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1  | INTRODUC TION

The innate immune response, triggered by pathogen-associated mo-
lecular patterns (PAMPs), serves as the first line to provide powerful 
defence against invading microbes.1-3 The specific recognition of 
PAMPs depends on kinds of pattern recognition receptors (PRRs), 

including Toll-like receptors (TLRs), NOD-like receptors (NLRs), 
RIG-I-like receptors (RLRs), C-type lectin receptors and DNA sen-
sors.4-9 Activation of these receptors by binding with diverse ligands 
generally converges on common downstream pathways, such as 
type I interferon, NF-κB and inflammasome signalling.9-14 Hence, 
the stringent regulation of these common pathways is required for 
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Abstract
Early type I interferon is essential for antagonizing against malaria infection, which 
remains a significant global infectious disease. After Plasmodium yoelii YM infection, 
the activation of MAVS-, STING- and inflammasome-IRF3-mediated pathway could 
trigger the Socs1 expression to inhibit the TLR7-MyD88-IRF7-induced type I inter-
feron production. However, the dynamic regulatory mechanisms of type I interferon 
response to YM infection and delicate cross-regulation of these signalling are far from 
clear. In current study, we established a mathematical model to systematically dem-
onstrate that the MAVS-, STING- and inflammasome-mediated signalling pathways 
play distinct roles in regulating type I interferon response after YM infection; and 
the YM dose could significantly affect the difference of resistance to YM infection 
among MAVS, STING and inflammasome deficiency. Collectively, our study system-
atically elucidated the precise regulatory mechanisms of type I interferon signalling 
after YM infection and advanced the research on therapy of plasmodium infection by 
incorporating multiple signalling pathways at diverse time.
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orchestrating effective innate immune response. However, the rela-
tive contribution of these pathways in response to malaria infection 
remains be further defined.

Malaria is a deadly infectious disease that affects approximately 
200 million people (WHO2019), leading to about half a million deaths 
each year.15-17 No highly effective vaccine has been a major limiting 
factor in preventing malaria infection, which largely arise from the 
incomplete understanding of the underlying mechanism of host-par-
asite interactions.18-22 Malaria infection initiates a systemic immune 
response and subsequently triggers a elevated release of inflamma-
tory cytokines, resulting in parasite elimination and/or disease.22-29 
Our previous studies showed that during P.lasmodium yoelii YM (YM 
for short) strain blood stage infection, several components of malaria, 
including haemozoin, genomic DNA (gDNA) and RNA, could simul-
taneously activate diverse host sensors to initiate multiple pathways 
activation.30,31 Although it is conceivable that the MAVS-, STING-, 
and inflammasome-mediated signalling pathways converge to induce 
SOCS1 expression to modulate TLR7-MyD88-IRF7-dependent type 
I IFN response during malaria infection, there is still lack of system-
atic analysis of underlying mechanisms in (a) what exact role does the 
MAVS-, STING- or inflammasome-mediated pathway play in anti-ma-
laria immunity, and (b) how these dynamic networks cooperatively 
response to varying dose or time of YM challenging.

In this study, we developed a mathematical model to quantita-
tively and systematically investigate the underlying mechanisms 
involved in the dynamic regulation of MAVS/STING, inflam-
masome and MyD88-dependent type I interferon responses to 
YM challenging. We demonstrated that the properties of MAVS-, 
STING-, and Inflammasome-mediated signalling pathways have 
diverse impact on Socs1 and Ifnα/β expression by YM treatment. 
Besides, we identified that mice deficient in MAVS-, STING- or 
inflammasome-mediated pathways also have distinct resistance 
to YM infection. Interestingly, we found that the YM dose could 
significantly affect the difference of resistance to YM infection 
among MAVS, STING and Caspase1 deficiency. Our findings fur-
ther revealed that the synergistic or antagonistic effect of these 
three pathways on Socs1 or Ifnα/β expression is also diverse for 
varying time and stimulus, respectively.

2  | MATERIAL AND METHODS

2.1 | Microbes

The Plasmodium yoelii YM has been previously described.32

2.2 | Primary cells

Bone marrow cells were isolated from the tibia and femur, and cul-
tured in RPMI1640 medium with 10% FBS, 1% penicillin-streptomy-
cin and 200 ng/mL Flt3L for 7 days to harvest pDCs.

2.3 | Animals

Female mice of C57BL/6 (WT), Aim2-/-, Nlrp3-/-, Casp1-/-, Il1r1-/-, 
Tmem173gt and Mavs-/- were purchased from the Jackson Laboratory. 
All animal studies were approved by the ethics committee of Qinghai 
University and carried out in accordance with animal management 
regulations of the Ministry of Health of China.

2.4 | Isolation and preparation of Plasmodium 
gDNA, RNA and haemozoin

Parasite-infected mice blood was collected in saline solution and 
filtered to deplete white blood cells. Parasites were spun down 
after RBC lysis buffer treatment, and lysate incubated with buffer A 
(150 mmol/L NaCl, 25 mmol/L EDTA, 10% SDS and protein kinase) 
overnight. gDNAs were isolated using phenol/chloroform, and RNAs 
were isolated using TRIzol reagent (Invitrogen). Haemozoin was puri-
fied as previously described.28

2.5 | RNA extraction and quantitative polymerase 
chain reaction (qPCR)

Total RNA was isolated from primary cells with TRIzol reagent 
(Invitrogen), according to the manufacturer's instructions. 
The complimentary cDNA was performed using reverse tran-
scriptase IV (Invitrogen). Quantitative real-time PCR was per-
formed using the ABI Prism 7000 analyser (Applied Biosystems), 
and using iTaq SYBR Green Supermix (BioRad) with following 
specific primers:

mIfnα forward: GGACTTTGGATTCCCGCAGGAGAAG.
mIfnα reverse: GCTGCATCAGACAGCCTTGCAGGTC.
mIfnβ forward: TCACCTACAGGGCGGACTTC.
mIfnβ reverse: TCTCTGCTCGGACCACCATC.
mSocs1 forward: CTGCGGCTTCTATTGGGGAC.
mSocs1 reverse: AAAAGGCAGTCGAAGGTCTCG.

2.6 | Mathematical modelling

We developed a simplified model to describe STING-, MAVS- 
and inflammasome-mediated Socs1 expression, which nega-
tively regulates type I IFN response to YM challenge in pDCs. 
Several components of malaria could simultaneously activate 
diverse host sensors to initiate immune response.24,30 Activation 
of MDA5 and an unrevealed RNA sensor recruits the MAVS 
adaptor protein, whereas stimulation of DNA sensors (cGAS 
and an unrevealed DNA sensor) leads to the recruitment of 
STING, which both induce the phosphorylation of IRF3 (reac-
tions 2-5, 11-12 in Table S1).30,33,34 In addition, we have found 
that the gDNA-haemozoin complex could activate the AIM2 and 
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NLRP3 inflammasomes, respectively, to initiate the IL-1β signal-
ling to activate IRF3 in pDCs (reactions 6-10, 13 in Table S1).31 
Subsequently, the phosphorylated IRF3 induces a negative reg-
ulator Socs1 expression (reactions 14 in Table S1). As we have 
reported, the activation of TLR7 can trigger MyD88-dependent 
IRF-mediated IFNα/β response to plasmodium infection in pDC, 
and this process might be potently inhibited by SOCS1 (reactions 
15-19 in Table S1).30

The computational model was formulated using ordinary dif-
ferential equations (ODEs) in MATLAB R2010a (MathWorks). 
The corresponding ODE model is described by the following 
equations:

The unknown parameters were estimated using non-linear least 
square method using genetic algorithm.35 The time course of Socs1, 
Ifnα and Ifnβ mRNA under 7 different conditions (WT, Aim2-/-, Nlrp3-/-, 
Caspase1-/-, Il1r1-/-, Sting-/- and Mavs-/-; Figure 1B) was integrated into the 
fitting using the following objective function:

where Ysim(condi,tj,θ) represents the simulated Socs1, Ifnα and Ifnβ 
mRNA at time-point tj under the i-th condition (condi) with parameter 
set θ; Yexp(condi,tj,θ) denotes the corresponding experimental data; and 
Θ indicates the parameter space.

Local sensitivity coefficient evaluates the systematic responses 
to an infinitesimal disturbance in nominal model parameters. The 
relative change of a derived systematic quantity M with respect to a 
relative change (1%) of parameter p is given as follows 36:

We perform the Bliss index to quantitatively identify whether 
the co-administration of two parameters, such as kaMA with kILR, 
produces synergistic effects on Socs1 expression. The index is de-
fined by the following equation 37:

where O1(x1), O2(x2) and O12(x1,x2) are the relative SOCS1 mRNA to 
kaMA (at a x1 fold of its initial value), kILR (at a x2 fold of its initial value) 
and their combination (at (x1,x2) multiplier), respectively. Therefore, 
CIBliss <1, CIBliss >1 and CIBliss = 1 denote synergistic, antagonistic and 
additive combination effects, respectively.

2.7 | Statistical analysis

The results of all quantitative experiments are reported as 
mean ± SD of three independent experiments. Comparisons be-
tween groups for statistical significance were assessed with a two-
tailed Student's t test.

(1)d[YM]

��
=−dYM[YM]

(2)d [acGAS]

��
=kac [YM] (1− [acGAS])−dac [acGAS]

(3)d [aSTING]

��
=
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−daS [aSTING]

(4)d [aMDA5]

��
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3  | RESULTS

3.1 | Mathematical model could quantitatively 
reproduce the dynamics of Socs1 and Ifnα/β 
expression by YM treatment

According to previous studies and our experimental data, we con-
cluded a schematic representation of the dynamic regulation of 
MAVS/STING, inflammasome and MyD88-IRF7-dependent type I 
IFN response to YM infection as shown in Figure 1A.24,30,31 During 
YM infection, the gDNA-haemozoin complex triggers the AIM2 
and NLRP3 inflammasome activation, which then initiates the 
IRF3-dependent Socs1 expression through IL-1R1-TRAF3-IRF3-
mediated signalling. Besides, upon binding to plasmodium gDNA, 
the activation of cGAS and an unrevealed DNA sensor leads to 
recruit and active STING. Meanwhile, the activation of MDA5 
and an unrevealed RNA sensor binding with plasmodium RNA 
evoke the activation and recruitment of adaptor protein MAVS. 
The STING- and MAVS-mediated pathways subsequently induce 
the phosphorylation of IRF3 to further trigger the Socs1 expres-
sion. At the same time, the plasmodium RNA also could activate 
the TLR7-MyD88-IRF7-dependent type I IFN response, although 
this process was inhibited by SOCS1 through dynamic interaction 
between SOCS1 and MyD88.

A key question is how these pathways finely regulate the 
dynamic response of type I interferon to YM infection. To ad-
dress this issue, we isolated pDCs from WT and gene deficient 
(Mavs-/-, Sting-/-, Aim2-/-, Nlrp3-/-, Caspase1-/- and Il1r1-/-) mice, 

treated the pDCs with plasmodium gDNA + RNA+haemozoin for 
indicated times (Figure 1B) and assessed the mRNA expression 
levels of Socs1, Ifnα and Ifnβ. We found that the peaked values 
of Socs1 mRNA were dramatically decreased in Mavs-/- pDCs, 
modest decreased in Sting-/-, Caspase1-/- and Il1r1-/- pDCs, and 
slightly decreased in Aim2-/- and Nlrp3-/- pDCs, compared with 
WT pDCs (Figure 1B, top panel, Time = 4 hours). the expression 
levels of Socs1 inversely correlated with levels of Ifnα and Ifnβ 
induction (Figure 1B). Strikingly, we found that at early stage 
(Time = 2 hours, top panel), the STING- and MAVS-dependent 
signalling pathways play a predominant role in Socs1 expression, 
whereas the inflammasome-mediated pathway has greater influ-
ence on Ifnβ induction at late stage (Time = 12 hours, bottom 
panel) (Figure 1B). Based on these observations, we developed 
a computational model to illustrate the signalling strength-de-
pendent dynamic responses to YM infection. To estimate the un-
known parameters of model, we adopted non-linear least square 
method to minimize the sum of squared differences between ex-
perimental and simulated data by employing genetic algorithm.35 
The mean squared error (MSE) is a measure that reflects the dif-
ference between experimental and simulated data, and the MSE 
is as small as possible. The MSE was 0.0161, which indicated that 
the temporal dynamics of simulated Socs1 and Ifnα/β mRNA fit-
ted well with experimental data under 7 different conditions (WT, 
Mavs-/-, Sting-/-, Aim2-/-, Nlrp3-/-, Caspase1-/- and Il1r1-/-; Figure 1C). 
Therefore, our mathematical modelling could reproduce temporal 
patterns of variables involved in dynamic regulatory networks of 
type I IFN response to YM infection.

F I G U R E  1   Modelling MAVS-, STING- and Inflammasome-mediated Socs1 expression to inhibit MyD88-dependent Ifnα/β response to 
YM infection. (A) Schematic representation of STING-, MAVS- and inflammasome-mediated Socs1 expression to inhibit MyD88-dependent 
type I IFN signalling in pDCs. (B) The WT, Mavs-/-, Sting-/-, Aim2-/-, Nlrp3-/-, Caspase1-/- and Il1r1-/- pDCs were stimulated with plasmodium 
gDNA + RNA + haemozoin for indicated times, and RNA from pDCs was isolated and used for expression Socs1 and Ifnα/β by using qPCR. 
(C) Model simulations (red lines) fitted well with experimental data (green dots, showing in Figure 1B). Data are representatives of three 
independent experiments with similar results and plotted as mean ± SD
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F I G U R E  2   Properties of MAVS-, STING- and Inflammasome-mediated signalling contribute diverse characteristics in anti-malaria 
response. (A-B) Local sensitivity analysis of integrated value (A) and time course (B) of Socs1 and Ifnα/β mRNA with respect to each kinetic 
parameter. (C) Temporal trajectories of Socs1 and Ifnα/β mRNA with varying value of kaS, kaMA or kILR. Note that the kaS, kaMA and kILR 
were rescaled to indicate relative changes to the simulated values
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3.2 | Properties of MAVS-, STING- and 
Inflammasome-mediated signalling contribute diverse 
characteristics in Socs1 and Ifnα/β expression

Our experimental results in Figure 1B suggested that the STING-, 
MAVS- and inflammasome-mediated signalling pathways might have 
distinct influence on Socs1 and Ifnα/β mRNA dynamics. To quanti-
tatively identify the precise role of MAVS-, STING- and inflammas-
ome-mediated signalling in TLR7-MyD88-IRF7-dependent type I IFN 
response to YM infection, we performed the local sensitivity analysis 
for all kinetic parameters to calculate sensitivities of integrated values 
of Socs1 and Ifnα/β mRNA (Figure 2A). As the local sensitivity analy-
sis could quantitatively denote the contribution of each parameter, we 
found that parameters involved in MAVS activation had the greatest 
impact on Socs1 and Ifnα/β expression, whereas parameters involved 
in STING and IL1R1 activation had similar impact on Socs1 and Ifnα/β 
expression. Besides, the sensitivity analysis of temporal pattern of 
Socs1 and Ifnα/β mRNA also showed that during Plasmodium infection, 
the parameters involved in MAVS activation were the most sensitive, 
whereas were more sensitive at early stage than late (eg kaMA); param-
eters involved in STING activation were sensitive at the early stage, 
but rapidly weakened (eg kaS); and parameters involved in inflamma-
some activation were less sensitive at the early stage than late, whereas 
there is sustained modest sensitivity at late stage (eg kILR) (Figure 2B). 
Furthermore, the simulated trajectories of Socs1 and Ifnα/β mRNA also 
indicated that the decrease of kaMA significantly reduced the Socs1 
expression but enhanced Ifnα/β production, whereas the change of kaS 
and kILR had modest and similar influence on Socs1 and Ifnα/β expres-
sion (Figure 2C). Interestingly, as the value of kaS or kILR shifted from 
1 to 0, the peak value of Socs1 mRNA decreased by −0.33 or −0.34, re-
spectively, which was almost equal. However, the peak value of Ifnα/β 
mRNA increased by 0.27/0.27 or 0.15/0.16, respectively, which was 
obviously different (Figure 2C). Taken together, these results demon-
strated that during the YM infection, MAVS-mediated signalling plays 
a predominant role in inducing Socs1 expression and inhibiting type I 
IFN response, whereas STING- and inflammasome-mediated pathways 
have similar but less contribution than MAVS-dependent signalling to 
Socs1 expression. In addition, STING-mediated pathway has slightly 
more influence on Ifnα/β expression than inflammasome.

3.3 | The YM dose could significantly affect the 
difference of resistance to YM infection among 
MAVS, STING and inflammasome deficiency

Our previous studies have shown that the MAVS deficiency mice 
confer stronger inhibition of Socs1 expression, leading to higher level 

of Ifnα/β production, and consequently stronger resistance to YM 
challenging than Caspase1 deficiency.31 To further qualitatively and 
quantitatively determine the resistance of MAVS, STING or Caspase1 
deficiency to YM infection, we in silico-varied the YM doses and 
kaMA/kaS/kILR values simultaneously. Analysis of Ifns mRNA int. 
phase spaces showed that at high dosage of YM treatment, the vari-
ation in kaMA value had greatest contribution to inhibit Ifns expres-
sion; and the impact of variation in kaS value on Ifns production was 
more significant than kILR, whereas upon low dosage YM treatment, 
the change of kaMA, kaS or kILR value did not substantially influence 
the type I IFN response to YM infection (Figure 3A). Thus, we hypoth-
esized that the YM dose might affect the difference of contribution 
among MAVS-, STING- and inflammasome-mediated pathways on 
MyD88-IRF7-dependent type I IFN induction. Analysing the dose de-
pendence of Socs1 and Ifnα/β mRNA peaked and integrated values in 
WT, Mavs-/-, Sting-/- or Caspase1-/- pDCs, we found that in low-dose YM 
infection (eg YM = 0.1), there were similar production of MyD88-IRF7-
dependent type I IFN response, while diverse Socs1 expression among 
all types pDCs (Figure 3B-C). However, treating with high dosage of 
YM infection (eg YM = 1.0), the levels of Ifnα/β mRNA were differ-
ent among various knockout pDCs, whereas interestingly, the levels 
of Socs1 mRNA were almost equal in Caspase1-/- and Sting-/- pDCs 
(Figure 3B-C), which was consistent with the description in Figure 2C. 
Collectively, our model simulation predicts that at the low doses of 
YM infection, the STING, MAVS and inflammasome deficiencies have 
similar resistance to YM challenging, whereas at the high doses of YM 
infection, MAVS signalling contributes more to the resistance to YM 
infection than STING or Caspase-1.

To further reveal why upon high dosage of YM infection (eg 
YM = 1.0), the levels of Socs1 mRNA were similar, but the Ifnα/β ex-
pression was substantially different in Caspase1-/- and Sting-/- pDCs, 
and we quantitatively analysed the time course of Socs1 and Ifnα/β 
mRNA (Figure 3D). The simulated results indicated that the duration, 
peak values, and integrated values of Socs1 mRNA were barely differ-
ent in Caspase1-/- and Sting-/- pDCs, but the onset time of Socs1 ex-
pression in Caspase1-/- pDCs was earlier than in Sting-/- pDCs, which 
resulted in a latter onset time of Ifnα/β mRNA in Caspase1-/- than in 
Sting-/- pDCs. Thus, we supposed that the STING-mediated Socs1 ex-
pression might earlier than Caspase-1. Then, we compared the onset 
time of Socs1 expression between Sting and Casp1 deficiencies mice, or 
between only STING- and only CASP1-mediated pathways activation 
(Figure 3E). The in silico results verified that the onset time of Socs1 
mRNA induced by STING-mediated pathway was earlier 1.0 hour than 
CASP1-mediated signalling. In summary, these results suggested that 
the Socs1 expression induced by STING- mediated was earlier than in-
flammasome, leading to latter onset time of IRF7- MyD88-dependent 
type I IFN response to YM infection.

F I G U R E  3   MAVS, STING and Inflammasome deficiency have distinct resistance to YM infection. (A) The integrated value of Socs1 and 
Ifnα/β mRNA with varying dose of YM and value of kaMA, kaS or kILR. Note that the YM, kaS, kaMA and kILR were rescaled to indicate relative 
changes to the simulated values. (B-C) The peaked (B) and integrated (C) value of Socs1 and Ifnα/β mRNA with increasing dose of YM under WT, 
Caspase1-/-, Sting-/- or Mavs-/- conditions. (D) The time course of Socs1 and Ifnα/β mRNA under WT, Caspase1-/-, Sting-/- or Mavs-/- conditions. 
(E) The temporal dynamics of Socs1 mRNA under WT, Caspase1-/-, Sting-/-, only STING-mediated pathway activation or only inflammasome-
mediated pathway activation
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3.4 | The synergistic effect of MAVS-, 
STING- and inflammasome-mediated pathways 
on Socs1 expression is distinct for diverse 
time and stimulus

To thoroughly uncover how the MAVS-, STING- and inflammasome-
mediated pathways combine with each other to impact the Socs1 and 
Ifnα/β expression, we conducted a two-parameter sensitivity analysis 
(Figure 4A). This result revealed that the combination of parameters 
involved in STING, MAVS and inflammasome activation might coop-
eratively promote the Socs1 expression and suppress the IRF7- MyD88- 
dependent type I IFN response to YM infection (black square). As we 
have mentioned above that MAVS-mediated signalling has a predominant 
contribution, whereas STING- and inflammasome-mediated pathways 
have similar but less contribution to Socs1 and Ifnα/β expression, we then 
implemented the local sensitivity analysis of Socs1 and Ifnα/β expression 
at different time to mechanistically investigate the dynamic cooperation 
of these pathways (Figure S1A). We found that after YM treatment, at 2 
and 4 hour, the difference of coefficient between kaMA (rate constant 
of MAVS activation) and kaS (rate constant of STING activation) or kILR 
(rate constant of IL1R1 activation) was 0.80 or 1.31 and −0.53 or −0.76, 
respectively, whereas at 8 and 16 hour, the difference was 0.12 or −0.04 
and −0.36 or −0.32, respectively. Besides, both model prediction and ex-
perimental validation suggested that the difference of Socs1 expression 
between in Mavs-/- and Sting-/- or Il1r1-/- pDCs were greater at early stage 
(time = 2 hours) than at late stage (time = 8 hours) (Figure 4B). These re-
sults showed that MAVS-mediated signalling plays a predominant role 
in Socs1 and Ifns expression at early phase, and then cooperates with 
STING- and inflammasome-mediated pathways. Furthermore, the syner-
gistic effect analysis, employed Bliss index,37 also shows that the synergis-
tic/antagonistic effects of MAVS-, STING- and Inflammasome-mediated 
pathways on Socs1/Ifns expression were weaker at early phase (time = 2 or 
4 hours for Socs1 or Ifns expression, respectively) than late phase (time = 8 
or 16 hours for Socs1 or Ifns expression, respectively) (Figure 4C and 
Figure S1B). In addition, our in silico results exhibited that the synergis-
tic/antagonistic effects of MAVS-, STING- and Inflammasome-mediated 
signalling on Socs1/Ifns expression were better in pDCs treated with 
high dosage YM than low dose (Figure 4D and Figure S1C). Therefore, 
our results suggested that the synergistic/antagonistic effects of MAVS-, 
STING- and Inflammasome-mediated signalling on Socs1/Ifns expression 
are distinct for diverse stimulation time or dosage.

4  | DISCUSSION

As aberrant type I interferon response may result in many autoim-
mune diseases, tight modulation of type I IFN signalling is critical 

for maintaining homoeostasis of immune system after microbial 
invasion.38,39 Accumulating evidence indicates that the type I IFN 
signalling plays an important role in anti-malaria.40-42 Therefore, 
understanding the dynamic regulation on type I IFN may shed light 
on effective therapeutics for malaria infection. This study employed 
systems biology approach to systematically and comprehensively in-
vestigate the exact role of multiple pathways in the dynamic control 
of type I IFN response to YM infection.

We have reported that MAVS-, STING- and inflammasome-me-
diated pathways cooperatively induce socs1 expression to inhibit 
TLR7-MyD88-IRF7-dependent type I interferon response to YM 
challenging.30,31 However, it is still lack of systematic and quantita-
tive analysis of underlying mechanisms in precise regulatory mech-
anisms of type I interferon response to YM infection. Through the 
mathematical modelling, we demonstrated that (a) during the YM in-
fection, MAVS-mediated signalling plays a predominant role in Socs1 
expression, whereas STING- and inflammasome-mediated pathways 
have similar but less contribution than MAVS-dependent signalling 
to induce Socs1 expression, (b) the YM dose could significantly affect 
the difference of resistance to YM infection among MAVS, STING 
and inflammasome deficiency, and (c) the STING-mediated pathway 
works earlier than inflammasome to enhance SOCS1 production. 
Furthermore, (d) the synergistic or antagonistic effect of these three 
pathways on Socs1 or Ifnα/β expression is distinct for varying time 
and stimulus dose.

Our previous study has shown that the Socs1 or Ifnα/β expression 
significantly decreased or increased in Mavs-/- pDCs, respectively, 
whereas modest varied in Casp1-/- pDCs. We further identified that 
MAVS deficiency confers stronger resistance to YM infection than 
Casp1 deficiency.31 Our model further qualitatively and quantita-
tively revealed that upon low dosage of YM infection, the Ifnα/β ex-
pression was similar among Mavs-/-, Sting-/- and Casp1-/- pDCs, which 
suggested that all knockout mice had similar resistance. However, at 
high dosage of YM stimulus, MAVS deficiency conferred the stron-
gest resistance, STING deficiency conferred modest resistance, and 
Casp1 deficiency have slight resistance. Notably, in high-dose infec-
tion (YM = 1), STING- and Caspase1-mediated signalling contributed 
equally to induce Socs1 expression, but diverse type I IFN production, 
which may arise from earlier onset time of Socs1 mRNA triggered by 
STING-mediated pathway than Casp1-dependent signalling.

Collectively, by incorporating mathematical modelling and ex-
perimental results, our study not only revealed the specific contri-
bution of MAVS-, STING-, and inflammasome-mediated signalling 
for inducing Socs1 expression to inhibit MyD88 dependent Ifnα/β 
expression in pDC, but also demonstrated the distinct synergis-
tic effect of these pathways on Socs1 expression with varying YM 
dose or stimulated time. Besides, our model analysis indicated that 

F I G U R E  4   The combination of MAVS-, STING- and Inflammasome-mediated pathways has synergistic effect on Socs1 expression. (A) 
Two-parameter sensitivity analysis of integrated values of Socs1 and Ifns mRNA with respect to the combinatorial variations in parameter 
values. (B) Induction of Socs1 mRNA by YM treatment. The red and blue bars represent Socs1 expression after 2 and 8 h of stimulation, 
respectively. Data were presented as the mean ± SD of three independent experiments. (C-D) Synergy prediction about Socs1 expression at 
2 and 8 h (C), or integrated value of Socs1 mRNA infected by 0.2- and 1.0-fold of YM dose (D), on dual combinations of kaS and kaMA, kaMA 
and kILR, as well as kaS and kILR, based on Bliss combination index
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the YM dose could significantly affect the difference of resistance 
to YM infection among MAVS-, STING-, and inflammasome-de-
ficient mice. Furthermore, we attributed the distinct impacts of 
STING- and Casp1-mediated signalling on type I IFN response to 
diverse onset time of Socs1 expression induced by above signalling. 
Thus, our findings may provide mechanistic insights into dynamic 
regulation of IRF7-dependent type I IFN response to YM infection, 
and provide impetus to orchestrate effective innate immune re-
sponse to YM challenging by manipulate multiple pathways.

ACKNOWLEDG EMENT
CC was supported by the National Natural Science Foundation 
of China (No. 81960292). XY was supported by grants from the 
National Science Foundation of China (No. 81801579), Science and 
Technology Planning Project of Guangzhou (No. 201904010064), 
Guangdong Basic and Applied Basic Research Foundation (No. 
2019B1515120033), Zhujiang Youth Scholar funding and the 
Start-up Fund for High-level Talents of Southern Medical University.

CONFLIC TS OF INTERE S T
The authors declare no conflict(s) of interest.

AUTHOR CONTRIBUTIONS
Chunmei Cai: Conceptualization (equal); Data curation (equal); 
Formal analysis (lead); Funding acquisition (equal); Investigation 
(equal); Methodology (lead); Project administration (equal); 
Resources (equal); Software (equal); Supervision (equal); Validation 
(equal); Visualization (lead); Writing-original draft (equal); Writing-
review & editing (equal). Xiao Yu: Conceptualization (equal); Data 
curation (equal); Formal analysis (supporting); Funding acquisition 
(equal); Investigation (equal); Methodology (supporting); Project ad-
ministration (equal); Resources (equal); Software (equal); Supervision 
(equal); Validation (equal); Visualization (supporting); Writing-original 
draft (equal); Writing-review & editing (equal).

DATA AVAIL ABILIT Y S TATEMENT
The data sets used and/or analysed during the current study are 
available from the corresponding author upon reasonable request.

ORCID
Chunmei Cai  https://orcid.org/0000-0002-6984-4637 
Xiao Yu  https://orcid.org/0000-0003-2491-9110  

R E FE R E N C E S
 1. Janeway CA Jr, Medzhitov R. Innate immune recognition. Annu Rev 

Immunol. 2002;20:197-216.
 2. Thaiss CA, Levy M, Itav S, Elinav E. Integration of innate immune 

signaling. Trends Immunol. 2016;37(2):84-101.
 3. Brubaker SW, Bonham KS, Zanoni I, Kagan JC. Innate immune pat-

tern recognition: a cell biological perspective. Annu Rev Immunol. 
2015;33:257-290.

 4. Liu B, Zheng Y, Yin F, Yu J, Silverman N, Pan D. Toll receptor-me-
diated hippo signaling controls innate immunity in drosophila. Cell. 
2016;164(3):406-419.

 5. Thompson MR, Kaminski JJ, Kurt-Jones EA, Fitzgerald KA. Pattern 
recognition receptors and the innate immune response to viral in-
fection. Viruses. 2011;3(6):920-940.

 6. Cui J, Zhu L, Xia X, et al. NLRC5 negatively regulates the NF-kappaB 
and type I interferon signaling pathways. Cell. 2010;141(3):483-496.

 7. Civril F, Deimling T, de Oliveira Mann CC, et al. Structural mechanism 
of cytosolic DNA sensing by cGAS. Nature. 2013;498(7454):332-337.

 8. Hoving JC, Wilson GJ, Brown GD. Signalling C-type lectin receptors, 
microbial recognition and immunity. Cell Microbiol. 2014;16(2):185-194.

 9. Takeuchi O, Akira S. Pattern recognition receptors and inflamma-
tion. Cell. 2010;140(6):805-820.

 10. Rathinam VA, Vanaja SK, Fitzgerald KA. Regulation of inflam-
masome signaling. Nat Immunol. 2012;13(4):333-342.

 11. Guo H, Callaway JB, Ting JP. Inflammasomes: mechanism of action, 
role in disease, and therapeutics. Nat Med. 2015;21(7):677-687.

 12. Sun L, Wu J, Du F, Chen X, Chen ZJ. Cyclic GMP-AMP synthase is a 
cytosolic DNA sensor that activates the type I interferon pathway. 
Science. 2013;339(6121):786-791.

 13. Paludan SR, Bowie AG. Immune sensing of DNA. Immunity. 
2013;38(5):870-880.

 14. Goubau D, Deddouche S. Reis e Sousa C. Cytosolic sensing of vi-
ruses. Immunity. 2013;38(5):855-869.

 15. White NJ, Pukrittayakamee S, Hien TT, Faiz MA, Mokuolu OA, 
Dondorp AM. Malaria. Lancet. 2014;383(9918):723-735.

 16. Crompton PD, Moebius J, Portugal S, et al. Malaria immunity in man 
and mosquito: insights into unsolved mysteries of a deadly infec-
tious disease. Annu Rev Immunol. 2014;32:157-187.

 17. Griffing SM, Villegas L, Udhayakumar V. Malaria control and 
elimination, Venezuela, 1800s–1970s. Emerg Infect Dis. 1800s; 
20(10):1697-1704.

 18. Riley EM, Stewart VA. Immune mechanisms in malaria: new insights 
in vaccine development. Nat Med. 2013;19(2):168-178.

 19. Langhorne J, Ndungu FM, Sponaas AM, Marsh K. Immunity to ma-
laria: more questions than answers. Nat Immunol. 2008;9(7):725-732.

 20. Arama C, Troye-Blomberg M. The path of malaria vaccine de-
velopment: challenges and perspectives. J Intern Med. 2014; 
275(5):456-466.

 21. Ouattara A, Laurens MB. Vaccines against malaria. Clinical Infect 
Dis. 2015;60(6):930-936.

 22. Coban C, Igari Y, Yagi M, et al. Immunogenicity of whole-parasite 
vaccines against plasmodium falciparum involves malarial hemozoin 
and host TLR9. Cell Host Microbe. 2010;7(1):50-61.

 23. Mendonca VR, Barral-Netto M. Immunoregulation in human ma-
laria: the challenge of understanding asymptomatic infection. Mem 
Inst Oswaldo Cruz. 2015;110(8):945-955.

 24. Gazzinelli RT, Kalantari P, Fitzgerald KA, Golenbock DT. Innate 
sensing of malaria parasites. Nat Rev Immunol. 2014;14(11):744-757.

 25. Stevenson MM, Riley EM. Innate immunity to malaria. Nat Rev 
Immunol. 2004;4(3):169-180.

 26. Kalantari P, DeOliveira RB, Chan J, et al. Dual engagement of the 
NLRP3 and AIM2 inflammasomes by plasmodium-derived hemo-
zoin and DNA during malaria. Cell Rep. 2014;6(1):196-210.

 27. Sharma S, DeOliveira RB, Kalantari P, et al. Innate immune recog-
nition of an AT-rich stem-loop DNA motif in the plasmodium falci-
parum genome. Immunity. 2011;35(2):194-207.

 28. Parroche P, Lauw FN, Goutagny N, et al. Malaria hemozoin is im-
munologically inert but radically enhances innate responses by re-
senting malaria DNA to Toll-like receptor 9. Proc Natl Acad Sci USA. 
2007;104(6):1919-1924.

 29. Wu J, Tian L, Yu X, et al. Strain-specific innate immune signaling 
pathways determine malaria parasitemia dynamics and host mor-
tality. Proc Natl Acad Sci USA. 2014;111(4):E511-E520.

 30. Yu X, Cai B, Wang M, et al. Cross-regulation of two type I interferon 
signaling pathways in plasmacytoid dendritic cells controls anti-ma-
laria immunity and host mortality. Immunity. 2016;45(5):1093-1107.

https://orcid.org/0000-0002-6984-4637
https://orcid.org/0000-0002-6984-4637
https://orcid.org/0000-0003-2491-9110
https://orcid.org/0000-0003-2491-9110


     |  11545CAI And YU

 31. Yu X, Du Y, Cai C, et al. Inflammasome activation negatively regu-
lates MyD88-IRF7 type I IFN signaling and anti-malaria immunity. 
Nat Commun. 2018;9(1):4964.

 32. Li J, Pattaradilokrat S, Zhu F, et al. Linkage maps from multiple ge-
netic crosses and loci linked to growth-related virulent phenotype 
in Plasmodium yoelii. Proc Natl Acad Sci USA. 2011;108(31):E374
-E382.

 33. Oshiumi H, Kouwaki T, Seya T. accessory factors of cytoplasmic 
viral rna sensors required for antiviral innate immune response. 
Front Immunol. 2016;7:200.

 34. Li X, Shu C, Yi GH, et al. Cyclic GMP-AMP synthase is activated 
by double-stranded DNA-induced oligomerization. Immunity. 
2013;39(6):1019-1031.

 35. Cai C, Zhou J, Sun X, Sun T, Xie W, Cui J. Integrated model-
ing and analysis of intracellular and intercellular mechanisms 
in shaping the interferon response to viral infection. PLoS One. 
2017;12(10):e0186105.

 36. Meng Q, Cai C, Sun T, et al. Reversible ubiquitination shapes NLRC5 
function and modulates NF-kappaB activation switch. J Cell Biol. 
2015;211(5):1025-1040.

 37. Fitzgerald JB, Schoeberl B, Nielsen UB, Sorger PK. Systems biology 
and combination therapy in the quest for clinical efficacy. Nat Chem 
Biol. 2006;2(9):458-466.

 38. Ahn J, Barber GN. Self-DNA, STING-dependent signaling and 
the origins of autoinflammatory disease. Curr Opin Immunol. 
2014;31:121-126.

 39. Crow MK, Olferiev M, Kirou KA. Targeting of type I interferon in 
systemic autoimmune diseases. Transl Res. 2015;165(2):296-305.

 40. Aucan C, Walley AJ, Hennig BJ, et al. Interferon-alpha receptor-1 
(IFNAR1) variants are associated with protection against cerebral 
malaria in the Gambia. Genes Immun. 2003;4(4):275-282.

 41. Mooney JP, Wassmer SC, Hafalla JC. Type I interferon in malaria: a 
balancing act. Trends Parasitol. 2017;33(4):257-260.

 42. Stetson DB, Medzhitov R. Type I interferons in host defense. 
Immunity. 2006;25(3):373-381.

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Cai C, Yu X. A mathematic model to 
reveal delicate cross-regulation between MAVS/STING, 
inflammasome and MyD88-dependent type I interferon 
signalling. J Cell Mol Med. 2020;24:11535–11545. https://doi.
org/10.1111/jcmm.15768

https://doi.org/10.1111/jcmm.15768
https://doi.org/10.1111/jcmm.15768

