bState Key Laboratory of Cellular Stress Biology, Innovation Center for Cell Signaling Network, Xiamen University, Xiamen 361102, China

¢Qujiang Laboratory (Zhejiang Lab for Regenerative Medicine, Vision and Brain Health), Wenzhou Institute, University of Chinese Academy of Sciences,
Wenzhou, Zhejiang 325001, China

d Complex Systems Research Center, Shanxi University, Taiyuan 030006, China

¢ National Institute for Data Science in Health and Medicine, Xiamen University, Xiamen 361102, China

ARTICLE INFO ABSTRACT

Article history:

Received 16 October 2021
Accepted 9 December 2021
Available online 2 January 2022

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.
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1. Introduction

Cell death plays important roles in homeostasis and diseases.
Pyroptosis, one of the major types of cell death has been widely
studied most recently [1]. Pyroptosis triggers a strong inflam-
matory response, leading to the pathology of various diseases,
such as immune disease, metabolic disease, cardiovascular disease,
Alzheimer’s disease, and cancer [2-4]. Moreover, a recent clini-
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cal study shows that up to 63% of people infected with COVID-19
are highly correlated with pyroptotic death signaling [5]. Currently,
many pyroptotic signaling inhibitors have exerted great function
on COVID-19 treatment. The inhibitors, such as chloroquine and
hydroxychloroquine, have been reported to effectively prevent the
binding of SARS-CoV-2, which has been included in the treatment
guidelines of COVID-19 [6]. Anakinra and disulfiram, which prevent
the inflammatory storm induced by pyroptotic signaling, was re-
cently used in COVID-19 treatment experiment [7]. Thus, under-
standing the regulatory mechanism of pyroptotic signaling is ur-
gent for disease prevention and treatment.

Pyroptotic cell death is performed by the gasdermin family
proteins, allowing the release of various damage/danger-associated
molecular patterns (DAMPs), such as lactate dehydrogenase (LDH),
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IL-1o, and IL-18, from the lytic cells [3]. The released DAMPs
in turn bind to pattern recognition receptors (PRRs), inducing
subsequent inflammatory responses [8]. Pyroptosis is determined
as a programmed cell death type since the executioner GSDMD
was identified in 2015 [9-11]. GSDMD is the cleavage target for
caspase-1. The cleaved GSDMD can form oligomeric pores on the
cell membrane, promoting the release of inflammatory cytokine.
The experiments found that GSDMD can also be activated by
caspase-4/5 through non-canonical inflammatory signaling, while
caspase-8 can directly cleave and activate GSDMD to induce py-
roptosis [12-16]. Moreover, in 2017, Shao and Rogers teams suc-
cessively identified that GSDME, which is also activated by the py-
roptotic signaling, is the executioner of secondary pyroptosis [17-
19]. Different from pyroptosis, the release of IL-18 is absent in sec-
ondary pyroptosis [20]. IL-18 is a key factor for triggering and am-
plifying the inflammatory response, causing cytokine storm and in-
ducing various diseases [3,21].

In contrast to the various diseases triggered by pyroptosis, sec-
ondary pyroptosis releases fewer inflammatory cytokines, which
can reduce the occurrence of severe immune diseases [20]. Exper-
iments confirmed that GSDME can inhibit tumor growth by en-
hancing the anti-tumor function of cells [22], and thus secondary
pyroptosis can act as a tumor suppressor for cancer treatment [23].
Besides, the GSDME-derived caspase-3 inhibitors to protect mice
from acute hepatic failure have been developed [24]. Therefore,
exploring the connectivity of pyroptosis and secondary pyroptosis
and their potential switching mechanisms are urgently needed.

Great achievements have been made in the study of how cell
fates are determined by the intricate pyroptotic signaling. High ex-
pression level of GSDMD causes a rapidly induction of pyroptosis
[25]. While when GSDMD or caspase-1/11 is deficiency, activation
of caspase-3 drives secondary pyroptosis in cells with a high ex-
pression of GSDME [18,26-28], emphasizing the crosstalk dynam-
ics of caspases, GSDMD and GSDME in specifying cell fates [29].
Besides the experimental studies, network modeling is also a pow-
erful approach to dissect the complicated regulatory mechanism of
biological systems [30-33]. Bifurcation analysis has been success-
fully employed to quantitatively elucidate the tumor-suppressive
mechanisms and cell-fate determination [34]. The biphasic roles
of RIP1 in determining the distinct cell death outcomes have also
been revealed recently [35]. To systematically explore the regu-
latory mechanisms of the newly identified death types, a core
regulatory network model is constructed based on the most re-
cently experimental data. Both the sensitivity analysis and bifur-
cation analysis are performed to address the underlying switch-
ing mechanisms between pyroptosis and secondary pyroptosis. Be-
sides, the recently developed potential landscape theory [36-38] is
further utilized to describe the stochastic dynamic and global sta-
bility of the intricate crosstalk, which accurately quantifies the oc-
currence probability of different death modes. Overall, this study
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makes a quantitative analysis of the pyroptotic signaling control
mechanism, providing possible therapeutic strategies for interven-
ing various death modes.

2. Results

2.1. Data-driven modeling of the crosstalk between pyroptosis and
secondary pyroptosis

To investigate the pyroptotic signaling, a coarse-grained model
is proposed based on our current understanding of the crosstalk
between pyroptosis and secondary pyroptosis. Our simplified
model comprises seven key constituents, i.e., caspase-1, caspase-
8, caspase-9, caspase-3, tBid, GSDMD, and GSDME (Fig. 1A). Upon
stimulation, the formation of inflammasome promotes the acti-
vation of caspase-1, which quickly cleaves and activates GSDMD,
inducing the occurrence of pyroptosis [9]. The cleaved GSDMD
also promotes the activation of caspase-1 [39], forming a positive
feedback loop for the induction of pyroptosis. Caspase-1 can ac-
tivate caspase-8 directly, which is restricted by the cleaved GS-
DMD [28]. In addition, caspase-1 can directly activate caspase-3
[40] with slow dynamics, or cleave tBid and then activate caspase-
9 to cleave caspase-3 through the intrinsic apoptotic pathway [27].
The cleaved caspase-3 also activates caspase-8/9, providing an effi-
cient positive feedback loop for caspase-3 activation [41].

Meanwhile, the inflammasome also recruits and activates
caspase-8, which is inhibited by caspase-1 [42]. Recent studies in-
dicated that the activated caspase-8 also cleaves GSDMD to cause
pyroptosis [14-16]. It is widely reported that the activated caspase-
8 directly cleaves caspase-3 through the extrinsic apoptotic path-
way, or cleaves tBid to activate caspase-3 through the intrinsic
apoptotic pathway [43]. Most recently, the caspase-3-cleaved GS-
DME that determines the occurrence of secondary pyroptosis has
been identified [17,19]. Similar to tBid, GSDME can also promote
the activation of caspase-9, forming a positive feedback loop to fa-
cilitate the induction of secondary pyroptosis [43]. Emerging ev-
idence suggests that pyroptosis and secondary pyroptosis com-
pete with each other. Secondary pyroptosis suppresses pyropto-
sis through inhibiting GSDMD by caspase-3, while pyroptosis can
block secondary pyroptosis through strongly inhibiting the acti-
vation of tBid, caspase-8, and caspase-3 by GSDMD [28,29,44].
The detailed biological background description and a complete
schematic diagram of the crosstalk (Figure S1) can be found in
Supplemental Files.

Based on the schematic network shown in Fig. 1A, we con-
structed a corresponding model comprising these seven con-
stituents. The death decision-making process of the intricate
crosstalk can be described by seven coupled ordinary differential
equations (ODEs) presented below:

nl n2
dICasP1] _ 1ot — [casp1]) ks;‘ *S" | Koo +[GSDMD] ) —dey + [Caspi], (1)
dt Kg', +S" K22 | +[GSDMD]"
n3 n4 n5 n6 Kn7
d[Casp8] _ (C8tot — [Casp8])( kggcs *S e JCics _ kc:_cs * [Casp3] _ kc;_cs * [Caspl] - GD_C8 n7)
dt Kg’es +5™  Jof g+ [Caspl] 3 g +1Casp3]™® K26 o +[Casp1]™ K& o +[GSDMD]
—dcg + [Casp8] (2)
d[Casp9] _ (COtot  [Caspo]) ke co * [tBid]™  Kgg co* [GSDME]™  Ke3 co + [Casp3]™ | Ao+ [Caspo)] 3)
dt K8, + [tBid]™ K22 .+ [GSDME]™ ~ K2l + [Casp3]™° '
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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
BMDM:Ss. (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? reflects the correlation
strength between simulation results and experimental data.
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d[GSDME] n22

dt

kes_ # [Casp3]
Kn22 + [Casp3]™
_dGE * [GSDME] (7)

= (GEtot — [GSDME])

The dynamics of caspase-1 is described by Eq. (1), which mainly
contains three terms. The first two terms respectively represent the
activation of caspase-1 induced by stimuli and cleaved GSDMD.
The last term describes the degradation/inactivation of caspase-
1. Eq. (2) describes the dynamics of caspase-8, where the first
term describes the activation of stimuli-induced caspase-8 activa-
tion, which is inhibited by caspase-1. The second term corresponds
to the caspase-3-induced caspase-8 activation. While the last two
terms represent the caspase-1-mediated caspase-8 activation that
is blocked by GSDMD, and the degradation/inactivation of caspase-
8, respectively. Egs. (3) to (5) correspondingly describe the dynam-
ics of caspase-3/9, and tBid. For the dynamics of the pyroptotic ef-
fector protein GSDMD in Eq. (6), the first two terms correspond
to the processes of caspase-1/8-induced GSDMD activation that
are suppressed by caspase-3, and the last term is for the degra-
dation/inactivation of GSDMD. While for the secondary pyroptotic
effector protein GSDME, Eq. (7) contains the terms of caspase-3-
induced activation of GSDME and the degradation/inactivation of
GSDME.

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

%:l{N*[N]—dN*[N]*[N]—[N]

keg_np * [GSDME]"™*

(8)
Ki24, + [GSDME]™

Knz3 4 [GSDMD]"*?

kep_np * [GSDMD]"*?
*
GD_Np

where the first two terms describe the basal cell proliferation and
death [45]. The last two terms represent the population decrease
induced by GSDMD-mediated pyroptosis and GSDME-mediated
secondary pyroptosis. Cell death rate is defined by the ratio of the
population of stimulus-induced cell death to the initial population
of cell (steady state of non-stimulated cells), which is described by
the formula of (Njpic-N)/Ninir,» Where Ninit is the initial population
of cell.

The kinetic parameters in the model are mostly determined by
a global optimization method that minimizes the deviation be-
tween simulation results and experimental data, and the rest pa-
rameters are estimated within a biologically plausible range based
on previous literature. The experimental data are obtained from
the study by Heilig et al. in bone marrow-derived macrophages
(BMDMs) [27]. The deviation is characterized with the correlation
coefficient, R-square, which is determined as the following func-
tions:

@ 1 2t Bexp(6) = Ysim (1))
Yt Ve (t) = Vexp)?

where yexp(t;) and ygm(t;) are experimental data and simulation
results of constituents at time t;, respectively. The total amounts
of the constituents are also estimated based on the experimental
study. All the constituent descriptions and values are elaborated in
Table S1. Detailed description of each parameter and their corre-
sponding values can be found in Table S2.

We examine the reliability of the model through compar-
ing with the experimental data under the conditions of wild-
type (WT), caspase-1 knockout (KO), GSDMD KO, as well as the
conditions of double constituents KO and triple constituents KO
(Fig. 1B,C) in BMDMs. For the WT BMDMs (Fig. 1Bi, black line),
caspase-1 is quickly activated after stimulation. Then GSDMD is ac-
tivated to induce pyroptosis (Fig. 1Bvi and Buviii, black lines). While

(9)
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the other caspase-3/8/9, tBid, and GSDME are almost inactivated
(Fig. 1Bi-Bvii, black lines) since the inhibition effects of GSDMD.
For single caspase-1 KO or GSDMD KO BMDMs (red and blue lines
in Fig. 1B), caspase-8 can be activated, leading to the activation of
tBid, caspase-3/9, and the downstream GSDME. Both caspase-1 KO
and GSDMD KO can respectively turn cells from pyroptosis to sec-
ondary pyroptosis, while the activation dynamics of caspase-3/8/9
and GSDME are significantly different. Compared with caspase-1
KO, GSDMD KO induces a rapid response of the constituents, re-
sulting in a faster cell death pattern (Fig. 1B (viii)). The dynam-
ics of the constituents double KO and triple KO cases given by our
model are also quantitatively supported by the experimental obser-
vations (Fig. 1C) and the fitting results can be reflected clearly by
the statistical chart shown in Fig. 1D. Overall, the excellent fitting
between the simulation and experiment indicates that our model
has high confidence for further clarifying the mechanisms of death
mode switching between pyroptosis and secondary pyroptosis.

2.2. Sensitivity analysis reveals the switching mechanisms between
pyroptosis and secondary pyroptosis

To determine whether and how the components mediate the
death mode switching between pyroptosis and secondary pyrop-
tosis, sensitivity analysis is conducted in this section. We first ex-
plore the effects of the expression level of the seven constituents
on the death mode switching (Fig. 2A,B). The sensitivity of the
downstream effector proteins, the cleaved GSDMD for pyroptosis,
and the cleaved GSDME for secondary pyroptosis to the change of
each constituent are investigated. We vary the level of each con-
stituent individually in the range of 0.001-1000 nM to inquire the
activation of GSDMD and GSDME. As the results shown, the in-
crease of caspase-1 (Cltot) or GSDMD (GDtot) expression level en-
hances the GSDMD activation (Fig. 2A, left panel) and restrains the
GSDME activation (Fig. 2B, left panel), presenting a death mode
switching from secondary pyroptosis to pyroptosis. While the vari-
ation of the other five constituents (C8tot, C9tot, C3tot, BIDtot,
and GEtot) barely affects cell death mode. The corresponding two-
dimensional heat maps are presented in the right panels of Fig. 2A
and B. These results are consistent with the experimental observa-
tions that GSDMD or caspase-1 is required for the switching be-
tween pyroptosis and secondary pyroptosis [18,20,27,28,46].

The pyroptotic crosstalk signaling totally includes 29 biochem-
ical reactions, which are described by 45 kinetic parameters. We
next discuss the key reactions in the crosstalk that can effectively
switch the death mode. There are two kinds of parameters in the
equations, i.e., the reaction rates and the Michaelis constants. Since
the parameters of reaction rates and Michaelis constants have dif-
ferent biological ranges [47], we severally set their ranges within
10-7~10-2 for the reaction rates and 10—3~103 for the Michaelis
constants. The parameter sensitivity analysis suggests that only
4 reaction rates (Fig. 2C) and 6 Michaelis constants parameters
(Fig. 2D) can effectively switch the death mode between pyroptosis
and secondary pyroptosis. These parameters correspond to 8 bio-
chemical reactions in the crosstalk, i.e., the activation of caspase-1
induced by stimuli (ks ¢; and Ks_¢1), the activation of GSDMD in-
duced by caspase-1 (k¢y gp and K¢ gp), the activation of caspase-
3 induced by caspase-1 (k¢q_c3), the caspase-8-induced activation
of caspase-3 that inhibited by GSDMD (K¢p c3), the caspase-9-
induced activation of caspase-3 that inhibited by GSDMD (K¢p c9),
the activation of GSDMD inhibited by caspase-3 (Kc3_gp), the acti-
vation of GSDME induced by Caspase-3 (K¢3 gg), and the degrada-
tion of GSDMD (dgp). Therefore, sensitivity analysis suggests that
only the expression levels of GSDMD and caspase-1, and above 8
biochemical reactions can effectively switch the death mode of the
pyroptotic 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 1000 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 1000 for the Michaelis

constants.

2.3. Bifurcation analysis identifies the hidden components in
switching death modes

Compared with sensitivity analysis, bifurcation analysis is a
more comprehensive and widely used approach to study the state
transition of various biological systems [48]. We therefore employ
bifurcation analysis to evaluate the components that can switch
death modes. Effects of the seven constituents expression levels
on the death effector proteins, i.e., the cleaved GSDMD and GS-
DME are studied firstly. As shown in Fig. 3A, the caspase-1 expres-
sion level (Cltot) is conducted as the control parameter and the
bifurcation diagram shows that the system presents monostability
when the caspase-1 level is very low (< ~1.5 nM) (blue region).
The cleaved GSDMD is stable at a low level (upper panel), while
the cleaved GSDME level is high (down panel). The death rate of an
illustrative example (point A) is plotted in Fig. 3B, indicating that
secondary pyroptosis occurs alone. The system exhibits bistability
with the increase of caspase-1 expression level, which are enclosed
by two saddle-node bifurcation points (SN1 and SN2) (green re-
gion). SN1 is the low threshold of the caspase-1 level (~1.5 nM) for
GSDMD activation and GSDME inactivation, while SN2 is the high
threshold (~14 nM) for GSDMD inactivation and GSDME activation.
Within the bistable region, the stable state is sensitive to the ini-
tial condition of the activated caspase-3. For a certain caspase-1
expression level (e.g., Cltot = 10 nM), two stable states are given
(point B and point C) (Fig. 3A) and a small perturbation of caspase-
3 will drive the system to one of the two stable states. At the same
level of caspase-1, when the initial activation level of the caspase-
3 is 0 nM, GSDMD stays at a high level and GSDME activation is
stabilized at a low level (Fig. 3A, point C), resulting in pyroptosis
(Fig. 3B, point C). While a small initial activated caspase-3 (15 nM)
can drive GSDME to a high steady state, and GSDMD converges to

a low stable state (Fig. 3A, point B), inducing the concurrence of
pyroptosis and secondary pyroptosis (Fig. 3B, point B). When the
expression level of caspase-1 is high enough (> ~14 nm), the sys-
tem exhibits monostability and the cleaved GSDMD maintains at a
high level, which gradually increases with the increase of caspase-
1 (red region), while GSDME is stable at a quite low level, occur-
ring pyroptosis only (Fig. 3B, point D).

The bifurcation diagrams of GSDMD level are similar to the re-
sults of caspase-1. The system presents monostability when GS-
DMD level is lower than ~88 nM (Fig. 3C), inducing secondary
pyroptosis alone (Fig. 3D, point 1), and exhibits bistability when
GSDMD level ranging from 88 to 165 nM, in which cells will
selectively execute the concurrence of pyroptosis and secondary
pyroptosis (point 2) or pyroptosis alone (point 3) depending on
the initial conditions. Pyroptosis alone will be exclusively induced
(point 4) with higher level of GSDMD. Different from sensitivity
analysis, bifurcation analysis reveals that the expression level of
caspase-3 can also trigger bistability within the biologically plau-
sible range (Fig. 3E). The cells execute only pyroptosis with low
level of caspase-3 (< ~250 nM), and selectively induce pyroptosis
or secondary pyroptosis with higher level (Fig. 3F). Bifurcation di-
agrams of the other four constituent levels (caspase-8/9, GSDME,
Bid) merely exhibit monostability, indicating that variations of the
four constituents hardly affect the high steady states of GSDMD-
induced pyroptosis (Fig. 3G). As a result, above bifurcation anal-
ysis suggests that only caspase-1, GSDMD, and caspase-3 expres-
sion levels among the seven constituents are capable to switch
death modes between pyroptosis and secondary pyroptosis. Com-
pared with sensitivity analysis, the switching role of caspase-3 is
further identified by using bifurcation analysis.

Besides the constituents, whether and how the reactions me-
diate the cell death modes are discussed as well. Bifurcation dia-
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grams of activated GSDMD and GSDME as a function of the acti-
vation rate of caspase-1 induced by stimuli (parameter ks 1) are
shown in Fig. 4A, presenting two different dynamical regions. A
small value of parameter ks 1 selectively induces the cells undergo
pyroptosis or secondary pyroptosis depending on the initial condi-
tions, while a large value of ks ¢; exclusively triggers pyroptosis
(Fig. 4A,B). For the activation rate of GSDMD induced by caspase-
1 (parameter k¢ gp), the bifurcation diagrams present three dif-
ferent dynamical regions (Fig. 4C), which are similar to the re-
sults shown in Fig. 3C. A small value of parameter k¢; gp triggers
secondary pyroptosis alone, while the increase of k¢y ¢p first con-
verges the system to bistability with the concurrence of pyroptosis
and secondary pyroptosis or pyroptosis alone, and then turns to
the monostability region with the induction of pyroptosis. How-
ever, the system only presents monostability but can still switch
cell death modes from pyroptosis to the concurrence of pyroptosis
and secondary pyroptosis with the increase of the activation rate
of caspase-3 induced by caspase-1 (parameter k¢q c3).

There are totally 29 biochemical reactions that described by 45
parameters in the pyroptotic system. After scanning all the param-
eters, we find that 12 parameters, i.e., the activation rate/michaelis
constant of caspase-1 induced by stimuli (ks ¢1/Ks ¢q), the ac-
tivation rate/michaelis constant of GSDMD induced by caspase-
1 (ke _gp/Ke1 gp), the activation rate of caspase-3 activation in-
duced by caspase-9 (kcg_c3), michaelis constant for GSDMD inhibit-
ing activation of caspase-3 induced by caspase-8/9 (K¢p c3/Kep_co)s
the activation rate of caspase-3 activation induced by caspase-
8 (kcs_c3), michaelis constant for caspase-3 inhibiting the cleav-
age of GSDMD (Kcs gp), and the degradation/inactivation rate of
caspase-1/3 (d¢q/dc3), and GSDMD (dgp), can switch death modes
through generating bistable state (Fig. S2). While for the rest pa-
rameters, the bifurcation diagrams only present monostability (Fig.
S3). Among those parameters that exhibit monostability, two pa-
rameters, i.e., the activation rate of caspase-3 induced by caspase-1
(kc1_c3) and the michaelis constant of GSDME cleaved by caspase-
3 (Kcs_ge), can efficiently change the death modes between pyrop-
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1-3 in Fig. 4E, respectively.

tosis and secondary pyroptosis. Taken together, the 14 parameters
mentioned above, which refer to 12 biochemical reactions in the
intricate crosstalk signaling are determined. Compared with sensi-
tivity analysis, one constituent (caspase-3), four hidden parameters
that corresponds to 4 reactions, are further identified for modes
switching by using the bifurcation analysis.

2.4. Potential landscape analysis dissects the global stability of the
crosstalk

To systematically study the stochastic properties of the pyrop-
totic crosstalk switching mechanisms, a recently developed poten-
tial landscape theory that describes the global dynamic behavior
of the system in phase space is further employed [36,37,49-52].
The dimensionless potential (U) and steady-state probability dis-
tribution (P) of the system is given by the Boltzmann relation,
that is, U=-In(P) [53,54]. We first investigate the effects of the ex-
pression level of the three identified constituents (caspase-1, GS-
DMD, and caspase-3) on the global stability of the system. The
corresponding potential landscapes on the GSDMD-GSDME phase
space are shown in Fig. 5. The yellow region represents higher po-
tential or lower probability, and the blue region corresponds to
lower potential or higher probability. As a result, the system ex-
hibits monostable landscape when caspase-1 expression level is
quite low (Cltot = 1 nM), implying that the system evolves into
a unique state (secondary pyroptosis state) from any initial val-
ues (Fig. 5A). However, with a relative high caspase-1 level (Cltot
= 2 nM), the landscape presents two basins of attraction, which

characterizes two stable states (pyroptosis state and secondary py-
roptosis state) (Fig. 5B). The system eventually evolves into one of
the two basins from any initial conditions. The result shows that
the secondary pyroptosis state is more stable than the pyroptosis
state, indicating the high occurrence probability of secondary py-
roptosis when caspase-1 expression level is low (Fig. 5B). As the
caspase-1 level increases (C1tot = 14 nM), the secondary pyropto-
sis state becomes less stable while the pyroptosis state turns more
stable (Fig. 5C), implying that the increase of caspase-1 promotes
the induction of pyroptosis. When caspase-1 level is high enough
(C1tot = 20 nM), the landscape changes from two coexisting stable
states to the monostable pyroptosis state (Fig. 5D), suggesting that
only pyroptosis occurs from any initial conditions. To quantify the
landscape topography, we define the probability of cells evolve into
the secondary pyroptosis state and pyroptosis state, which is asso-
ciated with the height of the basin. As the results shown in Fig. 5E,
too low (<~ 1 nM) or too high (>~15 nM) level of caspase-1 re-
spectively induces the sole occurrence of secondary pyroptosis or
pyroptosis. The occurrence probability of the secondary pyroptosis
basin is decreased with the increase of caspase-1, while the prob-
ability of pyroptosis basin is increased. When the caspase-1 level
is <~9 nM, the probability of secondary pyroptosis is larger than
pyroptosis. These results are consistent with the experimental ob-
servations that cells prefer secondary pyroptosis when caspase-1
expression level is low, but trend to pyroptosis with high caspase-
1 level [18,20,46].

Similarly, the effects of the GSDMD and caspase-3 expression
level on the landscape topography are discussed as well. As the
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results shown in Fig. 5F-I, increasing the GSDMD level increases
the probability of cell death mode switching from secondary py-
roptosis to pyroptosis. The occurrence probability of secondary
pyroptosis is larger than pyroptosis when GSDMD level is lower
than ~130 nM. (Fig. 5J) This is also supported by the experi-
mental data [27,28,55,56]. However, increasing the caspase-3 level
causes the decrease of the occurrence probability of secondary py-
roptosis, but increases the probability of pyroptosis (Fig. 5K-N).
The probability of pyroptosis is larger than secondary pyroptosis
when caspase-3 level is lower than ~400 nM (Fig. 50). More-
over, our result predicts that increasing the caspase-3 within the
biologically plausible range can not switch the landscape to the
monostable pyroptosis state, which needs to be further validated in
experiments.

Besides the constituents, we also explore how the identified vi-
tal biochemical reactions (Fig. 4) determine the landscape topog-
raphy of the system. For the activation rate of caspase-1 induced
by stimuli (parameter ks ¢1), the landscapes present two basins of
stable states when ks ¢ is small (Fig. 6A,B). The occurrence prob-

ability of pyroptosis becomes larger than the secondary pyropto-
sis when ks ¢; > ~1.5 x 107% s~1, and the landscape eventually
evolves into the monostable pyroptosis state (Fig. 6D) when kg ¢
> ~10~> s~ (Fig. 6E). For the activation rate of GSDMD induced by
caspase-1 (parameter k¢y gp), the landscapes respectively exhibit
monostable secondary pyroptosis state (Fig. 6F), two basins of sta-
ble state (Fig. 6G,H), and monostable pyroptosis state (Fig. 61) with
the increase of kcy gp (Fig. 6]). However, for the activation rate
of caspase-3 induced by caspase-1 (parameter k¢ ¢3), the system
only presents monostable landscape (Fig. 6K-N). Increasing the
Kcq_c3 switches the monostable pyroptosis state to the secondary
pyroptosis state, and the switching occurs when k¢q 3 equals to
~2 x 107> s~ (Fig. 6L).

Therefore, potential landscape analysis provides a more physi-
cal description of the stochastic dynamic and global stability of the
pyroptotic crosstalk. Compared with bifurcation analysis, a more
accurate description of the transition dynamics of the system can
be achieved through quantitatively calculating the individual oc-
currence probabilities of secondary pyroptosis and pyroptosis.
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2.5. Diverse stable states controlled by the constituent levels and
reactions

The pyroptotic crosstalk could present a more diverse state
transitions under certain conditions. As shown in Fig. 7A, the sys-
tem first exhibits monostability, then bistability, and then monos-
tability, finally bistability with the increasing expression level of
caspase-1. Similarly, the influence of caspase-1 level on the po-
tential landscape is shown in Fig. 7B-E, indicating that the sys-
tem selectively presents monostable secondary pyroptosis land-
scape (Cltot = 1 nM and 35 nM), and the bistable secondary py-
roptosis and pyroptosis landscape (Cltot = 15 nM and 100 nM).
The individual occurrence probabilities of secondary pyroptosis and
pyroptosis shown in Fig. 7F quantitatively appears the choice of
death modes that depend on the initial conditions of caspase-1
level. We further conduct the two-parameter bifurcation diagram,
which can display the synergistic modulation of multiple param-
eters on the diverse states transitions of the pyroptotic signaling.
The phase diagram in the plane of multiple constituents or reac-
tions provides a more holistic view of the states. The distribution
of stable states with respect to different caspase-1 levels and the
values of k¢q_gp is shown in Fig. 7G. With the increase of caspase-
1 level, the states can be exclusively monostability (blue dashed
line), four states switching (from monostability to bistability, to
monostability, and to bistability) (green dashed line), two states
switching (orange dashed line), and three states switching (red
dashed line), depending on the value of k¢y gp. A similar result of
the state distribution is observed in the plane of ks ¢1-kc1 gp (Fig-
ure S4), indicating the complicated role of k¢y gp in mediating the
diverse states transitions.

Accordingly, we next focus on the previously identified compo-
nents that can switch death modes. Fig. 8A shows the distribution

of stable states with respect to different caspase-1 and caspase-
3 expression levels. With low level of caspase-3 expression (<
~50 nM), monostable state for pyroptosis occurs alone with in-
creasing caspase-1. A middle level of caspase-3 (~50 - ~140 nM)
induces the states switching from bistable to monostable. While
the change of states from monostability, to bistability, and fi-
nally to monostability are observed with high caspase-3 expres-
sion (~140 - ~240 nM). The bistable range becomes larger with
the increasing caspase-3. Higher level of caspase-3 (> ~240 nM)
induces the transition from monostability to bistability. The di-
verse states distribution with respect to caspase-1/GSDMD and
GSDMD)/caspase-3 is shown in Fig. 8B and 8C. The phase dia-
grams with respect to the activation rate of GSDMD induced by
caspase-1 (parameter kcq gp) and the three identified constituents
are shown in Fig. 8D-F. All the other co-variation of parameters
and constituents are explored and shown in Fig. S5. Moreover, the
co-variation of two parameters that can switch death modes are
also studied, presenting diverse states distributions (Fig. 8G-I). Af-
ter scanning all the two-parameters bifurcation (Fig. S6), the four-
state switching from monostability to bistability, to monostability,
and to bistability can only be observed when k¢ gp is considered
(Fig. 8D, G, and H), suggesting the reaction of GSDMD activation by
caspase-1 is dominant for various death mode determination.

3. Discussion

Extensive studies have focused on elucidating the molecular
mechanisms of various types of cell death. While dissecting the
emerging connectivity of different types of cell death and explore
how these pathways synergistically work together to generate spe-
cific fate decision remain challenging [57,58]. Pyroptosis is related
to various disease, while secondary pyroptosis appears harmless
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and can inhibit tumor growth [23]. Thus, searching the poten-
tial strategies for efficiently switching death modes from pyropto-
sis to secondary pyroptosis is significant. Taken together with the
most recently experimental observations, we constructed a coarse-
grained model of the crosstalk between pyroptosis and secondary
pyroptosis. We systematically study how each component and their
combinations within the pyroptotic crosstalk determine the various
death mode transitions. As a result, the deterministic components
for mode switching are identified and shown in Fig. 9.

Sensitivity analysis indicates that the expression level of two
constituents, i.e, GSDMD and caspase-1 can individually switch
death modes between pyroptosis and secondary pyroptosis. Nev-
ertheless, sensitivity analysis can only reveal the time-dynamical
aspects. While with bifurcation analysis of stable state transition,
we manifest the roles of three constituents, i.e., GSDMD, caspase-
1, and caspase-3 in switching death modes. The switching roles
of GSDMD and caspase-1 are consistent with previous experimen-
tal observations [18,20,27,28,46,55,56], while the predicted switch-
ing role of caspase-3 has not been experimentally reported. Be-
sides, our results also suggest that varying the expression level of
caspase-8/9, tBid, or GSDME could not efficiently switch the pyrop-
tosis death mode. Thus, targeting on caspase-8/9, tBid, or GSDME
for mode control might be invalid, which need to be further exper-
imentally validated.

Compared with the eight biochemical reactions identified by
sensitivity analysis, twelve reactions are determined by bifurca-
tion analysis, which provides deeper insights into the regulatory
mechanism of the crosstalk. The predicted multistability elucidates
the mechanistic basis of various switches between pyroptosis and
secondary pyroptosis. A more global view of multistability of the
system is further clarified by using the phase diagram, reveal-
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ing the possible molecular mechanisms in pathological cells. Al-
though a “mutual inhibition” relationship between pyroptosis and
secondary pyroptosis is generally assumed as many inhibition in-
teraction among the crosstalk [27-29,44], the concurrence of py-
roptosis and secondary pyroptosis is predicted to be observed un-
der certain circumstances. Thus, there might be a “speed competi-
tion” between the two death modes. However, the coexistence of
pyroptosis and secondary pyroptosis can also induce diseases, such
as silicosis [59]. Thus, our proposed strategies for exclusively trig-
gering secondary pyroptosis are especially important to guide the
development for diseases prevention and treatment.

Mathematical modeling is a powerful approach and has suc-
cessfully dissected many complex regulatory mechanisms of var-
ious cell death modes, such as apoptosis, necroptosis, and their
crosstalk [35,48,60]. However, previous studies focused more on
the deterministic dynamics [61-64]. Here, our study from the land-
scape viewpoint quantitatively provides the stochastic dynamics,
the global nature, and the kinetic transitions of the pyroptotic sig-
naling. This is the first landscape for the pyroptotic network, which
involves the intricate crosstalk dynamics between pyroptosis and
secondary pyroptosis. The landscape topography presents more dy-
namical properties of the signaling, such as the occurrence prob-
ability of secondary pyroptosis and pyroptosis that can be quan-
titatively calculated. Using this approach, we systematically study
how the occurrence probabilities of the two death modes are de-
termined by the key constituents and reactions, providing possible
clues to design the effectiveness strategies in terms of different tar-
gets for death control.

Emerging evidences have suggested that the pyroptotic signal-
ing plays important roles in COVID-19. The plasma levels of IL-18
and other inflammatory cytokines that are triggered by pyropto-
sis in patients infected with COVID-19 are much higher than those
in healthy people [G5]. Recent studies indicated that the spike (S)
protein of SARS-CoV-2 binds to the ACE-2 receptor, which activates
the NLRP3 inflammasome [7]. The caspase-1 in inflammasome fur-
ther cleaves GSDMD, triggering the occurrence pyroptosis and se-
vere immune response induced by IL-18 [66,67]. Besides, SARS-
CoV-2 can also activate the AIM2 inflammasome to trigger pyrop-
tosis and cytokine storm [7,68]. While the release of IL-18 is ab-
sent in secondary pyroptosis [20]. Therefore, targeting on potential
components to switch the modes from pyroptosis to secondary py-
roptosis could efficiently reduce the occurrence of cytokine storm
in COVID-19.

At present, a number of pyroptotic signaling inhibitors have
been proposed for COVID-19 clinical trial. Chloroquine and hy-
droxychloroquine, which can efficiently impair the binding of ACE-
2 to SARS-CoV-2, and thus blocking the activation of inflamma-
some induced by SARS-CoV-2, have been partial applied in COVID-
19 treatment [6]. Besides, a patient with COVID-19 was success-
fully treated with IL-1 receptor antagonist (anakinra) [69], which
blocks the pro-inflammatory effect of IL-1 to trigger cytokine storm
[70]. Bruton tyrosine kinase (BTK), which involved in inflamma-
some activation cascade, is also proposed to be a therapy target
for COVID-19 [71]. In our study, we offer the theoretical guidance
of potential targets for the treatment of COVID-19. As the sum-
mary shown in Fig. 9, we suggest that the three constituents, i.e.,
GSDMD, caspase-1, and caspase-3, and twelve biochemical reac-
tions could be therapy target for COVID-19. Actually, for the pro-
posed target of GSDMD, the GSDMD inhibitor, disulfiram, was re-
cently applied in COVID-19 treatment experiment [7]. Moreover,
the caspase-1 inhibitor, belnacasan (VX765) is also considered to
have the therapeutic potential for COVID-19 [72]. However, for the
proposed caspase-3 and the identified twelve reactions, there is no
direct evidence right now. We hope these predictions can be fur-
ther experimentally validated, or at least guide the development of
potential strategies for COVID-19 treatment (Eqs. (4), (8), (9))
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The ODE model is developed and simulated with Python 3.8.2.
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