
Supplementary Material 

A coupled mathematical model of the intracellular replication of dengue 
virus and the host cell immune response to infection 
 
Carolin Zitzmann1, 2, Bianca Schmid3,† , Alessia Ruggieri 3, Alan S. Perelson2, Marco Binder4, 
Ralf Bartenschlager 3, Lars Kaderali1*  

 
1 Center for Functional Genomics of Microbes, Institute of Bioinformatics, University Medicine 
Greifswald, Greifswald, Germany 
2 Theoretical Biology and Biophysics, Los Alamos National Laboratory, Los Alamos, NM 87501, United 
States 
3 Department of Infectious Diseases, Molecular Virology, Heidelberg University, Heidelberg, Germany 
4 Research Group “Dynamics of Early Viral Infection and the Innate Antiviral Response”, Division Virus-
Associated Carcinogenesis (F170), German Cancer Research Center (DKFZ), Heidelberg, Germany 
† present address: CSL Behring GmbH, Philipp-Reis-Str. 2, 65795 Hattersheim, Germany  
* Correspondence 

 

0. Model implementation details 
 
Model implementation and model fitting have been performed in Matlab Release 2016b (The 

Mathworks) using the Data2Dynamics toolbox and a deterministic trust region algorithm (lsqnonlin) by 

minimizing the log-likelihood function [1, 2]: 
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Here, the difference between the observables (𝑦) and the experimental data (𝑦̂) are minimized given a 

set of model parameters (𝜃). The number of observables is given by 𝑚 (𝑘 = 1 … 𝑚), the number of 

experimental data by 𝑑𝑘, the measurement time points are given by 𝑡𝑖 (𝑖 = 1 … 𝑑𝑘), and the variance of 

each experimental data point (𝜎𝑘𝑖
2 ). 

For each model we performed 100 independent optimization runs (final model 1,000 optimization runs) 

using a Latin hyper cube multi-start approach with 100 different initial parameter values. The advantage 

of the multi-start approach is a more robust optimization by covering a broad parameter space that 

leads to a convergence to the global minimum (for more information on the Data2Dynamics toolbox, its 

algorithms and approaches, see [1, 2]).  

Model selection has been performed by comparing the Akaike information criterion (AIC) that is given 

by 

𝐴𝐼𝐶 =  𝐿̂ + 2𝐾, (𝑆2) 



with the number of model parameters 𝐾[3]. Given two model AICs, we preferred the model with an AIC 

difference less than 2 (Δ𝐴𝐼𝐶 ≤ 2) [3].  

Parameters were estimated simultaneously to the experimental measurements of the Huh7 (plus-strand 

RNA = 𝑅𝑃
𝑡𝑜𝑡, luciferase = 𝐿, and extracellular virus = 𝑉𝑡𝑜𝑡) and A549 (plus-strand RNA = 𝑅𝑃

𝑡𝑜𝑡, luciferase = 

𝐿, extracellular virus = 𝑉𝑡𝑜𝑡, extracellular interferon = 𝐹𝐸𝑋, and intracellular ISG mRNA = 𝐼𝑅
𝑡𝑜𝑡) cell lines  

(for more details see Materials and Methods).  

1. The basic model of the dengue virus lifecycle  
 
Our studies of the dengue virus (DV) lifecycle, the antiviral effect of the host cell immune response (HIR) 

and the DV ability to target the HIR started by studying the DV lifecycle in order to capture the basic 

dynamics in both cell lines: Huh7 and A549 cells. In the following steps, we extended the model stepwise 

by integrating cell-line specific differences mediated by the HIR and/or host cell resources and give a 

comprehensive overview of the model development and selection process.  

The basic model of the DV lifecycle coupled to the HIR is given by the set of ODEs (Eqs. 1 to 24) 

described in the main text (see Materials and Methods). Note that for the basic model we initially 

neglected host cell resources (host factors) and the effect of/on the HIR, thus the host factor involved in 

the RC formation (𝐻𝐹𝑅𝐶0
− 𝑅𝑅𝐶 = 1; Eqs. 6, 10, 11, 15, 16) as well as any antiviral HIR effect and DV 

countermeasures (𝜀𝑥 = 0; Eqs. 25 to 27).  

At first, we studied the drop in extracellular virus that is visible in both cell lines and thus, HIR-
independent. For the virus assembly and release process (𝑣𝑝, Eq. 17; see Materials and Methods), we 

studied two different functions: a simple and a complex virus assembly and release. First, during the 
assembly and release process, 𝑣𝑝, newly produced DV RNA (𝑅𝑃) and DV structural proteins (𝑃𝑆) are 

packaged into virions in a simple way with rate 𝑘𝑝, which is given by 

 
𝑣𝑝 =  𝑘𝑝𝑅𝑃𝑃𝑆. (𝑆3𝑎) 

 
Second, we model DV assembly and release (𝑣𝑝) more complex using a Michaelis-Menten type equation, 

as  

𝑣𝑝 =  𝑘𝑝𝑅𝑃

𝑃𝑆

𝐾𝐷 ∙ 𝑁𝑃𝑆
 + 𝑃𝑆

, (𝑆4𝑎) 

with the number of structural proteins (𝑁𝑃𝑆
) and the half-maximum virion release rate 𝐾𝐷 (compare Eq. 

(17) in Materials and Methods). 

 
Furthermore, we studied components necessary for assembly and release. Additionally to 𝑅𝑃 and 𝑃𝑆, a 
host factor (𝐻𝐹𝑃𝑃) is packaged into the virions whose concentration stays either constant over time 
 

𝑑𝐻𝐹𝑃𝑃

𝑑𝑡
= 0 and 𝐻𝐹𝑃𝑃 ≠ 0. (𝑆5) 

 
or 𝐻𝐹𝑃𝑃 is produced from the cell with constant rate 𝑘𝐻𝐹 and the number of 𝐻𝐹𝑃𝑃 necessary for the 
assembly and release process (𝑁𝐻𝐹𝑃𝑃

) are consumed 

 



𝑑𝐻𝐹𝑃𝑃

𝑑𝑡
= 𝑘𝐻𝐹𝑃𝑃 − 𝑁𝐻𝐹𝑃𝑃

𝑣𝑝 and 𝐻𝐹𝑃𝑃 ≠ 0. (𝑆6) 

 
The involvement of other species (host factors) in the virus assembly and release process changes Eqs. 
(S3a) and (S4a) to  
 

𝑣𝑝 =  𝑘𝑝𝑅𝑃 ∏ 𝑃𝑗

𝑗

(𝑆3𝑏) 

 
and  

𝑣𝑝 =  𝑘𝑝𝑅𝑃 ∏
𝑃𝑗

𝐾𝐷 ∙ 𝑁𝑃𝑗
 + 𝑃𝑗

𝑗

, (𝑆4𝑏) 

 
with 𝑗 ∈ {𝑃𝑆, 𝐻𝐹𝑃𝑃}. 
 
Note that the virus assembly and release rate (𝑘𝑝), the host factor (𝐻𝐹𝑃𝑃) and its basal production 

(𝑘𝐻𝐹𝑃𝑃
) might be cell line specific. However, since 180 structural proteins (𝑁𝑃𝑆

) are consumed during the 

assembly process [4], we fixed 𝑁𝑃𝑆
= 180 molecules/virion throughout the model simulations. 

Additionally, we fixed the following parameter values based on calculations and prior knowledge (DV 
RNA translation rate 𝑘2 = 100 ℎ−1, ISG mRNA translation rate 𝑘𝑡 = 120 ℎ−1, plus- and minus-strand 
RNA synthesis rate 𝑘4 = 1.01 ℎ−1, initial extracellular virus concentration 𝑉0 =  10 virions/ml/cell, 
extracellular virus decay 𝜇𝑉 = 0.4 ℎ−1, interferon decay 𝜇𝐹 = 0.15 ℎ−1, ISG protein decay 𝜇𝐼𝑃

=

0.03 ℎ−1; see Materials and Methods for more details). 
 
The models describing the virus assembly and release as a simple reaction or a Michaelis Menten-like 
function, hence without the involvement of an host factor in the assembly and release process (Model 
1A, 1B, 1F, and 1G), did not capture the drop in extracellular virus (Figure S1) suggesting that structural 
proteins (𝑃𝑆) are not the species in the assembly and release process determining the extracellular virus 
dynamics. The models assuming a cell line specific virus assembly and release rate (𝑘𝑝, Models 1B and 

1G) show already a lower AIC and suggest cell line specificity (Table S1). However, we found that a cell 
line-specific host factor, its basal production and consumption involved in the virion assembly and 
release process and a cell line specific assembly rate (Model 1J) are necessary to explain the dynamics in 
the extracellular virus titers in both cell lines which led to the lowest AIC (Figure S2).  
 
Nevertheless, we additionally took the possibility into account, that non-structural proteins (𝑃𝑁) might 
be involved in the virus assembly and release process [5] and might represent a limiting species (by 
neglecting host factors; 𝑗 ∈ {𝑃𝑆, 𝑃𝑁} in Eqs. (S3b) and (S4b), Model 1K and 1L). However, these models 
did not show a limitation in the virus assembly and release process and could not lead to a better model 
fit. 
 
 
 
 
 
 
 



 Model p  𝐋̂  AIC ΔAIC 

1A Simple virus assembly and release  38 3551.3 3627.3 0 

1B Virus assembly and release rate cell line specific 39 3482.4 3560.4 -66.9 

1C Host factor with constant concentration 40 3510.1 3590.1 -37.2 

1D Host factor with basal production 43 3354.1 3440.1 -187.2 

1E Host factor with basal production and cell line specific 
virus assembly and release rate 

44 3248.7 3336.7 -290.6 

1F Complex virus assembly and release  40 3620.3 3700.3 +73 

1G Virus assembly and release rate cell line specific 41 3457.8 3539.8 -87.5 

1H Host factor with constant concentration 43 3513.4 3599.4 -27.9 

1I Host factor with basal production 45 3463.4 3553.4 -73.9 

1J Host factor with basal production and cell line specific 
virus assembly and release rate 

46 3220.0 3312.0 -315.5 

1K Model 1B and non-structural proteins  40 3530.2 3610.2 -17.1 

1L Model 1G and non-structural proteins  42 3451.0 3535.0 -92.3 

Table S1: Model fits, number of parameters (p), negative log-likelihood (𝐿̂), and AICs for the models 

without and with a host factor and its basal production for the virus assembly and release process (Eqs. 

1 to 24; see Materials and Methods, as well as Eqs. S3 to S6). Models 1A to 1E assume a simple virus and 

release function (Eq. S3), while models 1F to 1J describe the assembly and release process as a more 

complex Michaelis Menten-like function (Eq. S4). Models 1K and 1L neglect host cell resources and take 

the possibility into account, that non-structural proteins might be involved (or limiting) the virus 

assembly and release process. ΔAIC is showing the difference of the fit of models 1B to 1J to the basic 

model 1A that served as a reference model. The best model fit with the lowest AIC (in bold) is 

highlighted in yellow. 



 

Figure S1: Best model fit amongst the models without host factors required for virus assembly and 

release (Models 1A, 1B, 1F, and 1G); complex virus assembly and release function with cell line specific 

virus assembly and release rate (Model 1G). A) shows the model fit of luciferase compared to the 

luciferase measurements (𝐿 = Luc), B) model fit of total (+)RNA to the (+)RNA measurements (𝑅𝑃
𝑡𝑜𝑡 = 

(+)RNA), C) model fit of extracellular virus to its measurements (𝑉𝑡𝑜𝑡= Virus), D) model fit compared to 

measurements of the HIR (𝐼𝑅
𝑡𝑜𝑡= ISG mRNA and 𝐹𝐸𝑋 = IFN). 



 

Figure S2: Best model fit with host factors required for virus assembly and release and a host factor 

basal production rate; complex virus assembly and release function with cell line specific virus assembly 

and release rate (Model 1J). A) shows the model fit of luciferase compared to the luciferase 

measurements (𝐿 = Luc), B) model fit of total (+)RNA to the (+)RNA measurements (𝑅𝑃
𝑡𝑜𝑡 = (+)RNA), C) 

model fit of extracellular virus to its measurements (𝑉𝑡𝑜𝑡= Virus), D) model fit compared to 

measurements of the HIR (𝐼𝑅
𝑡𝑜𝑡= ISG mRNA and 𝐹𝐸𝑋 = IFN). 

 

2. The antiviral effect of the innate immune response on the dengue virus lifecycle 
 

As a next step, we studied the antiviral effect of the HIR on the DV replication, i.e. the decreasing 

luciferase activity in A549 cells. Note that the basic model does not contain any antiviral effects of the 

HIR and/or the DV ability to target the HIR. Hence, the basic model, that does only contain the cell line-

specific host factor and its basal production for virus assembly and release as well as the cell line specific 

assembly and release rate (Model 1J), serves as a reference model for model selection and AIC 

comparison.  



The HIR affects the viral lifecycle on multiple steps in the cytoplasm [6, 7] (for more information see 

main text and references within). Here, we compared several effects of the HIR on: (i) Virus attachment 

to the cell surface (𝑘𝑎), (ii) viral cell entry (endocytosis) (𝑘𝑒), (iii) virus and endosome membrane fusion 

in order to release the DV genome (𝑘𝑓), (iv) translation initiation complex formation (𝑘1), (v) polyprotein 

cleavage (𝑘𝑐), (vi) formation of the replication compartment (RC) (𝑘𝑃𝑖𝑛), (vii) virus assembly and release 

(𝑘𝑝), (viii) naïve cell infection (𝑘𝑟𝑒), (ix) cytosolic virus protein degradation (𝜇𝑃), and (x) cytosolic DV RNA 

degradation (𝜇𝑅𝑉
). Thus, the process associated reaction rates 𝑘𝑥 ∈ {𝑘𝑎, 𝑘𝑒 , 𝑘𝑓 , 𝑘1, 𝑘𝑐 , 𝑘𝑃𝑖𝑛, 𝑘𝑝, 𝑘𝑟𝑒} are 

decreased to 

𝑘𝑥̂ =
𝑘𝑥

1 + 𝜀𝑥𝐼𝑃
, (𝑆7) 

 
and, the degradation rates 𝜇𝑥 ∈ {𝜇𝑃 , 𝜇𝑅𝑉

} are increased to 

 
𝜇𝑥̂ = 𝜇𝑥(1 + 𝜀𝑥𝐼𝑃), (𝑆8) 

 

with the HIR efficiency constant 𝜀𝑥 ∈ [10−5, 1]. Note that all processes are ISG-dependent (𝐼𝑃) while the 
naïve cell infection (reinfection, 𝑘𝑟𝑒) is mediated by extracellular IFN (𝐹𝐸𝑋) and decreases the reaction 
rate for the reinfection process 𝑝𝑥 ∈ {𝑘𝑟𝑒} to 
 

𝑝𝑥̂ =
𝑝𝑥

1 + 𝜀𝑥𝐹𝐸𝑋
, (𝑆9) 

(compare Eqs. (25), (26), (27); see Methods and Materials).  

The best model was found with the HIR effect on the translation initiation complex formation (𝑘1, Model 

2D) and showed the overall lowest AIC (Table S2, Figure S3), followed by increasing the cytosolic DV RNA 

degradation rate (𝜇𝑅𝑉, Model 2I, Figure S4). However, the combination of both HIR effects into one 

model (Model 2K) did not lead to a lower AIC. Thus, we chose model 2D as our working model for 

further model extensions, but for every model extension we rechecked combined HIR effects (𝑘1 and 

𝜇𝑅𝑉
). 

 

 

 

 

 

 

 

 

 



 Model  Affected 
parameter 

p  𝐋̂  AIC ΔAIC 

1J Host factor with basal production and cell 
line specific virus assembly and release 
rate 

 46 3220.0 3312.0 0 

2A (i) HIR effect on virus attachment  𝑘𝑎 47 3246.8 3340.8 +28.8 

2B (ii) HIR effect on endocytosis  𝑘𝑒 47 3215.0 3309.0 -3.0 

2C (iii) HIR effect on fusion  𝑘𝑓 47 3246.8 3340.8 +28.8 

2D (iv) HIR effect on translation initiation 
complex formation  

𝑘1 47 2938.5 3033.5 -278.5 

2E (v) HIR effect on polyprotein cleavage  𝑘𝑐 47 3284.2 3378.2 +66.2 

2F (vi) HIR effect on RC formation  𝑘𝑃𝑖𝑛 47 3278.0 3372.0 +60.0 

2G (vii) HIR effect on virus assembly/release  𝑘𝑝 47 3260.9 3354.9 +42.9 

2H (viii) HIR effect on reinfection  𝑘𝑟𝑒 47 3204.7 3298.7 -13.3 

2I (xi) HIR effect on RNA degradation in 
cytoplasm  

𝜇𝑅𝑉 47 3038.0 3132.0 -180.0 

2J (x) HIR effect on protein degradation  𝜇𝑃 47 3276.8 3370.8 +58.8 

Table S2: Model fits, number of parameters (p), negative log-likelihood (𝐿̂), and AICs for the models 

integrating the antiviral effect of the HIR (Models 2B to 2K) compared to the basic model without 

antiviral HIR effect (Model 1J) (Eqs. 1 to 24, as well as Eqs. S7 to S9; see Materials and Methods, as well 

as Eqs. S3 to S6). ΔAIC is showing the difference of the fit of models 2A to 2K to the reference model 1J. 

The best model fit with the lowest AIC (in bold) is highlighted in yellow.  



 

Figure S3: Best model fit with host factors required for virus assembly and release and host factor basal 

production rate and the HIR effect on the translation initiation complex formation (𝑘1) (Model 2D). A) 

shows the model fit of luciferase compared to the luciferase measurements (𝐿 = Luc), B) model fit of 

total (+)RNA to the (+)RNA measurements (𝑅𝑃
𝑡𝑜𝑡 = (+)RNA), C) model fit of extracellular virus to its 

measurements (𝑉𝑡𝑜𝑡= Virus), D) model fit compared to measurements of the HIR (𝐼𝑅
𝑡𝑜𝑡= ISG mRNA and 

𝐹𝐸𝑋 = IFN). 

  



 

Figure S4: Best model fit with host factors required for virus assembly and release and host factor basal 

production rate and the HIR effect on the infection of naïve cells (reinfection, 𝑘𝑟𝑒) (Model 2H). A) shows 

the model fit of luciferase compared to the luciferase measurements (𝐿 = Luc), B) model fit of total 

(+)RNA to the (+)RNA measurements (𝑅𝑃
𝑡𝑜𝑡 = (+)RNA), C) model fit of extracellular virus to its 

measurements (𝑉𝑡𝑜𝑡= Virus), D) model fit compared to measurements of the HIR (𝐼𝑅
𝑡𝑜𝑡= ISG mRNA and 

𝐹𝐸𝑋 = IFN). 



 

Figure S5: Best model fit with host factors required for virus assembly and release and host factor basal 

production rate and the HIR effect on the cytosolic DV RNA degradation (𝜇𝑅𝑉
) (Model 2I). A) shows the 

model fit of luciferase compared to the luciferase measurements (𝐿 = Luc), B) model fit of total (+)RNA 

to the (+)RNA measurements (𝑅𝑃
𝑡𝑜𝑡 = (+)RNA), C) model fit of extracellular virus to its measurements 

(𝑉𝑡𝑜𝑡= Virus), D) model fit compared to measurements of the HIR (𝐼𝑅
𝑡𝑜𝑡= ISG mRNA and 𝐹𝐸𝑋 = IFN). 

 

3. Host factors involved in the dengue virus lifecycle 
 

In order to study additional cell line specificities, that might not be explained by the HIR, i.e. the 

different RNA dynamics in both cell lines, where A549 cells showed a faster RNA production compared 

to Huh7 cells, we introduced different models, that incorporate host factors for several processes: (i) 

Virus attachment (𝑘𝑎, Eq. S10), (ii) virus uptake (endocytosis, 𝑘𝑒, Eq. S11), (iii) fusion of the endosomal 

and viral membrane to release the DV RNA genome (𝑘𝑓, Eq. S12), (iv) polyprotein cleavage (𝑘𝑐, Eq. S13), 

and (v) formation of the RC (𝑘𝑃𝑖𝑛, Eq. S14). It has been shown, that host factors are involved in most, if 

not all, processes in the viral lifecycle [8, 9]. Note that a cell line-specific host factor for the virus 



packaging and release process is already included in the model. Note furthermore that this model 

contains antiviral HIR effects in order to study a model that contains cell line specific differences made 

by the HIR inhibiting and host factors promoting the DV lifecycle.   

The model has been extended by multiplying the following terms to the process associated reaction 

rate: 

𝑘𝑎 = 𝑘𝑎(𝐻𝐹𝐴 − 𝑉𝐴) (𝑆10) 

𝑘𝑒 = 𝑘𝑒(𝐻𝐹𝐸 − 𝑉𝐸) (𝑆11) 

𝑘𝑓 = 𝑘𝑓(𝐻𝐹𝐹 − 𝑅𝑉) (𝑆12) 

𝑘𝑐 = 𝑘𝑐(𝐻𝐹𝐶 − 𝑃𝑆 − 𝑃𝑁) (𝑆13) 

𝑘𝑃𝑖𝑛 = 𝑘𝑃𝑖𝑛(𝐻𝐹𝑅𝐶 − 𝑅𝑅𝐶) and 𝑘3 = 𝑘3(𝐻𝐹𝑅𝐶 − 𝑅𝑅𝐶) (𝑆14) 

Note that the concentrations for every host factor stays constant and thus, 
𝑑𝐻𝐹𝑖

𝑑𝑡
= 0. 

By fitting the different host factor models to the data sets of both cell lines, the model that takes into 

account the possibility of a cell line-specific host factor involved in the entry/endocytosis process 

showed the overall lowest AIC (Table S3). However, this model was better suited to capture the 

extracellular virus dynamics, which led to the overall lowest AIC amongst the studied host factor models, 

but it was not able to describe the DV RNA dynamics in both cell lines (Figure S7). Therefore, according 

to the AIC, we chose the second best model as our working model with a cell line-specific host factor on 

the formation of the RC, that was able to describe the extracellular virus and DV RNA dynamics in both 

cell lines (Figure S8).  

Nevertheless, we studied further the model fit with the host factor affected virus entry process, that led 

to the overall lowest AIC. The model suggests a limitation in the virus entry process, however, the 

limitation is not cell line specific since in both cell lines the initial host factor concentration was 

estimated with the same value 𝐻𝐹𝐸 = 9.8 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑚𝑙−1. Thus, we introduced a cell washing process, 

that is in line with the experimental procedure. According to the experimental set-up, the cells were 

washed to remove unbound virus from the initial infection. This is considered in the model through the 

term 𝑤𝑉 in Eq. (1) (see Material and Methods), where 𝑤 is modelled as  

𝑤 = 𝜔𝑠

1

√2𝜋𝜔𝑑
2

exp (− 
(𝑡 − 𝜔𝑡)2

2𝜔𝑑
2 ) , (𝑆15)

 

 
with washing time point 𝜔𝑡, washing duration 𝜔𝑑, washing strength 𝜔𝑠 and the independent time 

variable 𝑡. This washing function  describes a scaled normal distribution and removes the extracellular 

virus (𝑉) proportional to 𝜔𝑠. The values for this function have been chosen based on the experimental 

condition: the cells were washed after one hour (𝜔𝑡 = 1 ℎ) for approximately 6 minutes (𝜔𝑑 = 0.1 ℎ). 

The washing strength is a parameter, that should be high enough to remove the virus and has been set 

to 𝜔𝑠 = 100 and describes the area under the curve (Figure S6; see for more details [10]).   



 

Figure S6: Cell washing process modelled as a scaled normal distribution (Eq. (S15)) with parameter 

values for washing time point, duration, and strength: 𝜔𝑡 = 1 ℎ, 𝜔𝑑 = 0.1 ℎ, and 𝜔𝑠 = 100. 

The washing process has been introduced into the model and led to a further improvement of the 

model fit and a lower AIC (Figure S7, Table S3). Thus, for further model extensions, we chose the model 

with a cell line-specific host factor involved on the formation of the RC and the modelled cell washing 

process that is in line with the experimental set-up (Model 3F).  

 Model  Affected 
parameter 

p  𝐋̂  AIC ΔAIC 

2D HIR effect on translation initiation 
complex formation  

𝑘1 47 2938.5 3033.5 0 

3A (i) HIR effect on 𝑘1 and host factor on virus 

attachment  

𝑘𝑎 49 2956.3 3054.3 +20.8 

3B (ii) HIR effect on 𝑘1 and host factor on 

endocytosis  

𝑘𝑒 49 1876.7 1974.7 -1058.8 

3C (iii) HIR effect on 𝑘1 and host factor on 

fusion  

𝑘𝑓 49 2901.5 2999.5 -34.0 

3D (iv) HIR effect on 𝑘1 and host factor on 

polyprotein cleavage  

𝑘𝑐  49 2577.5 2675.5 -358.0 

3E (v) HIR effect on 𝑘1 and host factor on RC 

formation  

𝑘𝑃𝑖𝑛 and 𝑘3 49 2038.7 2136.7 -896.8 

3F HIR effect on 𝑘1 and host factor on RC 

formation, cell washing  

𝑘𝑃𝑖𝑛, 𝑘3, and 
𝑤 

52 1569.1 1673.1 -1360.4 

Table S3: Best model fits, number of parameters (p), negative log-likelihood (𝐿̂), and AICs for models 

which have been extended by additional host factors that might explain the faster DV RNA production 

visible in the A549 cell line measurements (Models 3A to 3E). Model 3F was additionally extended by a 

cell washing process (Eq. S15). Model 2D serves as a reference model for AIC comparison (ΔAIC). The 

best model fit with the lowest AIC (in bold) is highlighted in yellow. 



 

 

Figure S7: Best fit model with HIR effect on the translation initiation complex formation (𝑘1) and 

additional host factors for the endocytosis process (Model 3B). A) shows the model fit of luciferase 

compared to the luciferase measurements (𝐿 = Luc), B) model fit of total (+)RNA to the (+)RNA 

measurements (𝑅𝑃
𝑡𝑜𝑡 = (+)RNA), C) model fit of extracellular virus to its measurements (𝑉𝑡𝑜𝑡= Virus), D) 

model fit compared to measurements of the HIR (𝐼𝑅
𝑡𝑜𝑡= ISG mRNA and 𝐹𝐸𝑋 = IFN). 



 

Figure S8: Best fit model with HIR effect on the translation initiation complex formation (𝑘1) and 

additional host factors for the RC formation (Model 3E). A) shows the model fit of luciferase compared 

to the luciferase measurements (𝐿 = Luc), B) model fit of total (+)RNA to the (+)RNA measurements (𝑅𝑃
𝑡𝑜𝑡 

= (+)RNA), C) model fit of extracellular virus to its measurements (𝑉𝑡𝑜𝑡= Virus), D) model fit compared to 

measurements of the HIR (𝐼𝑅
𝑡𝑜𝑡= ISG mRNA and 𝐹𝐸𝑋 = IFN). 



 

Figure S9: Best fit model with HIR effect on the translation initiation complex formation (𝑘1) and 

additional host factors for the RC formation and the integration of a cell washing process (Model 3F). A) 

shows the model fit of luciferase compared to the luciferase measurements (𝐿 = Luc), B) model fit of 

total (+)RNA to the (+)RNA measurements (𝑅𝑃
𝑡𝑜𝑡 = (+)RNA), C) model fit of extracellular virus to its 

measurements (𝑉𝑡𝑜𝑡= Virus), D) model fit compared to measurements of the HIR (𝐼𝑅
𝑡𝑜𝑡= ISG mRNA and 

𝐹𝐸𝑋 = IFN). 

 

4. The dengue virus countermeasures 
 

Having such a detailed model at hand with antiviral HIR effects and cell-line specificities, we were 

further interested in the question how DV might target the HIR and studied DV countermeasures. DV 

developed several mechanisms to target the HIR, especially its own recognition via the RIG-I pathway 

(𝑘𝑟𝑖𝑔) and the IFN signaling of the JAK/STAT pathway (𝑘𝑗𝑎𝑘) (for more details see main text and [7, 11–

17]). Since the HIR sub-model is highly simplified, we studied both main routes and decreased the 



reaction rates of a single pathway or both pathways that are targeted by DV non-structural proteins (𝑃𝑁) 

as follows 

𝑐𝑥̂ =
𝑐𝑥

1 + 𝜀𝑥𝑃𝑁
, (𝑆16) 

with 𝑐𝑥 ∈ {𝑘𝑟𝑖𝑔, 𝑘𝑗𝑎𝑘} and the DV countermeasure efficiency 𝜀𝑥 ∈ [10−5, 1]. Furthermore, the DV 

countermeasure model was extended by the top three antiviral effects, hence a combination of 

translation initiation complex formation (𝑘1), cytosolic DV RNA degradation (𝜇𝑅𝑉
), and the naïve cell 

infection (reinfection, 𝑘𝑟𝑒), which are suggested ISG and IFN antiviral modes of action [18, 19]. The 

model including the three antiviral HIR effects and two DV countermeasures led to a lower AIC and 

served as our working model for model complexity reduction (Model 4A, Figure S10, Table S4).  

 

 Model  Affected 
parameter 

p  𝐋̂  AIC ΔAIC 

3G HIR effect on translation initiation complex 
formation, Host factor on RC formation, cell 
washing 

𝑘1, 𝑘𝑃𝑖𝑛 and 𝑤 52 1569.1 1673.1 0 

4A HIR effect on translation initiation complex 
formation, cytosolic RNA degradation, and 
reinfection, Host factor on RC formation, cell 
washing, DV targeting RIG-I and JAK/STAT 
pathway 

𝑘𝑟𝑖𝑔 and 𝑘𝑗𝑎𝑘  56 1522.8 1634.8 -38.3 

Table S4: Best model fit, affected parameters, number of parameters (p), negative log-likelihood (𝐿̂), 

and AICs for the model that take into account the DV countermeasures on the RIG-I (𝑘𝑟𝑖𝑔) and/or the 

JAK/STAT pathway (𝑘𝑗𝑎𝑘) by decreasing the corresponding reaction rates (Eq. S16). Model 3G serves as 

reference models; ΔAIC shows the difference of the DV countermeasure models to the reference model. 

Additionally, Model 4A was extended by antiviral HIR effect on the translation initiation complex 

formation (𝑘1), the cytosolic DV RNA degradation (𝜇𝑅𝑉
), and the naïve cell infection (reinfection, 𝑘𝑟𝑒). 

The best model fit with the lowest AIC (in bold) is highlighted in yellow. 

 



 

Figure S10: Best fit model with DV countermeasures on the RIG-I and JAK/STAT pathway (Model 4A). 

The model includes the host factors (and its basal production) for virus assembly and release, host 

factors for the formation of the RC and the antiviral HIR effects on the translation initiation complex 

formation and the cytosolic RNA degradation. [Luciferase = 𝐿 , Plus-strand (+)RNA = 𝑅𝑃
𝑡𝑜𝑡, and 

extracellular virus = 𝑉𝑡𝑜𝑡, extracellular interferon (IFN) = 𝐹𝐸𝑋, and ISG mRNA = 𝐼𝑅
𝑡𝑜𝑡]. 

 

5. Model refinement 
 

In order to reduce the model complexity and further improve the model fit, we fixed several parameters 

based on the following assumptions. Note that based on comparisons of the AICs, we fixed parameters 

that did either improve the AIC or the difference between the compared two model AICs is less than 2 

(Δ𝐴𝐼𝐶 ≤ 2), which does not prefer one over the other model [3].  

(i) The initial concentration for the host factor involved in virus assembly and release were 

estimated with the same value (𝐻𝐹𝑃𝑃
𝐴549 = 𝐻𝐹𝑃𝑃

𝐻𝑢ℎ7 = 58 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑚𝑙−1) and thus we set 



𝐻𝐹𝑃𝑃
𝐴549 = 𝐻𝐹𝑃𝑃

𝐻𝑢ℎ7 = 𝐻𝐹𝑃𝑃. Note that the cell line specificity is mediated from the cell line 

specific basal production of this host factor (𝑘𝐻𝐹𝑃𝑃

𝐴549  and 𝑘𝐻𝐹𝑃𝑃

𝐻𝑢ℎ7) and the virus assembly and 

release rate (𝑘𝑝
𝐴549 and 𝑘𝑝

𝐻𝑢ℎ7).  

(ii) For the basal production of the host factors necessary for virus assembly and release, we 

observed in Model 1J that the basal host factor production was approximately 10 times 

faster in Huh7 cells compared to A549 cells. Thus, we assumed 𝑘𝐻𝐹𝑃𝑃

𝐻𝑢ℎ7 =  10 ⋅ 𝑘𝐻𝐹𝑃𝑃

𝐴549 .  

(iii) We observed that virus within endosomes is twice as stable as extracellular virus. With an 

estimated intracellular virus degradation rate 𝜇𝑉𝐸
= 0.2 ℎ−1 and a fixed extracellular 

degradation rate 𝜇𝑉 = 0.4 ℎ−1based on [12]. Hence, we set 𝜇𝑉𝐸
= 0.5 ⋅ 𝜇𝑉. 

(iv) We assume that there is no difference, whether ribosomes bind to DV RNA or ISG mRNA in 

order to form translation initiation complexes and since the estimated parameter values for 

both reaction rates were in the same (𝑘1 = 𝑘𝐼𝐶 = 1000 𝑚𝑙 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒−1ℎ−1), thus we set 

𝑘1 = 𝑘𝐼𝐶.   

(v) The polyprotein cleavage rate was estimated with 𝑘𝑐 = 0.97 ℎ−1 and thus we set 𝑘𝑐 =

 1 ℎ−1 which is in agreement with the polyprotein cleavage rate that has been estimated for 

HCV in our previous study [20]. 

(vi) Since the decay rate of the translation initiation complex (𝜇𝐼𝐶) was estimated higher than 

the degradation rate of free ISG mRNA (𝜇𝐼𝑅
), which is biologically not realistic, since the 

mRNA-ribosome complex might be more stable than free RNA,  we introduced the 

constraint that 𝜇𝐼𝐶 <  𝜇𝐼𝑅
. 

By introducing stepwise model assumptions (i) to (vi) into our model, we received our final working 

model (Table S5, Model 5A, Figure S11) for further analysis. The AIC is 7 points higher than the model, 

that has not been reduced in its complexity, however, we accept that miner increase of the AIC in order 

to gain a more robust model. The final model fit and the model identifiability analysis (profile likelihood 

estimation, see Materials and Methods) are shown in Figures S11 and S12. Model parameter values and 

95% confidence intervals are listed in Tables S6 and S7. 

 Model p  𝐋̂  AIC ΔAIC 

4A HIR effect on translation initiation complex 
formation, cytosolic RNA degradation, and 
reinfection, Host factor on RC formation, cell 
washing, DV targeting RIG-I and JAK/STAT 
pathway 

56 1522.8 1634.8 0 

5A Final model including model reduction steps 
(i) to (vi) 

52 1538.1 1642.1 +7.3 

Table S5: Best model fits, number of parameters (p), negative log-likelihood (𝐿̂), and AICs for models 

that take into account all studied cell line specificities, including host factors, antiviral HIR effects, and 

DV countermeasures. Model 5A has been reduced in its complexity according to (i) to (vi). Model 4A 

serves as reference models; ΔAIC shows the difference of the DV countermeasure models to the reference 

model. The final model and its AIC (in bold) are highlighted in yellow. 



 

Figure S11: Final fit with the reduced complexity model (Model 5A). A) shows the model fit of luciferase 

compared to the luciferase measurements (𝐿 = Luc), B) model fit of total (+)RNA to the (+)RNA 

measurements (𝑅𝑃
𝑡𝑜𝑡 = (+)RNA), C) model fit of extracellular virus to its measurements (𝑉𝑡𝑜𝑡= Virus), D) 

model fit compared to measurements of the HIR (𝐼𝑅
𝑡𝑜𝑡= ISG mRNA and 𝐹𝐸𝑋 = IFN). 

 



 

Figure S12: Profile likelihood estimation of estimated model parameters. The red line describes the 
statistical 95% threshold (95% confidence intervals are listed in Table 1 and 2). A parameter is 
identifiable if the 95% confidence interval is finite; the black parameter profile line is crossing the 
statistical threshold. The x-axis shows the scanned parameter profile (as log10 values), y-axis shows the 

corresponding log-likelihood values (𝛥𝐿̂(𝜃) is the difference of the negative log likelihood value). The 
red dot shows the optimum.  
 
 



Rate Const. Definition Value Unit 95% CI Comment 

𝒌𝒂 Attachment rate 0.12 ℎ−1  Fixed after SA/IA 
𝒌𝒆 Endocytosis rate 0.43 ℎ−1 [0.41, 0.44]  
𝒌𝒇 Fusion rate 0.031 ℎ−1 [0.027, 0.035]  

𝒌𝟏 Formation rate of translation 
initiation complex 

1000 𝑚𝑙 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠−1ℎ−1 [857,1000]  

𝒌𝟐 Translation rate 100 * ℎ−1  (See Methods) 
𝒌𝒄 Polyprotein cleavage rate 1 * ℎ−1  (Binder et al., 

2013) 
𝒌𝑷𝒊𝒏 Formation rate of the plus-strand 

intermediate complex 
0.012 𝑚𝑙2 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠−2 ℎ−1 [0.008, 0.016]  

𝒌𝟓 Formation rate of the minus-
strand intermediate complex 

1000 𝑚𝑙 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠−1 ℎ−1 [748, 1000]  

𝒌𝟒𝒎  Minus-strand synthesis rate 1.01 * ℎ−1  (See Methods) 
𝒌𝟒𝒑 Plus-strand synthesis rate 1.01 * ℎ−1  (See Methods) 

𝒌𝟑 Formation rate of the minus-
strand intermediate complex 

510 𝑚𝑙 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠−1 ℎ−1 [0, +∞]  

𝒌𝑷𝒐𝒖𝒕 Transport rate out of the RC into 
the cytoplasm 

1000 ℎ−1 [856.5, 1000]  

𝒌𝒑 Huh7 Virion release rate in Huh7 11 𝑚𝑙 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠−1ℎ−1 [0, 486]  

𝒌𝒑 A549 Virion release rate in A549 390 𝑚𝑙 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠−1ℎ−1 [0, 13.4]  

𝒌𝒓𝒆 Reinfection rate 0.0001 ℎ−1 [0, 24.4]  
𝝁𝑽 Degradation rate of extracellular 

virus 
0.4 * ℎ−1  (Schmid et al., 

2015) 
𝝁𝑽𝑬

 Degradation rate of intracellular 
virus within endosomes 

0.2 * ℎ−1  (See Methods) 

𝝁𝑹𝑽
 Degradation rate of free cytosolic 

RNA 
2.8 ℎ−1 [1.9, 4.2]  

𝝁𝑻𝑪 Degradation rate of translation 
initiation complex 

0.001 ℎ−1 [0.001, 0.025]  

𝝁𝑷𝑵
 Degradation rate of structural 

proteins 
0.0025 ℎ−1 [0, 0.01]  

𝝁𝑷𝑺
 Degradation rate of non-structural 

proteins 
0.001 ℎ−1 [0.001,0.006]  

𝝁𝑳 Degradation rate of luciferase 0.35 * ℎ−1  (Binder et al., 
2013) 

𝝁𝑹𝑪 Degradation rate of species in the 
replication compartment 

0.028 ℎ−1 
 

[0.019, +∞]  

𝑯𝑭𝑹𝑪𝟎
 Huh7 Initial host factor concentration 

for 𝑘𝑃𝑖𝑛 for Huh7 
1 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑚𝑙−1 [1, 1.24]  

𝑯𝑭𝑹𝑪𝟎
 A549 Initial host factor concentration 

for 𝑘𝑃𝑖𝑛 for A549 
4.5 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑚𝑙−1 [3.9, 5.7]  

𝑯𝑭𝑷𝑷𝟎
 Initial host factor concentration 

for 𝑘𝑝 for Huh7 and A549 
51 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑚𝑙−1 [38, 68]  

𝒌𝑯𝑭𝑷𝑷
 Huh7 Basal production rate for 𝐻𝐹𝑃𝑃 for 

Huh 
1.5 * 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑚𝑙−1ℎ−1  (See Methods) 

𝒌𝑯𝑭𝑷𝑷
 A549 Basal production rate for 𝐻𝐹𝑃𝑃 for 

A549 
0.15 * 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑚𝑙−1ℎ−1  Fixed after SA/IA 

𝑲𝑫 Huh7 Half-maximal virion assembly and 
release rate in Huh7 

0.7 * 𝑣𝑖𝑟𝑖𝑜𝑛𝑠 𝑚𝑙−1   (See Methods) 

𝑲𝑫 A549 Half-maximal virion assembly and 
release rate in A549 

1.8 * 𝑣𝑖𝑟𝑖𝑜𝑛𝑠 𝑚𝑙−1   (See Methods) 

𝑽𝟎 Initial virus concentration 10 * 𝑣𝑖𝑟𝑖𝑜𝑛𝑠 𝑚𝑙−1 𝑐𝑒𝑙𝑙−1   (See Methods) 
𝑹𝒊𝒃𝒐𝑫𝑽𝟎

 Initial ribosome concentration 2.8 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑚𝑙−1 [2.4, 3.3]  

𝑵𝑷𝑺
 Number of structural proteins 180 * 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑣𝑖𝑟𝑖𝑜𝑛−1  (See Methods) 

𝑵𝑯𝑭𝑷𝑷
 Number of host factors 5.4 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑣𝑖𝑟𝑖𝑜𝑛−1 [4.4, 6.6]  

𝒇𝑺𝒄𝒂𝒍𝒆𝑹𝑵𝑨 Scaling factor for RNA 0.6  [0.54, 0.67]  
𝒇𝑺𝒄𝒂𝒍𝒆𝑳 Scaling factor for Luciferase 0.97  [0.88, 1.08]  

𝝎𝒅 Washing duration 0.1 * ℎ  (See Methods) 
𝝎𝒔 Washing strength 100 *   (See Methods) 
𝝎𝒕 Washing time point 1 * ℎ  (See Methods) 

Table S6: The table shows model parameters for the virus replication sub-model, estimated 

simultaneously from data for the Huh7 and A459 cell lines. Parameter values with (*) were fixed based 

on biological evidence or other considerations (SA = Sensitivity Analysis, IA = Identifiability Analysis). 



 

Rate Constant Definition Value Unit 95% CI  

𝒌𝒓𝒊𝒈 RIG-I activation rate 2.6 ℎ−1 [0, +∞]  

𝒌𝒔 Interferon secretion rate 0.99 ℎ−1  Fixed after SA/IA 

𝒌𝒋𝒂𝒌 
JAK/STAT pathway activation 
rate 

100 ℎ−1 [0, 251]  

𝒌𝒕 ISG translation rate 120 * ℎ−1  (See Methods) 

𝝁𝑭 
Degradation rate of intracellular 
and extracellular interferon 

0.15 * ℎ−1  (Schmid et al., 2015) 

𝝁𝑰𝑹
 Degradation rate of ISG mRNA 1 * ℎ−1  Fixed after SA/IA 

𝝁𝑰𝑪 Degradation rate of IC 0.1 ℎ−1  (See Methods) 

𝝁𝑰𝑷
 Degradation rate of ISG protein 0.03 * ℎ−1  

(Bogunovic et al., 2013; 
Haller et al., 2007; 
Martensen and Justesen, 
2004; Ronni et al., 1993) 

𝜺𝒌𝟏
 HIR efficiency constant 1   Fixed after SA/IA 

𝜺𝒌𝒓𝒆
 HIR efficiency constant 1   Fixed after SA/IA 

𝜺𝝁𝑹𝑽
 HIR efficiency constant 0.0001   Fixed after SA/IA 

𝜺𝒌𝒓𝒊𝒈
 Anti-antiviral efficiency constant 0.0056   Fixed after SA/IA 

𝜺𝒌𝒋𝒂𝒌
 Anti-antiviral efficiency constant 0.004   Fixed after SA/IA 

𝑹𝒊𝒃𝒐𝑯𝑰𝑹𝟎
 

Initial ribosome concentration 
used for HIR 

100 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑚𝑙−1  Fixed after SA/IA 

𝒇𝑺𝒄𝒂𝒍𝒆𝑭𝑬𝑿
 

Scaling factor for extracellular 
interferon 

5.5e+5  [0,+∞]  

𝒇𝑺𝒄𝒂𝒍𝒆𝑰𝑹
 Scaling factor for ISG mRNA 310  [234, 412]  

Table S7: Model parameters for the HIR sub-model, estimated from data for the A459 cell lines. 
Parameters value with (*) were fixed based on biological evidence or other considerations (SA = Sensitivity 
Analysis, IA = Identifiability Analysis). 
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