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ABSTRACT

The crosstalk between pyroptosis and apoptosis pathways plays crucial roles in homeostasis, cancer, and other pathologies. However, its
molecular regulatory mechanisms for cell death decision-making remain to be elucidated. Based on the recent experimental studies, we
developed a core regulatory network model of the crosstalk between pyroptosis and apoptosis pathways. Sensitivity analysis and bifurcation
analysis were performed to assess the death mode switching of the network. Both the approaches determined that only the level of caspase-1 or
gasdermin D (GSDMD) has the potential to individually change death modes. The decrease of caspase-1 or GSDMD switches cell death from
pyroptosis to apoptosis. Seven biochemical reactions among the 21 reactions in total that are essential for determining cell death modes are
identified by using sensitivity analysis. While with bifurcation analysis of state transitions, nine reactions are suggested to be able to efficiently
switch death modes. Monostability, bistability, and tristability are observed under different conditions. We found that only the reaction that
caspase-1 activation induced by stimuli can trigger tristability. Six and two of the nine reactions are identified to be able to induce bistability
and monostability, respectively. Moreover, the concurrence of pyroptosis and apoptosis is observed not only within proper bistable ranges,
but also within tristable ranges, implying two potentially distinct regulatory mechanisms. Taken together, this work sheds new light on the
crosstalk between pyroptosis and apoptosis and uncovers the regulatory mechanisms of various stable state transitions, which play important
roles for the development of potential control strategies for disease prevention and treatment.

Published under an exclusive license by AIP Publishing.. https://doi.org/10.1063/5.0059433

Most recently, extensive studies have been focused on elucidating
the molecular mechanisms of pyroptosis, which is a new proce-
dural and inflammatory death. Pyroptosis is related to various
diseases, such as auto-immune disease, cardiovascular disease,
metabolic disease, and malignant tumors. With this paper, we
aim to explore the regulatory mechanisms of how the crosstalk
dynamics between pyroptotic and apoptotic signaling generate
specific cell fate decisions. To this end, we build a core regula-
tory network model that is quantitatively supported by exper-
imental data. We systematically present how various states of
death modes, i.e., monostability, bistability, and tristability, are
determined by the components. Caspase-1, GSDMD, and nine

biochemical reactions are identified that can efficiently switch cell
death modes. Moreover, the concurrence of pyroptosis and apop-
tosis is predicted to be observed under certain circumstances.
These results provide possible clues to guide the development for
the prevention and treatment of pyroptosis-related diseases.

INTRODUCTION

Pyroptosis, a form of programmed cell death, is accompanied
by cell swelling, membrane rupture, and lysis, which ultimately
causes massive release of cellular contents and induces
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inflammation."” Pyroptosis exerts a significant role in the clearance
of infectious agents by releasing the surviving intracellular bacteria
for neutrophil-mediated killing.” However, pyroptosis is also related
to various diseases, such as auto-immune disease, cardiovascular
disease, metabolic disease, and malignant tumors. Understanding
the regulation mechanism of pyroptosis is, therefore, urgent for
disease prevention and treatment.”

Pyroptosis is triggered by the inflammasome, which is a cytoso-
lic macromolecular signaling complex that regulates host immune
responses to invading pathogens and danger signals.” The formation
of the inflammasome is initiated by cytosolic pattern recognition
receptors, which are innate immune sensors to recognize pathogen-
associated molecular patterns (PAMPs) or danger-associated molec-
ular patterns (DAMPs), including anthrax toxin, bacterial flagellin,
double-stranded DNA, toll-like receptors, and so on.® Over the past
ten years, great progress has been made on the molecular mech-
anisms of pyroptosis in response to diverse PAMPs or DAMPs.’
Pyroptosis was primarily recognized as a pro-inflammatory pathway
resulting from the study of caspase-1-mediated macrophage death.”
In 2015, gasdermin D (GSDMD) was identified as the cleavage target
for caspase-1 and the executioner of pyroptosis, which is landmark
progress for this research field.”'' Recent studies widely reported
that pyroptosis critically depends on the formation of plasma mem-
brane pores by members of the gasdermin family.'*'* Besides, more
and more pyroptosis-related caspases were identified successively."*

The emerging connectivity of different types of cell death path-
ways and its physiological implications are the focus of current
research.'>'® The crosstalk between pyroptosis and apoptosis path-
ways has attracted much attention very recently. A large quantity
of experiments reported that deficient of GSDMD or caspase-1
could switch cell death modes from pyroptosis to apoptosis.”'”
Taabazuing et al. found that caspase-1 not only cleaves GSDMD,
but also activates the apoptosis effector, caspase-3, with a compar-
atively slow kinetic. In addition, the caspase-1-activated caspase-3
can cleave GSDMD during apoptosis to eliminate the ability of cells
to undergo pyroptosis, indicating that the role of caspase-1 in pyrop-
tosis is bidirectional.'” In 2017, Rogers et al. found that the activated
caspase-3 can cleave gasdermin E (GSDME) to induce cell pyropto-
sis after caspase-3 successfully induces apoptosis.”” Their latest work
showed that GSDME also targets the mitochondrial membrane, with
concomitant release of cytochrome ¢ and apoptosome formation.”
Moreover, Sarhan et al. and Orning et al. found that caspase-8 is
capable of inducing the cleavage of both GSDMD and GSDME
to ignite pyroptosis during certain types of extrinsic and intrinsic
apoptosis.”’””* Chen et al. further corroborated that caspase-8 can
suppress pyroptosis in a manner of cleaving GSDMD of aspartate-88
by caspase-3.”

Besides the experimental studies, theoretical study is also a
powerful approach to reveal the complicated regulatory mecha-
nism of signaling pathways.”*® Yet, as a newly identified death
type, few studies have been performed to systematically explore
the regulatory mechanisms of pyroptosis pathway, among which
a fundamental question is how the crosstalk between pyrop-
totic and apoptotic signaling generates the specific cell fate deci-
sions. Motivated by this, we thus built a core regulatory network
model based on the recently experimental data to discuss the
crosstalk dynamics between pyroptosis and apoptosis pathways.
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Both sensitivity analysis and bifurcation analysis were performed to
address the underlying switching mechanisms, providing possible
therapeutic strategies for controlling various death modes.

RESULTS

Data-driven modeling of the crosstalk between
pyroptotic and apoptotic signaling

To investigate the dynamics of the cell death decision-making
network, a coarse-grained model is developed based on our cur-
rent understanding of the crosstalk between pyroptotic and apop-
totic signaling. The detailed biological background of the crosstalk
(Fig. S1 in the supplementary material) and the reason why the
coarse-grained method is employed in our study can be found in
Appendix A in the supplementary material. The simplified net-
work is shown in Fig. 1(a), which comprises five key constituents,
i.e., caspase-1, caspase-8, GSDMD, caspase-9, and caspase-3. Upon
stimulation, caspase-1, a multi-functional protein, is recruited into
the inflammasome and then activated. The activated caspase-1 can
cleave GSDMD to trigger pyroptosis. Meanwhile, caspase-1 can
activate caspase-9, which is an essential part of apoptosome for
inducing the caspase-3-mediated apoptosis.'” The cleaved GSDMD
can also promote the activation of caspase-1.” It is also widely
reported that caspase-1 can directly activate caspase-3 with slow
dynamics.'>'" Moreover, although caspase-1 restricts the recruit-
ment of caspase-8 into inflammasome, it can also activate caspase-8
directly.”” The activated caspase-8/9 can further cleave the apoptosis
effector, caspase-3. The cleaved caspase-3 also activates caspase-8/9,
providing efficient positive feedback for apoptosis induction.”"!
Pyroptosis and apoptosis seem to compete with each other. The
apoptosis effector caspase-3 suppresses pyroptosis through inhibit-
ing GSDMD,"* while GSDMD can block apoptosis through strongly
inhibiting the activation of caspase-8 by caspase-1, which is sup-
ported by the experiment that apoptosis occurs in GSDMD deficient
cells.””!" Besides, GSDMD can also limit the activation of caspase-3
by caspase-8/9."

Based on the schematic network shown in Fig. 1(a), we con-
structed a corresponding model comprising five constituents, i.e.,
caspase-1 (C1), caspase-8 (C8), caspase-9 (C9), caspase-3 (C3), and
GSDMD (GD). The death decision-making process of the system
is described by five coupled ordinary differential equations (ODEs)
presented below,

dcy s
BT ki % ([Cli] — [C1]) * S
[GD]"4

[GD]"M +]’GD”14
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FIG. 1. Modeling the crosstalk between pyroptosis and apoptosis pathways. (a) The core regulatory network of pyroptosis and apoptosis pathways. The network contains
five key constituents: caspase-1/3/8/9 and GSDMD. Caspase-3 and GSDMD are the effector proteins for inducing apoptosis and pyroptosis, respectively. (b) Comparison
between experimental data (dots) and simulation results (lines) of the constituent time-course responses. The results of three different conditions are colored by red (wildtype,
WT), blue (GSDMD knockout, GSDMD KO), and green (caspase-1 knockout, caspase-1 KO). (c) Scatter diagram of experimental data vs theoretical results. There are totally

20, 11, and 9 comparison results for the three conditions, respectively.
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The dynamics of caspase-1 that is described by Eq. (1)
mainly contains three terms. The first and second terms rep-
resent the activation of caspase-1 induced by stimuli and the
cleaved GSDMD, respectively. The last term in Eq. (1) corresponds
to the degradation/inactivation of caspase-1, while the dynamic
behavior of GSDMD is described by two terms as shown in
Eq. (2), including the process of caspase-1-activated GSDMD, which
is inhibited by caspase-3, and the basal degradation/inactivation

Chaos 31, 093103 (2021); doi: 10.1063/5.0059433
Published under an exclusive license by AIP Publishing.

31, 093103-3


https://aip.scitation.org/journal/cha

Chaos ARTICLE

process of GSDMD. As described by Eq. (3), the dynamics of
caspase-9 involves the caspase-1-mediated caspase-9 activation
and the caspase-3-mediated caspase-9 activation, as well as the
caspase-9 degradation/inactivation. For dynamics of caspase-8 in
Eq. (4), the first term corresponds to the processes of stimulation-
triggered caspase-8 activation that is suppressed by caspase-1, the
second and third terms indicate the caspase-8 activation induced
by caspase-3 and caspase-1, respectively, and the last term is for
caspase-8 degradation/inactivation. Equation (5) is for dynamics
of caspase-3, in which the first two terms are caspase-3 activa-
tion induced by caspase-8 and caspase-9, respectively, which are
also inhibited by GSDMD, and the third and last terms corre-
spond to the caspase-1-mediated capase-3 activation and caspase-3
degradation/inactivation, respectively.

The time evolution of the cell population N is described by the
following equation:

dN [GD]™s

— =ko*N—ky*N*N —kygp ¥ —————
dt ’ w b [GD]"® + Jngp™®

n19
*N—kNC?,*L*N, (6)
[C3]™ + Jnes™®

where the first two terms correspond to the basal cell proliferation
and death, respectively.”” The last two terms represent the decrease
of cell population induced by GSDMD-mediated pyroptosis and
caspase-3-mediated apoptosis. The cell death rate is defined as the
ratio of the population of stimulus-induced cell death to the initial
population of cells (steady state of non-stimulated cells), which is
described by the formula of (Nipiy — N)/Niyi, where Ny, is the initial
population of cells.

The death decision-making regulatory network has 32 kinetic
parameters. Parameters in the model are mostly determined by a
global optimization method that minimizes the deviation between
simulation results and experimental data, and the rest parame-
ters are estimated within a biologically plausible range based on
the previous literature.” The experimental data are obtained from
bone marrow-derived macrophages (BMMs).!” The deviation is
characterized with the correlation coefficient, R-square, which is
determined as the following functions:

Z?:l (y::xp(ti) _)’sim(ti))2
S Gep(t) — Verp)’

where yex(t) and ygm(t) are experimental data and simulation
results of constituents at time ¢, respectively. The total amounts
of the constituents are also estimated based on the experimental
study.” All the parameter descriptions and values are elaborated in
Table S1 of the supplementary material.

To examine the reliability of the model, simulations were per-
formed to compare with the corresponding experimental data in
BMMs.'” Dynamics of the five constituents and death rates for wild
type (WT), GSDMD knockout (GSDMD KO), and caspase-1 knock-
out (caspase-1 KO) BMMs are presented in Fig. 1(b). For WT BMMs
(red lines and points), caspase-1 is activated upon stimulation
[Fig. 1(b) (i)], and then GSDMD is cleaved and rapidly accumulated
[Fig. 1(b) (ii)] to trigger pyroptosis [Fig. 1(b) (vi)], whereas the apop-
tosis induction constituents, i.e., caspase-8 [Fig. 1(b) (iii)], caspase-9
[Fig. 1(b) (iv)], and caspase-3 [Fig. 1(b) (v)], remain at rather low

RP=1- , 7)
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levels because of the inhibition effect of GSDMD. For GSDMD
KO BMMs (blue lines and points), both caspase-8 [Fig. 1(b) (iii)]
and caspase-9 [Fig. 1(b) (iv)] are cleaved by the activated caspase-
1, which subsequently cleaves caspase-3 [Fig. 1(b) (v)] to induce
apoptosis [Fig. 1(b) (vi)]. Moreover, compared with GSDMD KO,
caspase-1 KO in BMMs (green lines and points) induces a delayed
response of the apoptosis constituents [Figs. 1(b) (iii)-1(b) (v)],
resulting in a slower cell death pattern [Fig. 1(b) (vi)].

Besides the validation of single protein KO cases, the pre-
diction of various double knockout (DKO) cases is also quantita-
tively supported by recent experimental observations (Fig. S2 in the
supplementary material), such as the cases of GSDMD/caspase-3
DKO [Fig. S2(a) in the supplementary material], GSDMD/caspase-
8 DKO, GSDMD/caspase-9 DKO [Fig. S2(b) in the supplementary
material],”” and caspase-1/caspase-8 DKO [Fig. S2(c) in the
supplementary material].”” We also validated the model by testing
how the cell death pattern responds to various strength of stim-
ulation [Fig. S2(d) in the supplementary material]. As the results
indicated, an increase of the strength of stimulation would trig-
ger the concurrence of apoptosis and pyroptosis [Fig. S2(e) in the
supplementary material], which is in line with the data obtained in
two typical cell lines.”® As a result, the excellent fitting between the
simulation and experiment [Fig. 1(c)] indicates that our model has
high confidence for further clarifying the underlying mechanisms of
death decision-making between pyroptosis and apoptosis.

Sensitivity analysis of the crosstalk in switching cell
death modes

In this section, sensitivity analysis is performed to dissect
whether and how the components mediate the cell death modes.
We first explored the effects of expression levels of the five con-
stituents (Clit, GDiot» C9%ot» C8tor, and C3o) on the death mode
switching [Fig. 2(a)]. The sensitivities of the activated caspase-3
(apoptosis effector protein) and the cleaved GSDMD (pyroptosis
effector protein) to the change of each component are investigated.
We varied the level of each constituent individually in a range from
0.01-fold to 100-fold of its standard value to inquire the activation of
caspase-3 and GSDMD. As shown in Fig. 2(a), the 100-fold increase
of the five constituent levels from their standard value (i.e., 1-fold)
barely affects the activation of caspase-3 [Fig. 2(a) (i)] and GSDMD
[Fig. 2(a) (ii)]. However, the decrease of the caspase-1 (Clyy) or
GSDMD (GDy) expression level enhances the caspase-3 activa-
tion and restrains the GSDMD activation, presenting a death mode
switching from pyroptosis to apoptosis, while the decrease of the
other three constituents (C9, C8or, and C3yo) barely affects cell
death modes. The two-dimensional heat map is presented in the
sub-figures of Fig. 2(a). These simulation results are consistent with
the experimental observations that GSDMD is essential for pyropto-
sis induction,'” and the cell death mode switches from pyroptosis to
apoptosis in GSDMD KO or caspase-1 KO cells [Fig. 1(b) (vi)].

There are totally 21 biochemical reactions in the model, which
are described by 32 kinetic parameters within a biologically plausi-
ble range.”” We next explored the key reactions that can efficiently
switch the death modes. The parameter sensitivity analysis indicates
that only eight parameter variations can efficiently change the cell
death mode between pyroptosis and apoptosis [Figs. 2(b) and 2(c)].
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FIG. 2. Sensitivity analysis of constituent levels and reaction parameters. (a) The response curves of caspase-3 (i) and GSDMD (ii) to the fold change from 0.01 to 100 of
the standard value for the five constituents (C1tot, black line; C3tot, purple line; C8tot, green line; COtot, blue line; GDtot, red line). The response curves presented by the
two-dimensional heat map are shown in the sub-figures, in which the x axis and y axis represent the five constituents and fold change, respectively, while the color shades
indicate the corresponding concentration variation of caspase-3 (i) and GSDMD (ii). (b) The two-dimensional heat map that represents the variation of caspase-3 to the fold
change of the 32 kinetic parameters. (c) The two-dimensional heat map of GSDMD with the fold change for 32 kinetic parameters.

parameter to explore its influence on the death effector proteins, i.e.,
the activated caspase-3 and the cleaved GSDMD. The bifurcation
diagram in Fig. 3(a) (i) shows that the system presents monostabil-

The eight parameters correspond to seven biochemical reactions,
respectively, i.e., the activation of caspase-1 induced by stimuli (k
and jg1); the activation of GSDMD by caspase-1 (k;); the caspase-9-

induced caspase-3 activation, which is inhibited by GSDMD (Jp);
the caspase-8-mediated caspase-3 activation, which is inhibited by
GSDMD (Jgp_); the activation of caspase-3 by caspase-1 (k¢;); and
the degradation of caspase-1 (k4c;) and GSDMD (kygp). Thus, only
GSDMD, caspase-1, and these seven biochemical reactions can effi-
ciently switch death modes between pyroptosis and apoptosis in
BMMs.

Bifurcation analysis of the level of constituents in
switching death modes

Besides the robustness analysis, a more comprehensive
approach of bifurcation analysis**~* that explores various stable state
transitions of different death modes is employed in this section. We
first conducted the GSDMD expression level (GDy) as the control

ity when the GSDMD expression level is low (<~30 nM). At a stable
state, the cleaved GSDMD level is quite low (upper panel), while the
activated caspase-3 keeps at a high level (down panel). The death
rate of an illustrative example (point A) is plotted in Fig. 3(a) (ii),
indicating that cells undergo apoptosis alone.

Interestingly, the system exhibits bistability with three steady
states, i.e., two stable states (solid lines) and one unstable state (blue
dashed line), which are enclosed by two saddle-node bifurcation
points, SN1 and SN2 [Fig. 3(a) (i)]. The low stable steady state (green
lines) and the high stable steady state (red lines) correspond to the
low and high level of the effector proteins, respectively. SN1 is a
low threshold of the GSDMD level (~30nM) for caspase-3 acti-
vation and GSDMD inactivation, while SN2 is a high threshold
(~75nM) for caspase-3 inactivation and GSDMD activation. For
a certain expression level of GSDMD in the bistable region (e.g.,
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FIG. 3. Role of constituent levels in death mode switching. Bifurcation diagrams of caspase-3 and GSDMD as a function of GDtot (a) (i) and C1tot (b) (i). Stable and unstable
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respectively.

GDtot =50 nM), the two stable states are given (point B and point
C) [Fig. 3(a) (i)]. The system stable state is sensitive to the ini-
tial condition of the activated caspase-3. A small perturbation of
caspase-3 will drive the system to one of the two stable states. For
example, a small amount of 0.1 nM caspase-3 will converge the sys-
tem to the stable state with a high level of caspase-3 and a low level
of GSDMD [Fig. 3(a) (i), point B), resulting in apoptosis (Fig. 3(a)
(ii), point B). However, when the initial condition of the caspase-
3 level is zero, the system will converge to the stable state with a
comparatively low level of caspase-3 and a high level of GSDMD
[Fig. 3(a) (i), point C], inducing the concurrence of pyroptosis and
apoptosis [Fig. 3(a) (ii), point C]. When the GSDMD level is high
enough (>~75nM) [Fig. 3(a) (i)], the system presents monostabil-
ity and the stable state presents a high level of the cleaved GSDMD,
which increases with the increase of the GSDMD expression level,
while caspase-3 remains at a low value. As the example of point
D presented, cells exclusively undergo pyroptosis [Fig. 3(a) (ii)].
Time courses of the four representative points are correspondingly
presented in Fig. S3(a) (i) of the supplementary material.
Therefore, these results indicate that the GSDMD expression
level is vital for cell death mode switching among various types,

including apoptosis or pyroptosis alone, or the concurrence of apop-
tosis and pyroptosis. The simulation results are qualitatively sup-
ported by the experimental observations that pyroptosis occurs in
cells with a high GSDMD level expression, such as macrophage and
the small intestine in mice, while apoptosis occurs in cells with a low
GSDMD level, for example, spinal cord and L929 cells."”

Similarly, the effects of the caspase-1 expression level on cell
death modes are discussed. As given in Fig. 3(b) (i), with a low level
of the caspase-1 expression (<~7.5nM), apoptosis occurs alone
[Fig. 3(b) (ii)], while two steady states are observed with the caspase-
1 expression ranging from 7.5 to 12.5nM. Cells will selectively
execute apoptosis alone (Point 2) or the concurrence of apoptosis
and pyroptosis (Point 3) depending on its initial conditions. A high
expression level of caspase-1 (>~12.5nM) will induce pyroptosis
alone (Point 4). As a result, caspase-1 can also act as a death mode
switching factor in cells.

Moreover, according to the bifurcation diagram shown in
Fig. 3(c), variation of caspase-3/8/9 expression levels can hardly
influence the high value of the steady state of the cleaved GSDMD
(red lines) and the low value of the steady state of the activated
caspase-3 (blue lines) in cells. Overall, these results suggest that
only GSDMD and caspase-1 expression levels are capable to switch
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death modes between pyroptosis and apoptosis, while the other
three constituents, i.e., caspase-3/8/9, cannot alone [Fig. 3(d)].

A more holistic view on the cell death mode switching with
respect to GSDMD and caspase-1 expression levels can be charac-
terized by the phase diagram in the plane of these two constituent
expression levels.”»"” The phase diagram shown in Fig. 3(e) explic-
itly presents the distribution of three death modes, i.e., apoptosis
only (blue area, monostability), pyroptosis only (red area, monosta-
bility), and the concurrence of pyroptosis and apoptosis (green area,
bistability). The varying caspase-1 level only triggers apoptosis with
alowlevel of GSDMD (e.g., 15nM) [Fig. S3(b) in the supplementary
material, upper panel] but can induce death mode switching from
apoptosis to the concurrence of pyroptosis and apoptosis at a
middle GSDMD level (e.g., 50nM). The three death modes, i.e.,
apoptosis only, the concurrence of pyroptosis and apoptosis, and

scitation.org/journal/cha

pyroptosis only, can be observed with varying caspase-1 levels at a
high GSDMD level (e.g., 100 nM). Similar bifurcation patterns are
also observed for the system with varying GSDMD levels [Fig. S3(b)
(ii) in the supplementary material, down panel]. Hence, the three
death mode switching occurs with different GSDMD and caspase-1
expression levels.

Bifurcation analysis of the reaction in switching
death modes

Having dissected the vital constituents, we next focused on
exploring whether and how the reactions in the system control
cell death modes.”**>** There are 21 reactions described by 32
kinetic parameters in the system. Bifurcation diagrams of cleaved
GSDMD and activated caspase-3 as a function of the activation rate
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FIG. 4. Role of reaction parameters in death mode switching. (a) (i) Bifurcation diagrams of caspase-3 and GSDMD as a function of the activation rate of caspase-1 induced
by stimuli (k). (a) (ii) Death mode and death rate of the four representative points (A1, A2, C1, and C2) in the bistable region. (a) (iii) Death rate of the three representative
points (B1, B2, and B3) in the tristable region. (b)—(d) Bifurcation diagrams of caspase-3 and GSDMD as a function of the parameters, js1 (Hill-parameter of stimulus-induced
caspase-1 activation), k, (activation rate of GSDMD induced by caspase-1), and Jgp_ (Hill-parameter of caspase-8-dependent caspase-3 activation inhibited by GSDMD),
that can generate tristability (b), bistability (c), and monostability (d) for death mode switching. Stable and unstable steady states are denoted by solid and dashed lines,
respectively.
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of caspase-1 induced by stimuli, i.e., parameter k;, are shown in
Fig. 4(a) (i), presenting five different dynamical regions. A small
activation rate of caspase-1 induced by stimuli triggers apopto-
sis alone (blue region). Then, the increase of k; first converges
the system to a bistable region (green region) with the occurrence
of apoptosis (point Al) or pyroptosis (point A2) [Fig. 4(a) (ii)].
Unexpectedly, the system turns to a tristable range (yellow range)
with a further increase of k;. The death rates of three examples
within the tristable range are shown in Fig. 4(a) (iii), where Bl
and B3 correspond to apoptosis only and pyroptosis alone, respec-
tively. However, for B2, both the cleaved GSDMD and the activated
caspase-3 remain at relatively low levels, leading to the concur-
rence of apoptosis and pyroptosis. The system will converge to a
bistable state (brown range) and a monostable state (pink range)
with further increasing k; [Fig. 4(a) (i)]. Time courses of the seven
representative points are correspondingly presented in Fig. S4(a) of
the supplementary material. Thus, the activation rate of caspase-1
induced by stimuli can drive the system to the monostable, bistable,
or tristable state, resulting in diverse death modes.

Bifurcation analysis with all the other reaction parameters in
the system are further performed to explore their modulation in
death mode switching. After scanning all the 32 reaction param-
eters, only parameters k; and j;; for caspase-1 activation induced
by stimuli can induce the tristable state in the system. The bifurca-
tion diagram as a function of j;; also exhibits five dynamical regions,
including the monostable, bistable, and tristable states [Fig. 4(b)].
Moreover, only the seven parameters, i.e., the activation rate of
GSDMD induced by caspase-1 (k,), the Hill-parameter of GSDMD
activation by caspase-1 (J¢1), the Hill-parameter of caspase-3 inhi-
bition by GSDMD (Jgp), the Hill-parameter of GSDMD inhibition
by caspase-3 (Jcsi), and the degradation rates of caspase-1 (k4ci),

ARTICLE scitation.org/journal/cha

caspase-3 (kqcs3), and GSDMD (kygp), can generate a bistable state
in the system [Figs. 4(c) and S4(b) in the supplementary material]
with the other parameters at the standard values.

When changing the other parameters only, the bifurcation
diagrams typically present a monostable state for the model with
the other parameters at the standard values [Figs. 4(d) and S5 in
the supplementary material]. Among those parameters that present
monostability, two parameters (Jop_and kc;) can efficiently switch
the cell death modes. The increase of Jgp_ (parameter of caspase-
3 inhibition by GSDMD) or k¢; (rate of caspase-3 activated by
caspase-1) converges the cell from pyroptosis to the concurrence of
apoptosis and pyroptosis [Figs. 4(d) and S4(b) in the supplementary
material]. Taken together, only the above mentioned 11 parameters,
which correspond to 9 biochemical reactions in the network, can
efficiently switch cell death modes.

Effects of constituent levels and reactions on the
diverse stable states

The bifurcation diagram is to discuss the effects of a sin-
gle reaction parameter on the system dynamics with all the other
parameters at the standard value, while the phase diagram can dis-
play the synergistic modulation of two parameters on the death
mode switching.”>* Figure 5(a) shows the distribution of sta-
ble states with respect to different GSDMD expression levels and
varying activation rates of caspase-1 induced by stimuli (k;). The
diverse stable state variations under four typical GSDMD levels are
presented in Fig. S6 of the supplementary material. With a low
level of the GSDMD expression, a monostable state for apopto-
sis occurs alone [Fig. S6(a) (i) in the supplementary material). A
middle level of GSDMD induces the death mode switching from
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FIG. 5. Effects of constituents on the k; (activation rate of caspase-1 induced by stimuli) mediated multistability. The stability distributions of parameters k under various
expression levels of GSDMD (a), caspase-1 (b), caspase-8/9 (c), and caspase-3 (d), respectively. M, B, and T, respectively, correspond to the range of monostable, bistable,
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monostable apoptosis to bistable states of apoptosis and pyrop-
tosis and then to monostable pyroptosis [Fig. S6(a) (ii) in the
supplementary material]. Besides, the state change from monosta-
bility to tristability, to bistability, and then to monostability can be
observed with a high GSDMD expression [Fig. S6(a) (iii) in the
supplementary material]. A higher level of GSDMD induces the
switch from bistability to tristability, to bistability, and finally to
monostability [Fig. S6(a) (iv) in the supplementary material].

Moreover, the phase diagram with respect to the caspase-1
expression level and the activation rate of caspase-1 induced by stim-
uli (k;) is shown in Fig. 5(b). Similar to GSDMD, a low level of
caspase-1 only induces monostable apoptosis, while high levels can
trigger the changes between various stable states [Fig. S5(b) in the
supplementary material]. Besides GSDMD and caspase-1, we fur-
ther tested the state distribution with respect to caspase-3/8/9. The
changes of the expression levels of caspase-8/9 have little influence
on the change of cell death modes [Fig. 5(c)], which is different from
the effect of caspase-3 [Fig. 5(d)].

We further explored the synergistic effects of the co-variation
of parameter k; and any one of the four key reaction rates (k,, Jop,
Jesi» and Jgp_ ) that trigger bistability or monostability [Figs. 4(c) and
S4(b) in the supplementary material] on the death mode switching.
The corresponding phase diagrams are shown in Fig. 6. Compared
with the other three parameters (k,, Jc3i, and Jgp) [Figs. 6(a)-6(c)],
two tristable areas are observed in the phase diagram for Jgp_and
k; [Fig. 6(d)], suggesting a complicated role of Jop_ in determining
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the diverse cell death modes. Besides, the phase diagrams for k;
with other parameters that trigger monostability but cannot switch
death modes (Fig. S5 in the supplementary material), such as the
caspase-8 inhibition by caspase-1 (jc;) and the caspase-8 inhibition
by GSDMD (jgp1), indicate that these parameters barely influence
the k;-mediated stable state switching [Figs. 6(e)-6(f) and S7 in the
supplementary material].

DISCUSSION

Although most studies so far have concentrated on the molec-
ular mechanisms of various types of cell death, emerging evidence
suggests the intricate crosstalk of different cell death pathways."**
Dissecting how these pathways synergistically work together to
generate specific cell fate decision is an important question.”"*"
During the last several years, a rich body of studies have deter-
mined the essential function of the gasdermin family in pyroptosis
and its crosstalk with apoptosis.”'”'® Taken together with these
experimental observations, we constructed a simplified cell death
crosstalk model. We aimed to reveal the regulatory mechanisms of
the crosstalk between pyroptotic and apoptotic pathways, highlight-
ing the phase diagram of various death modes in different parameter
spaces.

Both approaches of sensitivity analysis and bifurcation anal-
ysis are performed to expose the components that can efficiently
switch cell death modes.”****° The deterministic interactions for cell
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death mode switching are then obtained, as shown in Fig. 7. The
two approaches severally indicate that only the level of capsase-
1 or GSDMD can individually cause a cell death switch between
pyroptosis and apoptosis, which are supported by the experimental
observations.”” We also predict that varying the levels of caspase-
3/8/9 cannot change the death mode of pyroptosis, which need to be
further validated by experiments.

Sensitivity analysis ascertains that eight parameters can switch
cell death modes. However, 11 parameters that correspond to 9
biochemical reactions (Fig. 7) are determined for cell death mode
switching by bifurcation analysis. As a result, we determine the nine
key reactions among totally 21 reactions in the crosstalk to switch
death modes among monostability, bistability, and tristability states.
The predicted multistability elucidates the mechanistic basis of var-
ious switches between pyroptosis and apoptosis, which need to be
further experimentally validated.

In accordance with a very recently experimental study of
caspase-1,'"'%"%>! our study demonstrated that caspase-1 is a cen-
tral signaling node for determining the cell fate between pyroptosis
and apoptosis. As shown in Fig. 7, besides the level of caspase-1, five
of the nine identified key reactions are directly related to caspase-
1. Actually, caspase-1 can initiate both the pyroptotic and apoptotic
pathways. A high level of caspase-1 induces pyroptosis, while a low
level leads to apoptosis [Fig. 3(b)]. Importantly, our study indi-
cates that caspase-1 has the potential to simultaneously cause the
occurrence of pyroptosis and apoptosis. There are two types of co-
occurrence of pyroptosis and apoptosis predicted by our bifurcation

scitation.org/journal/cha

analysis. One appears within the bistable range [Fig. 3(b) (ii), point
3), and the other is induced within the tristable range [Fig. 4(a) (iii),
point B2). Besides the exclusive occurrence of apoptosis and pyrop-
tosis, we thus hypothesize the existence of the mixed death mode
that apoptosis and pyroptosis can simultaneously occur in individ-
ual cells. Besides, the two-parameter bifurcation analysis shows a
more global view of multistability. The various cell fate states unveil
the possible molecular mechanisms in pathological cells.

As a type of inflammatory cell death, pyroptosis plays diverse
roles in various diseases. Inducing pyroptosis can efficiently block
the growth, proliferation, and invasion of tumor cells.”” However,
excessive pyroptosis can also incur autoimmune diseases (such as
systemic lupus erythematosus), neurodegenerative diseases (such
as Alzheimer’s disease), cardiovascular disease (such as cerebral
ischemia), and even metabolic diseases (such as atherosclerosis)™**
due to the release of cytokines (such as IL-18 and IL-18) and cel-
lular contents that have toxic effects.”” Thus, as pointed out by
our study, focusing on exploring the efficient control strategy of
the levels of caspapse-1 and GSDMD is an urgent issue. Actu-
ally, biologists have developed several caspase-1/GSDMD inhibitor
drugs for disease treatment in recent years. The structure-based dis-
covery of 3-[3-(thiophene-2-carboxamido)benzamido]benzoic acid
(CZL80) offers much therapeutic potential for febrile seizures via
inhibiting the level of caspase-1."° Necrosulfonamide, a newly found
chemical inhibitor of GSDMD, can directly bind GSDMD to cause
the decrease of cleaved GSDMD, resulting in the inhibition of
pyroptosis.”” Valboropro, an inhibitor of dipeptidyl peptidase 8/9
(DPP8/DPPY), can promote the activation of caspase- 1 to treat
acute myeloid leukemia through inducing pyroptosis.”*”* Besides,
2-4-diaminopyrimidine, an important fragment in the inhibition
of human caspase-1, is designed to be applied for the treatment
of Alzheimer’s disease.””®" Although there is no direct evidence
right now to support our predictions, these results at least high-
light the dynamical regulatory mechanism of the functional com-
ponents in the network for various state transitions, which offer
the theoretical guidance of drug development for the treatment of
pyroptosis-related diseases in the future.

SUPPLEMENTARY MATERIAL

A detailed overview of the crosstalk between pyroptotic and
apoptotic signaling network and the corresponding supplementary
figures/table are presented in the supplementary material.
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