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Abstract 

Signal transducers and activators of transcription (STATs) are key molecular 

determinants of T cell fate and effector function. A number of inflammatory 

diseases are characterized by an altered balance of T cell phenotypes and 

cytokine secretion. STATs, therefore, represent viable therapeutic targets in 

numerous pathologies. However, the underlying mechanisms of how the same 

STAT proteins regulate both the development of different T cell phenotypes and 

their plasticity during changes in extracellular conditions remain unclear. In this 

study, we investigated the STAT mediated regulation of T cell phenotype 

formation and plasticity using mathematical modeling and experimental data for 

intracellular STAT signaling proteins. The close fit of our model predictions to 

the experimental data allows us to propose a potential mechanism for T cell 

switching. According to this mechanism, T cell phenotype switching is due to 

the relative redistribution of STAT dimer complexes caused by the extracellular 

cytokine-dependent STAT competition effects. The developed model predicts 

that the balance between the intracellular STAT species defines the amount of 

the produced cytokines and thereby T cell phenotypes. The model predictions 

are consistent with the experimentally observed IFN-γ to IL-10 switching that 

regulates human Th1/Tr1 responses. The proposed model is applicable to a 

number of STAT signaling circuits. 

 

Author Summary 

The immune system is a highly sophisticated and regulated complex of 

molecular interactions, the main function of which is to protect the host 

organism. Despite much recent progress in experimental studies, the underlying 
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molecular mechanisms of autoimmune diseases are still not clear and therefore 

new approaches to solve this problem are required. Systems biology can offer 

the necessary analytic tools for deeper elucidation of molecular mechanisms 

using available experimental data. In this work, we studied T cell plasticity and 

cytokine production focusing on STAT proteins, one of the key molecular 

elements of signal transduction in the immune system. We propose a new 

integrative systems approach to analyze STAT-STAT interactions in the immune 

response. The model developed in this study suggests that the T cell plasticity 

is due to the competition between the intracellular STAT pathways. We studied 

STAT-STAT interactions in the context of human immune-related diseases such 

as rheumatoid arthritis, inflammatory bowel disease and systemic lupus 

erythematosus and discuss the potential therapeutic implications of the 

proposed model in these diseases. The predictions of the model proposed in 

this study are supported by experimental data for IFN-γ and IL-10 production. 

 

Introduction 

Signal Transducers and Activators of Transcription (STATs) regulate cell differentiation, 

growth, apoptosis and proliferation by transducing signals from the cell membrane to the 

nucleus. There are seven members of the STAT family in mammalian cells: STAT1, STAT2, 

STAT3, STAT4, STAT5a, STAT5b and STAT6 [1, 2]. 

 

STAT proteins are activated by binding of a cytokine to its receptor followed by receptor 

dimerization and phosphorylation of their C-terminal transactivation domain (CTD) by Janus 

Kinases (JAKs). For example, phosphorylation of STAT1 occurs at Tyr701 in response to type 

II interferons [3] and phosphorylation of STAT3 occurs at Tyr705 in response to Interleukin 6 
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(IL-6) or Interleukin 10 (IL-10) [4, 5]. Phosphorylation at Tyr705 leads to dimerization [6] and 

regulates the activation of STAT3 [7-9]. STATs can form homo- or hetero- dimers only with 

their dimerization partners [10]. STAT dimers translocate to the nucleus and activate gene 

expression. Nuclear phosphatases can dephosphorylate STATs in the nucleus and initiate their 

return to the cytosol [11-14]. 

 

In the nucleus, activated STAT dimers induce cytokine production. Aberrations in the 

mechanism of cytokine production may give rise to various immune-related pathologies 

including autoimmune diseases such as rheumatoid arthritis (RA) [15, 16], systemic lupus 

erythematosus (SLE) [17-19], diabetes [20, 21] and cancer [22, 23]. These aberrations include 

inappropriate activation of Th1 cells, characterized by increased inflammatory IFN-γ 

production. It was reported in [24] that RA patients lack the so called IFN-γ to IL-10 switching 

– the transition of the inflammatory IFN-γ only state (Th1 cells) into a state characterized by a 

significant decrease of IFN-γ production and a gain of the regulatory IL-10 expression (Tr1 

cells). 

 

Several STATs, for example STAT3 and STAT5 [25, 26], lead to the production of IFN-γ and 

IL-10. The molecular mechanism of IFN-γ and IL-10 production via STAT3 and STAT5 is as 

follows. Extracellular IL-2, IL-6 and IL-21 bind to their complementary receptors. The 

receptors remain in complex with JAKs. Binding of the interleukins to their receptors induces 

the autophosphorylation of the receptors and the bound JAKs [27]. The phosphorylated 

receptor-JAK complexes can be dephosphorylated by SHP-1 [28]. Phosphorylation of STAT3 

is performed by JAK in IL-2R:JAK and IL-6R:JAK complexes, while STAT5 is 

phosphorylated by IL-2R:JAK and IL-21R:JAK [29-31]. STAT3 and STAT5 are 

dephosphorylated by SHP-1 and SHP-2 phosphatases respectively [32, 33]. The phosphorylated 

STAT3 and STAT5 then can form either homo- or hetero- dimers [29, 30]. The dimers 
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translocate into the cell nucleus and promote transcription of genes responsible for IFN-γ and 

IL-10 production. Both IFN-γ and IL-10 are degraded by some metalloproteases [34], which, in 

our model, we denote as Mp1 and Mp2, respectively. 

 

There is an additional, STAT-independent, mechanism of the regulation of IL-10 production. It 

has been shown that pathogens can activate the c3-c3b complement system, which leads to the 

activation of CD46. For high IL-2 concentrations CD46 activates the SPAK/ERK pathway 

leading to the activation of SP1 [24, 35], which results in induction of genes responsible for 

IL-10 production [36]. 

 

Other STAT pathways, in addition to STAT3 and STAT5, can also lead to the induction of 

IFN-γ and IL-10 production. The production of IFN-γ is induced by the following interleukins: 

IL-12, IL-21, IL-2 and IL-35 [37-40]. Interleukins IL-12 and IL-35 activate STAT4 through the 

JAK-STAT pathway [30] while IL-21 and IL-2 activate STAT5 [41, 42]. The production of 

anti-inflammatory IL-10 is up-regulated by STAT1, STAT3 and STAT6 [26, 43, 44]. In 

particular, STAT1 is activated by IL-6 and IL-35; STAT3 by IL-2 and IL-6; STAT6 by IL-3 

and IL-4 [30, 31, 45, 46]. 

 

Both STAT4 [37, 38, 46] and STAT5 [25, 47, 48] induce the production of IFN-γ. However, 

the data demonstrating a role of STAT5 in IFN-γ production are in contrast with results 

reported in [49], which shows that STAT5 can induce IL-10 production. At the same time, the 

fact that STAT4 activates IFN-γ production contradicts with the data in [50], where it was 

shown that STAT4 also induces the production of IL-10. This conflicting evidence about STAT 

signaling cannot be explained with the currently used approaches and therefore a new approach 

is required. 
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Several studies have offered insights into STAT signaling on a systems level. A mathematical 

model of JAK-STAT signaling pathway leading to the activation of STAT1 in liver cells was 

proposed in [51]. In that work, the dynamical properties of this system were investigated. The 

model showed that nuclear phosphatase is one of the most important regulators in this 

JAK-STAT pathway. Another attempt to model STAT1 activation was made in [52] studying 

JAK-STAT signaling in pancreatic stellate cells (PSC). By using Ordinary Differential 

Equations (ODEs) to describe the rates of the biochemical reactions in the JAK-STAT 

pathway, the model developed in that study could explain the temporal profiles of STAT1 

activation.  

 

In [53], a mathematical model for the JAK2-STAT5 pathway was proposed. The quantitative 

behavior of STAT5 phosphorylation was determined. In [54], the authors investigated IL-6 

mediated JAK1-STAT3 pathway activation and the dynamics of JAK1 and STAT3 

phosphorylation. They proposed a new approach to analyze JAK-STAT pathways by using 

Petri nets that describe the biomolecular mechanism of reactions and functional interactions 

with other components. 

 

Thus there are several examples [51-54], where STAT signaling has been investigated using 

mathematical modeling. However, in these studies only one JAK-STAT pathway was 

investigated at a time. In phenotype development and plasticity in response to environmental 

changes in T-cells, more than one JAK-STAT pathways are involved [24, 55]. Due to this fact, 

these models of STAT signaling [51-54] cannot be used to explain the underlying molecular 

mechanisms of these processes. Therefore, to understand disease states such as autoimmune 

states and allergic reactions [24, 56], new approaches are needed to delineate the molecular 

mechanisms of T cell phenotype development and plasticity that are crucial for an efficient T-

cell response.  
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In our previous paper [57] we studied phosphorylation of one STAT protein at a time. In this 

study, we investigated the role of multiple STAT proteins in T cell phenotype plasticity and in 

the IFN-γ to IL-10 switching [24]. The new developed model is based on previously published 

experimental results [29-31, 37-39, 41, 42, 45, 46, 58-64]. 

 

Results 

A new integrative approach for STAT signaling 

In this study, we develop a novel approach to integrate multiple pieces of experimental data 

related to STAT signaling in T cells. We focus on integrating separate JAK-STAT signaling 

pathways into a unified cellular response. In most of the previous studies [51-54], only one 

signaling pathway was studied at a time, but this cannot fully predict the cellular behavior 

occurring in response to the interplay of STAT signaling pathways, which include cell fate 

determination, polarization and associated plasticity. Here we attempt to build a systems 

biology model that integrates STAT signaling pathways to analyze possible interplay. 

 

Fig 1A summarizes previously published experimental results [29-31, 37-39, 41, 42, 45, 46, 58-

63] and schematically represents the interdependent events in the cytokine/JAK-STAT 

signaling pathways. The diagram shows which cytokines activate the known STAT proteins 

and illustrates the fact that the STAT proteins form homodimers as well as heterodimers only 

with their dimerization partners [10]. In our model, STAT1 interacts with STAT2, STAT3 and 

STAT4 only, which is consistent with [29, 59, 60]. Heterodimerization partners for STAT3 are 

STAT4 and STAT5. STAT4 forms a heterodimer complex with STAT3 and STAT5 whereas 

the only partner for STAT6 is STAT2 [61-63]. In the scheme shown in Fig 1A, it is essential to 

study the mechanism of cross-talk as it influences the signaling of the participants and the 

outcome of the overall cellular response, which contributes to the T cell plasticity. 
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Fig 1. The map of interleukins involved in induction of IFN-γ and IL-10 production via the STAT-

activating mechanisms. A. The map of interactions between the cytokines and the STATs based on 

experimental studies [29-31, 37-39, 41, 42, 45, 46, 58-63]. According to the map, STAT proteins are 

activated in response to extracellular cytokines. STATs can form dimer complexes only with certain 

dimerization partners. STAT dimers induce IFN-γ and IL-10 gene expression. B. STAT3-STAT5 

subsystem extracted from the full map of interactions shown in (A). This subsystem activates IFN-γ and 

IL-10 production in response to IL-2, IL-6 and IL-21. In this model, IL-2 activates both STAT3 and 

STAT5 while the concentration of other cytokines is maintained constant. C. STAT3-STAT4 subsystem 

extracted from the full map (A). This subsystem induces the expression of IFN-γ and IL-10 in response 

to IL-2, IL-6, IL-12 and IL-35. In this case IL-2 activates STAT3 only. 

 

 

In our model schematically shown in Fig 1A, we assume that the STAT homodimers are more 

effective in mediating gene induction and therefore have a greater contribution to cytokine 

production compared with the heterodimers, which is consistent with [65]. This assumption 

also means that the ratio between the STAT homodimers might define the type of produced 
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cytokine and, thereby, the T cell phenotype. Our model suggests that there is a natural balance 

between STAT hetero- and homo- dimers. When there is no signal to switch (which 

corresponds to a certain concentration of input cytokines), the ratio between the homodimers is 

balanced. After the T cell receives the signal to switch, this balance is disrupted and then 

restored again, however there is now a new ratio between the competing STATs. This newly 

balanced ratio between the STAT homo- and hetero- dimers leads to the new type of produced 

cytokine and to the T cell phenotype switching. 

 

Here for the first time to our knowledge we propose an underlying competition mechanism 

between the STAT homodimers modulated by the extracellular cytokines. Despite the fact that 

STAT interactions have been extensively studied in recent years, the necessity of heterodimer 

complex formation and the functional implications of these complexes still remain unclear [30]. 

According to our model, the role of the STAT heterodimers is to provide a "buffer", which can 

be defined as an intermediate state of species between two STAT homodimers that allows the 

STAT species to transfer from one state to another (for example, from STAT3- to STAT5-

prevailing states). 

 

The model proposed in this paper is applied to investigate previously reported plasticity effects 

between Th1 and Tr1 cell populations. One of the expressed cytokines, IFN-γ, is widely 

associated with the inflammatory Th1 phase while the other, IL-10, is dominant during the 

regulatory Tr1 phase [24]. The structure of the proposed model shown in Fig 1A allows for the 

assumption that the competition between the STAT proteins defines the expression levels of 

IFN-γ and IL-10. The direct result of the described experimental data integration followed by 

systems biology analysis is the proposition that cytokine-dependent STAT interactions lead to 

switching between two tightly regulated systems: the inflammatory IFN-γ only Th1 state into 



10 
 

the regulatory Tr1 state characterized by increased IL-10 and decreased IFN-γ production 

levels [24]. 

 

The model for coupled STAT3-STAT5 signal transduction 

Due to the relative complexity of Fig 1A, we have divided the full diagram into separate 

functional circuits, STAT3-STAT5 and STAT3-STAT4 based on the cytokine-cytokine 

interactions (Fig 1B and Fig 1C respectively). In our model, IFN-γ inducing STATs include 

STAT4 [37, 38, 46] and STAT5 [25, 47, 48] while IL-10 production is supported by STAT1, 

STAT3 and STAT6 [26, 43, 44]. To investigate the role of each STAT pair, the scheme is 

divided into subsystems in such a way that one STAT in the pairing induces the expression of 

IFN-γ while the other induces the expression of IL-10. Here we only focus on the STAT 

pairings that produce the opposite (inflammatory and regulatory) immune responses, therefore 

STAT1-STAT3 combination is not considered since both STAT1 and STAT3 lead to the 

expression of the regulatory IL-10. 

 

Fig 1B shows that IL-2 is the only "input" cytokine in our model that can activate both STAT3 

and STAT5, which are IL-10 and IFN-γ inducing STATs, respectively. At the same time, both 

IL-6 and IL-21 can activate only one STAT at a time, STAT3 and STAT5, respectively. The 

other IL-2-activated STAT combination, which induces the production of both IFN-γ and 

IL-10, is STAT3-STAT4 (Fig 1C). However, in contrast to the STAT3 and STAT5 pairing, in 

the STAT3-STAT4 system, IL-2 activates only STAT3 and not STAT4. Due to this role of 

IL-2 in STAT3, STAT4 and STAT5 activation, we studied the effects of varied IL-2 

concentration assuming the continuous presence of other input cytokines (IL-6 and IL-21) by 

fixing their concentrations at constant levels. Therefore, we do not consider STAT1-STAT4 

model since IL-2 does not activate any of the STATs involved in this pairing. As a result, the 

complicated scheme depicted in Fig 1A is divided into the two functionally similar but 
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architecturally different submodules shown in Fig 1B and Fig 1C that can now be described 

mathematically. 

 

We start our analysis with the STAT3-STAT5 system as illustrated in Fig 1B before moving on 

to analyze both the STAT3-STAT4 system (Fig 1C) and the combined STAT3-STAT4-STAT5 

system. In order to build a model for the STAT3-STAT5 molecular system (Fig 1B), we 

include more biological details into the description of molecular mechanism: cytokine-receptor 

interactions, STAT phosphorylation/dimerization, CD46/SP1 signaling and cytokine 

production. The description of the governed reactions and equations can be found in the 

Materials and Methods and Supplementary Materials.  

 

Next we obtained a set of parameters that fit our model predictions to the experimental data for 

IL-2 dependent IFN-γ and IL-10 production in Th1/Tr1 switching. The data were taken from 

[64] and is represented in Fig 2A as circles and crosses for the normalized IFN-γ and IL-10 

concentrations as a function of IL-2 respectively. The details of parameter optimization, the set 

of optimized parameters and parameter sensitivity analysis are described in Supplementary 

Materials. Solid lines in Fig 2A illustrate the model predictions for the optimized set of 

parameters (set "O3" in Table S2). 

 

Fig 2A visually demonstrates a good fit to the experimental data from [64], which is 

quantitatively supported by the small squared error (please see Table S2 in Supplementary 

Materials for more details) and also shows that with an increase of IL-2, the concentration of 

IFN-γ initially increases reaching a peak and then decreases while the concentration of IL-10 

gradually increases. The model predictions (Fig 2A) clearly show the switching between the 

two populations of Th1 and Tr1 cells. At the same time there is an evidence that there is a 
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population that produces both IFN-γ and IL-10, the origin of which has not yet been established 

[24]. 

 

 

 

Fig 2. The IL-2-dependent IFN-γ to IL-10 switching is due to the underlying STAT competition. A. 

Model predictions (solid lines) compared with the experimental data for IFN-γ and IL-10 production as a 

function of IL-2 concentration (red circles and blue crosses respectively). Normalized experimental data 

from [64] show that the concentration of produced IFN-γ (circles) and IL-10 (crosses) depends on IL-2 

concentration. With an increase of IL-2, the production of IFN-γ initially increases compared with the 

production of IL-10 for the same IL-2 concentration. Further increase of IL-2 leads to the decrease of 

IFN-γ and increase of IL-10 concentration. The low IL-10 and high IFN-γ correspond to the Th1 cell 

state, the medium IFN-γ and IL-10 concentrations correspond to the IL-10-producing Th1 cells and high 

IL-10 and low IFN-γ correspond to the Tr1 cell state, which is in line with the experimentally observed 

fact that the switching occurs for high amounts of IL-2 and that the activation of IFN-γ always precedes 

IL-10 [24]. B. Selective (bell-shaped) concentration-dependent STAT5 activation profile as a function of 

IL-2 concentration. C. STAT5:STAT5 homodimers also demonstrate selectivity to IL-2 due to the high 

dependence on STAT5p. 

 

 

IL-2-dependent selective regulation of the STAT competition 

STAT3 induces IL-10 production by forming STAT3:STAT3 homodimers [65, 66] and STAT5 

induces IFN-γ production by forming STAT5:STAT5 complexes [25, 48]. We hypothesize here 

that the experimentally established IFN-γ to IL-10 switching (Fig 2A) is due to the STAT 

competition and caused by the STAT switching. In order to test our hypothesis, in this section 

we analyzed the model predictions for both STAT monomers and homodimers. 

 

Fig 2B shows the STAT redistribution, which can be defined as the switching between the 

phosphorylation levels of the STATs as a function of IL-2 concentration. For low IL-2 
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concentrations STAT5 is more phosphorylated than STAT3, whereas for higher IL-2 

concentrations phosphorylated STAT3 prevails over STAT5. Fig 2C illustrates the 

dependences of the STAT3:STAT3 and STAT5:STAT5 dimers, normalized by the total 

STAT3, on IL-2 concentration. The shapes of the curves for the dimers (Fig 2C) are similar to 

the shapes of their monomers (Fig 2B) due to the high dependence of the dimer concentrations 

on their monomers. Our model also predicts the bell-shaped dependence of phosphorylated 

STAT5 on IL-2 as well as STAT5:STAT5 homodimers on IL-2. This bell-shaped dependence 

means that STAT5 is selective to IL-2, or in other words, STAT5 has its maximum activity for 

a certain range of IL-2, where STAT5 phosphorylation level is high. 

 

The predicted bell-shaped relationship may offer new insights into the dual role of STAT-

mediated cytokine production. Experimental evidence suggests that STAT5 induces IFN-γ 

production [25, 47, 48]. However, it was also shown in [49] that STAT5 can induce IL-10 

production. Our model can explain this discrepancy by showing that the same amount of 

phosphorylated STAT5 may lead to low or high IL-10 production levels, depending on the 

extracellular concentration of IL-2 (Fig 2). 

 

The model predictions presented in this section support our hypothesis that the switching 

between IFN-γ producing Th1 cells and IL-10 producing Tr1 cells is due to the switching 

between the competing STAT proteins. Therefore, we suggest that the cells, that produce IFN-γ 

and IL-10 simultaneously (IFN-γ
+
IL-10

+
 cells), develop from IFN-γ producing Th1 cells that 

have received IL-2-dependent signal to switch, rather than represent a specific T cell 

population. This result is essential for understanding the mechanism of cytokine switching [24, 

64]. 

 



14 
 

Investigation of possible mechanisms of JAK-STAT mediated inflammatory 

pathologies 

We applied the developed model to investigate potential deviations in the immune system 

caused by changes in the tightly-regulated JAK-STAT signaling pathways. It has been reported 

that IFN-γ and IL-10 play a crucial role in autoimmune pathologies [67, 68]. Fig 3A illustrates 

the influence of changes in STAT pathways on IL-10 production. The model predicts that the 

production of IL-10 can be increased by attenuating the degradation of IL-10 by 

metalloproteases (increase of our model parameters 9n  and 20M ) or, alternatively, by an 

increase of the total concentration of IL-10 gene (modeled by parameter 10tg ), as shown in Fig 

3A and consistent with [69]. The changes in Fig 3A are illustrated for 15% parameter 

perturbation of 9n . 

 

Our model suggests that the production of pro-inflammatory IFN-γ can be controlled by 

various intracellular mechanisms. For example, our model predicts (Fig 3B) that the magnitude 

of IFN-γ can be reduced by attenuation of the STAT5 pathway signaling (decrease of 5ts ) [47] 

or by enhancement of metalloprotease-induced degradation of the produced IFN-γ (decrease of 

18M  and 8n ). This may appear to be an expected result as it follows from the structure of the 

model shown in (Fig 1B). However, another prediction of the model is that changes in the 

STAT3 pathway can also reduce the level of the STAT5-activated production of IFN-γ, which 

is not obvious from Fig 1B. This effect could be achieved by enhancing the formation of the 

STAT3:STAT5 heterodimer complex (decrease of 14M ) or alternatively by attenuation of 

STAT3 dephosphorylation (increase of 9M ). Fig 3B shows the effects of perturbations of these 

model parameters for a 1.5-fold change of 9M . 
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Fig 3. The effects of changes in intracellular regulation on the developed model predictions. The 

aberrations in both activating or competing JAK-STAT pathways regulate the amounts of produced 

IL-10 (A) and IFN-γ (B-E). The profile of IFN-γ production can be shifted along IL-2 axis by changes in 

IL-2R signaling (C). The aberrations in STAT3 and STAT5 phosphorylation may lead to IFN-γ profile 

shift along IL-2 axis with the reduction of its magnitude at the same time (D, E). The model predictions 

show that increased IL-6 leads to the lack of STAT redistribution (dotted lines in F) while reduced 

amount of IL-6 may lead to stronger STAT redistribution (solid lines in F). The lack of STAT 

redistribution observed for increased IL-6 leads to significantly lower level of IFN-γ production (G). Thus, 

our model predicts that the level of IFN-γ production can be reduced by the IL-6-dependent changes in 

the competing STAT3 pathway. Thin lines represent the model predictions for the optimized set of 

parameters shown in Supplementary Materials, while solid and dotted lines show the model predictions 

for the perturbed parameters shown in Table S3. 

 

 

As a result of the parametric alterations, the shape of IFN-γ dependence shifts along the IL-2 

axis (Fig 3C). According to our model, the alterations of the parameters that cause the IFN-γ 

dependence shown in Fig 3C to shift to higher IL-2 concentrations, represent the changes in 

IL-2 receptor activation. These changes include a decrease of the total amount of IL-2R 
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(decrease of 2tr ) or enhancement of the dephosphorylation of phosphorylated IL-2R by SHP-1 

(decrease of 1n ). It is notable that although the peak shifts along the IL-2 axis, the magnitude 

does not change during this transformation. These results might be important since it was 

shown that IL-2R signaling controls tolerance and immunity and that IL-2R deficiencies give 

rise to various pathologies including Inflammatory Bowel Disease (IBD) [24, 70]. Fig 3C 

shows the effects of 1n  perturbation of one order of its magnitude. 

 

The proposed model suggests new potential strategies for the control of IFN-γ selectivity on IL-

2 concentration. According to the model predictions, the IFN-γ peak shift along the IL-2 axis 

can be also achieved by alterations in the competing STAT3 signaling pathway [71], namely by 

IL-2 mediated STAT3 phosphorylation (parameter 7M ) as shown in Fig 3D. This effect is a 

result of indirect interactions due to the redistribution of the STAT complexes as STAT3 does 

not directly regulate IFN-γ production. Our model predicts that due to the competition effects 

between STATs, STAT3 indirectly inhibits STAT5, which induces the production of IFN-γ. 

 

The developed model also suggests that attenuation of IL-2-induced phosphorylation of STAT5 

(increase of 10M ) reduces IFN-γ magnitude and shifts the peak to the range of higher IL-2 

concentrations [25, 72, 73] (Fig 3E). Our model predicts that the peak disappears when we 

apply the opposite changes (decrease of 10M ). 

 

Thus our model predictions demonstrate possible scenarios of alterations in JAK-STAT 

pathways that influence IFN-γ and IL-10 production. The scenarios include a change of IL-10 

(Fig 3A) and IFN-γ (Fig 3B and Fig 3C) as well as the selective regulation of IFN-γ by IL-2 

(Fig 3D and Fig 3E). The effects of the parametric changes on the concentrations of produced 

IFN-γ and IL-10 are summarized in Supplementary Table S3. The color of the arrows in Table 
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S3 corresponds to the color of the arrows that represent changes shown in Fig 3. The main 

message of Fig 3A-Fig 3E is that our model suggests alternative approaches for the regulation 

of IFN-γ and IL-10 production by employing their competing STAT pathways, STAT3 and 

STAT5 respectively. 

 

In our model, in addition to IL-2, which controls the Th1/Tr1 switching [24], other cytokines 

also play an important role in T cell polarization. In the chosen example (Fig 1B) the 

production of anti-inflammatory IL-10 is up-regulated by IL-6 via the STAT3 signaling 

pathway [74]. Therefore, we employed our model to study the interplay between IL-2 and IL-6 

through the STAT signaling pathways and their role in T cell polarization. 

 

The developed model predicts how variations in the concentration of IL-6 may impact the 

switching (Fig 3F- Fig 3G). In our model, the concentration of IL-6 is described by parameter 

6Q  as shown in Equation (6). Fig 3F illustrates that a decrease in IL-6 ( 6Q  decrease) leads to 

stronger STAT5 to STAT3 switching, whereas an increase in IL-6 concentration ( 6Q  increase) 

causes changes in both STAT3 and STAT5 phosphorylation levels as a function of IL-2 and 

thereby the lack of switching. It can be seen from Fig 3F that IL-6 activates STAT3 but at the 

same time inhibits STAT5 due to the STAT competition, which is consistent with observations 

in [75]. As a result of IL-6 impact on the STAT competition (Fig 3F), our model shows that 

IL-6 also affects the STAT-mediated production of IFN-γ and IL-10 (Fig 3G). In particular, our 

model predicts that due to the redistribution between STAT3 and STAT5, increased 

concentrations of IL-6 lead to the reduced level of pro-inflammatory IFN-γ production. This 

result might be clinically important since it may offer novel strategies for reducing IFN-γ, 

which is essential in abnormal production of this pro-inflammatory cytokine during 

inflammation [24]. 
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Comparative analysis of STAT3-STAT4 versus STAT3-STAT5 machinery 

In this section, we combine the STAT3-STAT5 (Fig 1B) and STAT3-STAT4 (Fig 1C) 

modules, the first of which was thoroughly investigated in the previous sections, with the aim 

of understanding the integral properties that emerge from the STAT-STAT circuit pairings. To 

this end, we first highlight the structural differences between the STAT3-STAT4 and 

STAT3-STAT5 circuits. The most crucial difference between the two circuits is in the role of 

IL-2. In the STAT3-STAT5 subsystem, IL-2 activates both STAT3 and STAT5, while in the 

STAT3-STAT4 subsystem, IL-2 activates only STAT3 but not STAT4. The other cytokines, 

that activate STAT4, include IL-12 and IL-35 (Fig 1C). In our in silico experiment, we assume 

that the concentrations of IL-12, IL-35 and STAT3-activating IL-6 are maintained constant 

while IL-2 is varied. This implies that only the amount of phosphorylated STAT3 in the 

STAT3-STAT4 pairing can be directly changed by varied IL-2 concentration. In order to study 

the STAT redistribution and cytokines interdependence, we next investigated the 

STAT3-STAT4 circuit for various IL-2 concentrations. A detailed description of the model for 

STAT3-STAT4 subsystem can be found in Supplementary Materials. 

 

In absence of experimental data for STAT4 signaling, we assume that the parameters in the 

STAT3-STAT4 subsystem are similar to the parameters in the STAT3-STAT5 subsystem 

(Table S4). Fig 4A-Fig 4C represent the model predictions for the STAT3-STAT4 subsystem 

(Fig 1C). The figures include STAT3, STAT4 monomers (Fig 4A), STAT3:STAT3, 

STAT4:STAT4 homodimers (Fig 4B) as well as IFN-γ and IL-10 dependences on IL-2 

concentration (Fig 4C). Despite the fact that IL-2 does not affect phosphorylation of STAT4 in 

the STAT3-STAT4 circuit, the switching is nonetheless present in this submodule. 

 

The model suggests that the STAT and subsequent phenotype switching is due to the 

competition between STAT3 and STAT4 species rather than competition for the source of IL-2. 
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This suggestion is supported by the structure of our model (Fig 1C), where IL-2 activates 

STAT3 and not STAT4 in the pairing and therefore there is no competition for the source. 

Mechanistically, the competition between STAT3 and STAT4 includes redistribution between 

these species that is implemented by the formation of STAT3:STAT4 heterodimer. 

 

 

Fig 4. Model predictions for the STAT3-STAT4 circuit. Redistribution between STAT3 and STAT4 

monomers (A) as well as STAT3:STAT3 and STAT5:STAT5 homodimers (B) leads to the IFN-γ to IL-10 

switching for higher IL-2 concentrations shown in (C). Our model predicts that there is a significant basal 

level of STAT4p and thereby STAT4:STAT4 homodimer for low IL-2. This is due to the fact that in our 

model IL-12 and IL-35 are maintained constant while varied IL-2 activates only STAT3 and not STAT4 

in this pairing. The basal STAT4:STAT4 homodimer level leads to the background level of IFN-γ 

production and the lack of initial co-expression between produced IFN-γ and IL-10 (C). 

 

 

Despite the fact that the switching is still present in both the STAT3-STAT5 and 

STAT3-STAT4 circuits, the model predictions significantly differ between these two circuits 

for low IL-2 concentrations. The STAT3-STAT5 circuit demonstrates the bell shaped 

characteristic with the low IFN-γ production for the low amounts of IL-2 (Fig 2A), whereas 

STAT3-STAT4 circuit reveals the significant background level of IFN-γ (Fig 4C). Fig 4A 

shows that for low IL-2 concentrations there is also a basal phosphorylation level of STAT4. 

Our model suggests that these background levels of STAT4p (Fig 4A) and subsequent IFN-γ 

production (Fig 4C) are due to the STAT4 activation by the maintained concentrations of IL-12 

and IL-35 [30]. 
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After establishing the individual properties of the STAT pathways, we next combined the two 

STAT3-STAT4 and STAT3-STAT5 circuits (Fig 5A). The detailed description of the model 

for STAT3-STAT4-STAT5 subsystem is shown in Supplementary Materials. The parameters 

are taken from the corresponding individual modules and are shown in Tables S1 and S2 in 

Supplementary Materials. 

 

Fig 5B-Fig 5G illustrate the model predictions for the combined STAT3-STAT4-STAT5 

circuit. Our model demonstrates that the IFN-γ to IL-10 switching is still present in the 

combined model (Fig 5D and Fig 5G). One of the major differences between the full circuit and 

the smaller submodules is that in the full circuit STAT3 competes with both STAT4 and 

STAT5 at the same time (Fig 5B and Fig 5E) while in the smaller submodules it competes only 

with either at a time. 
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Fig 5. The model predictions for the combined STAT3-STAT4-STAT5 circuit. A. Schematic diagram 

for the combined STAT3-STAT4-STAT5 model. B-D. The dose-response profiles show that for 

significantly dephosphorylated STAT4, the STAT3-STAT5 like responses prevail and the selective 

production of IFN-γ arises. E-G. The model predictions for dephosphorylated STAT5 reveal 

STAT3-STAT4 like responses with no selectivity for IFN-γ production observed. 

 

 

Previously we showed that the two subsystems, namely STAT3-STAT4 and STAT3-STAT5, 

have similar dose-response characteristics for medium and high IL-2, whereas the dose-

response curves for low IL-2 are different (Fig 2 and Fig 4). In the range of low IL-2 
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concentrations our model demonstrates two possible scenarios for IFN-γ and IL-10 production 

depending on which of the two submodules, STAT3-STAT4 or STAT3-STAT5, prevails. Fig 

5B-Fig 5D show that the combined model predictions qualitatively coincide with the 

predictions for the STAT3-STAT5 subsystem (Fig 2) when the amount of phosphorylated 

STAT4 is significantly reduced in comparison to phosphorylated STAT5. In our model, the 

reduction of STAT4p is the result of an increase in the total PTP phosphatase concentration. 

The case shown in Fig 5E-Fig 5G, where STAT5p is strongly dephosphorylated by increased 

SHP-2, suggests that the response of the combined model is similar to that of STAT3-STAT4 

circuit considered previously (Fig 4). For this system we observe a significant (compared with 

phosphorylated STAT5) basal level of STAT4 phosphorylation (Fig 5E) as well as the 

background IFN-γ production (Fig 5G). Our model predicts that for the low IL-2 concentrations 

the phosphorylation level of STAT4 and STAT5 controls the balance between the competing 

STAT3-STAT4 and STAT3-STAT5 modules. 

 

Discussion 

In this paper, we developed a new integrative modeling approach to study STAT signaling. The 

approach encompasses the network representation of the interactions between cytokines and 

JAK-STAT pathways. Based on this approach, we built a mathematical model for STAT 

signaling in T cells (Fig 1). The proposed model was employed to explain the T cell phenotype 

plasticity effects using the example of Th1 to Tr1 switching [24]. While it is widely accepted 

that JAK-STAT pathways regulate the phenotype switching, the underlying mechanisms and 

possible interdependence effects between the JAK-STAT pathways need further clarification. 

In order to propose potential underlying mechanisms, we considered the immune response from 

the systems perspective. The model developed in this paper to the best of our knowledge for the 

first time takes into account the interdependence effects between the JAK-STAT pathways and 

predicts the conditions, for which the phenotype switching occurs. The proposed model 
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explains how the same cytokines can activate different STATs and induce the production of 

other cytokines with opposite immune function. The model predictions are consistent with the 

experimental data for IFN-γ and IL-10 production (Fig 2A), which demonstrate IL-2 dependent 

Th1 to Tr1 switching [64]. 

 

The molecular mechanisms underlying T cell plasticity have been a subject of extensive 

systems biology research in recent years. Our model extends the previously published 

mathematical models that analyze JAK-STAT signaling [51-54]. While the previous models 

studied cytokine production considering single JAK-STAT activation pathways only, our 

model introduces cross-regulation effects and STAT-related modulation of signals. The 

developed model establishes relationship between cytokines, STAT proteins and the overall 

immune response. Our model predicts that the Th1 to Tr1 phenotype switching is due to the 

competition between the STAT proteins. The parameter sensitivity analysis (Fig S3) 

demonstrates that this conclusion is valid with the probabilities of 78% within the 2-fold, 45% 

within the 3-fold and 28% within the 4-fold parametric changes. 

 

The analysis of our model shows that depending on extracellular cytokine concentrations the 

competing STAT species can indirectly inhibit each other (Fig 2B). Another finding gives an 

insight into the role of STAT heterodimer complexes that has been remained unclear [30]. We 

suggest here that STAT homodimers rather than heterodimers induce the cytokines production, 

which is consistent with [65], and that the heterodimers can serve as a "buffer" between the 

various STAT homodimer complexes. The presence of heterodimers allows the redistribution 

of STAT homodimers and therefore causes the switching of produced cytokines and T cell 

phenotype. The suggested regulatory role of STAT heterodimers could be studied 

experimentally by proteomic identification of nuclear STAT heterodimers. This would allow 
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the model predictions regarding the correlation between the STAT homodimers shown in Fig 

2C and Fig 4B to be confirmed. 

 

Our model suggests new explanations for JAK-STAT signaling regulation involved in the T 

cell phenotype switching. A number of external and internal factors can alter the model 

parameters and biomolecular interactions in JAK-STAT signaling pathways and as a result 

influence the levels of produced cytokines as well as the T cell phenotype. We investigated 

how these alterations (possibly caused by genetic mutations) can lead to various pathological 

states without changing the structure of the model (Fig 3). Our model predicts that 

inappropriate regulation of the IL-2 receptor system leads to the dysfunctions of the IFN-γ to 

IL-10 switching (Fig 3C), which may in turn mediate the autoimmune and IBD states [70]. 

 

Immunity-related pathologies caused by Leishmania major or Epstein-virus are associated with 

an inappropriate balance between pro-inflammatory and anti-inflammatory cytokines [76, 77]. 

The proposed model suggests strategies for the regulation of IFN-γ and IL-10 production 

during disease. We showed that the IFN-γ to IL-10 switching can be controlled biochemically 

by enhancing or reducing signaling through certain JAK-STAT pathways. Our model predicts 

that a reduction of uncontrolled inflammation could be achieved by reducing the role of the 

STAT5 pathway or by enhancement of IL-6-induced STAT3 phosphorylation, which up-

regulates anti-inflammatory IL-10 production (Fig 3B and Fig 3G respectively). The 

predictions of our model might have clinical applications in drug discovery and could be tested 

experimentally. 

 

The model proposed in this study shows that the alterations in other cytokine signaling, for 

example IL-6, may also lead to the lack of T cell phenotype switching, which is associated with 

immunity-related pathologies. Fig 3F- Fig 3G show that an increased IL-6 concentration leads 
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to the lack of switching in phosphorylated STAT proteins, whereas the switching is stronger for 

reduced IL-6 concentrations. Due to the high dependence of cytokine production on the STAT 

balance, the lack of STAT switching leads to the lack of switching between IFN-γ and IL-10 

production. 

 

A number of pharmacological and clinical studies observed aberrant STATs activation in 

human tumor diseases. The inhibition of certain STATs and cytokine production might have 

clinical applications in immunity-related pathologies including cancer [22, 23, 78] and 

uncontrolled inflammation [79]. It was reported that STAT3 is a promising target for anti-

cancer treatment [22, 23, 78]. The number of experimental studies investigating STAT3 

inhibition has grown rapidly in recent years [80-83]. However, there is still a limited 

understanding of the underlying mechanisms of the inhibition. Our model proposes new 

interdependent strategies for STAT3 and IFN-γ inhibition, which include the activation of 

competing STAT pathways (Fig 3). The results of the proposed model suggest that the inhibitor 

selectivity to specific STAT proteins might enhance the anti-cancer effect. 

 

Systems modeling can offer new insights into the interpretation of experimental data. The fact 

that our model considers multiple JAK-STAT pathways at a time provides an explanation for 

the conflicting experimental results [25, 47-49, 84]. For example it was shown in [25, 47, 48] 

that the activated STAT5 leads to the production of IFN-γ while in [49] it was demonstrated 

that IL-10 production is also enhanced through STAT5 activation. The proposed model can 

explain this duality in experimental data by introducing the selectivity in JAK-STAT pathways 

depending on IL-2 concentration (Fig 2). Thus the experimental data cannot be interpreted in 

the way that certain input cytokine can activate other cytokine production but the concentration 

of other input extracellular cytokines should also be considered. 
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In this study, we used a systems biology approach, according to which all sophisticated systems 

of biomolecular interactions can be divided into subsystems if it is physiologically meaningful. 

Using this method, we extracted the STAT3-STAT5 (Fig 1B) and STAT3-STAT4 (Fig 1C) 

subsystems from the scheme shown in Fig 1A, analyzed them separately and then combined 

them together in Fig 5A and studied the combined module. The analysis revealed that all three 

subsystems can reproduce the phenotype switching for certain amounts of IL-2, however the 

model predictions differ for low IL-2 concentrations. The model predictions for the low IL-2 

concentrations showed selective activation of IFN-γ production for the STAT3-STAT5 

subsystem (Fig 2A), whereas the STAT3-STAT4 subsystem demonstrated no selective 

activation due to the by basal, relatively significant level of IFN-γ production (Fig 4C). The 

combined model suggests that extracellular cytokines can switch the overall response of the 

system to selective or non-selective responses for low concentrations of IL-2 (Fig 5). Thus our 

model predicts that there is a competition not only between the STATs but also between the 

STAT subsystems. 

 

T cells can be divided into the phenotypes that produce pro-inflammatory and anti-

inflammatory cytokines. One of such examples was investigated in this paper in the context of 

Th1/Tr1 phenotype switching. We focused on pro-inflammatory IFN-γ and regulatory IL-10 

production in the Th1/Tr1 phenotype switching via STAT proteins. However, it should be 

noted that the considered STATs shown in Fig 1A, can also induce the production of cytokines 

other than IFN-γ and IL-10. The proposed model can be applied to describe the plasticity 

effects and the switching not only between Th1 and Tr1, but also other T cell phenotypes. The 

basic principles of our model might be potentially applied to the Th1/Th2 [85], Treg/Th17 and 

Th17/Th2 [86] phenotype switching. 

 

Materials and Methods 
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In this section, a mathematical description of our model for the STAT3-STAT5 subsystem 

shown in Fig 1B is provided. We investigated the steady state solutions of the phosphorylated 

proteins (STATs) and produced cytokines. The full information about all reactions and 

equations governing STAT3-STAT5, STAT3-STAT4 and the combined 

STAT3-STAT4-STAT5 subsystems can be found in Supplementary Materials. 

 

Cytokine-receptor interactions 

Concentrations of phosphorylated Receptor-JAK complexes activated by IL-2, IL-6 and IL-21, 

respectively, as functions of the corresponding cytokine concentration can be written as 

follows: 
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stands for the phosphorylated state), 1M , 2M , 3M , 4M , 5M  and 6M  are the non-dimensional 

Michaelis constants, 1n , 2n  and 3n  denote the ratio of receptor 

phosphorylation/dephosphorylation rates. Equations (1) follow from the stationary conditions 

of the phosphorylation and dephosphorylation of the receptors mentioned previously. The 

derivation of Equations (1) can be found in Supplementary Materials, Equations (S2)-(S13). 

 

STAT phosphorylation and dimerization 

STAT proteins are phosphorylated by the activated interleukin-receptor-JAK complexes 

IL2Rp:JAK , IL6Rp:JAK  and IL21Rp:JAK  (Fig 1B). The biochemical reactions involved in 

STAT activation are given by: 
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The corresponding Ordinary Differential Equations (ODEs) for Reactions (2) can be written as 

follows: 
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Conservation equations of the total proteins concentrations are given by: 
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Conservation Equations (4) can be written in a non-dimensional form: 
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where we introduced the non-dimensional concentrations of the proteins normalized by 
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In order to find the steady-state solutions of Equations (3) we need to solve the following 

system of algebraic equations: 
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System (6) has been solved numerically to obtain steady-state concentrations of STAT proteins 

as a function of IL-2. 

 

SP1 activation 

Experimental data on the molecular mechanism of how CD46 enhances IL-10 production are 

not available at present. However it was established that CD46 can facilitate the secretion of 

IL-10 through the SPAK-ERK pathway and SP1 transcription factor only in the presence of 

high concentrations of IL-2 [24]. This dependence is described by hypothetical enzymatic 

reactions shown in supplementary Equations (S33). Thus, it can be written for the 

concentration of the active SP1 in non-dimensional form: 
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Cytokine production 

The production of IFN-γ and IL-10 is induced by STAT dimer interactions with the genes 

responsible for production of IFN-γ and IL-10 [30]. The produced cytokine can be degraded by 

a metalloprotease Mp [34]. The concentration of the produced IFN-γ in non-dimensional form 

can be written as follows: 
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 , 18M  and 19M  are the Michaelis 

constants, 8n  is the ratio of IFN-γ production to degradation rates. In order to achieve the 

steady-state, IFN-γ production rate should be less than its maximal degradation rate, which 

implies 8 1n  . 

 

Both STAT3:STAT3 homodimer and CD46 (through SPAK-ERK pathway) can activate the 

same IL-10 gene but they bind different binding regions, as shown in [87]. IL-10 is produced 

after the binding of either of the transcription factors to the gene, which corresponds to [88]. 

Thus it can be written for IL-10 concentration: 
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are the Michaelis constants, 9n  is the ratio of IL-10 production to degradation rates, 9 1n  . 

Equations (8) and (9) are used to describe the concentration of produced IFN-γ and IL-10 as a 

function of IL-2. 

Equations (7), (8) and (9) are derived in Supplementary Materials (Equations (S42), (S54) and 

(S55), respectively). 
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Supplementary Materials 

Here we provide mathematical details of the model for STAT-STAT interactions described in 

the main text. We derive the equations employed in the STAT3-STAT5 (Fig 1B), STAT3-

STAT4 (Fig 1C) and combined STAT3-STAT4-STAT5 (Fig 5A) circuits. Table S1 shows the 

short names and abbreviations used in our model. 

 

Table S1. Abbreviations used in the STAT phosphorylation model. 

Abbreviation Meaning 

I2 IL-2 

RJ2 IL-2 Receptor complex with JAK 

I2RJ2 IL-2 Receptor:JAK complex with bound IL-2 

RpJ2 Phosphorylated IL-2 Receptor:JAK complex 

P2 SHP-1 phosphatase 

RpJ2P2 Phosphorylated IL-2 Receptor:JAK complex with SHP-1 

I6 IL-6 

RJ6 IL-6 Receptor:JAK complex 

I6RJ6 IL-6 Receptor:JAK complex with bound IL-6 

RpJ6 Phosphorylated IL-6 Receptor:JAK complex 

P6 SHP-2 phosphatase 

RpJ6P6 Phosphorylated IL-6 Receptor:JAK complex with SHP-2 

I12 IL-12 

RJ12 IL-12 Receptor:JAK complex 

I12RJ12 IL-12 Receptor:JAK complex with bound IL-12 

RpJ12 Phosphorylated IL-12 Receptor:JAK complex 

P12 JAK phosphatase 

RpJ12P12 Phosphorylated IL-12 Receptor:JAK complex with P12 

phosphatase 

I35 IL-35 

RJ35 IL-35 Receptor:JAK complex 

I35RJ35 IL-35 Receptor:JAK complex with bound IL-35 

RpJ35 Phosphorylated IL-35 Receptor:JAK complex 

P35 JAK phosphatase 

RpJ35P35 Phosphorylated IL-35 Receptor:JAK complex with P35 

phosphatase 
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I21 IL-21 

RJ21 IL-21 Receptor:JAK complex 

I21RJ21 IL-21 Receptor:JAK complex with bound IL-21 

RpJ21 Phosphorylated IL-21 Receptor:JAK complex 

P21 JAK phosphatase 

RpJ21P21 Phosphorylated IL-21 Receptor:JAK complex with P21 

phosphatase 

S3 STAT3 

RpJ2S3 Phosphorylated IL-2 Receptor:JAK complex with STAT3 

RpJ6S3 Phosphorylated IL-6 Receptor:JAK complex with STAT3 

S3p Phosphorylated STAT3 

P3 SHP-1 phosphatase 

P3S3p Phosphorylated STAT3 complex with SHP-1 

S4 STAT4 

S4p Phosphorylated STAT4 

RpJ12S4 Phosphorylated IL-12 Receptor:JAK complex with STAT4 

RpJ35S4 Phosphorylated IL-35 Receptor:JAK complex with STAT4 

P4 PTP phosphatase 

P4S4p Phosphorylated STAT4 complex with PTP phosphatase 

S5 STAT5 

S5p Phosphorylated STAT5 

RpJ2S5 Phosphorylated IL-2 Receptor:JAK complex with STAT5 

RpJ21S5 Phosphorylated IL-21 Receptor:JAK complex with STAT5 

P5 SHP-2 phosphatase 

P5S5p Phosphorylated STAT5 complex with SHP-2 

phosphatase 

S33 STAT3:STAT3 homodimer 

S34 STAT3:STAT4 heterodimer 

S44 STAT4:STAT4 homodimer 

S35 STAT3:STAT5 heterodimer 

S55 STAT5:STAT5 homodimer 

Gg Gene responsible for IFN-γ production 

S44Gg IFN-γ gene complex with STAT4:STAT4 homodimer 

S55Gg IFN-γ gene complex with STAT5:STAT5 homodimer 
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S44S55Gg IFN-γ gene complex with STAT4:STAT4 and 

STAT5:STAT5 

Ig IFN-γ 

Mp1 Metalloprotease that cleaves IFN-γ 

IgMp1 Metalloprotease complex with IFN-γ gene 

Ign Non-active IFN-γ 

G10 IL-10 gene 

S33G10 IL-10 gene complex with STAT3:STAT3 homodimer 

Sp1 SP1 transcription factor 

Sp1a SP1 transcription factor in active form 

S33Sp1aG10 IL-10 gene complex with STAT3:STAT3 and Sp1a 

Sp1aG10 Complex of Sp1a with IL-10 gene 

Mp2 Metalloprotease that cleaves IL-10 

I10Mp2 Metalloprotease complex with IL-10 gene 

I10n Non-active IL-10 

 

1 Model for the STAT3-STAT5 circuit 

The biochemical reactions involved in the STAT3-STAT5 circuit (Fig 1B) are given by: 
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The system of reactions (S1) can be divided into three major subsystems of interactions: i) 

Cytokine-receptor interactions, ii) STAT phosphorylation and dimerization, iii) Cytokine 

production. 

 

1.1 Cytokine-receptor interactions 

In the most general case the reactions can be written as follows: 

2

3

4 5

6

1

C RJ

Rp

CRJ RpJ,

J P RpJP RJ P,

q

q

q

q

q

q











 





  (S2) 

where C  is cytokine, RJ  is Receptor:JAK complex, P  is phosphatase and small p  denotes 

phosphorylated state. 
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The ODEs for the system (S2): 
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dt
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  (S3) 

 

Corresponding conservation equations: 
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  (S4) 

where 
TR  and 

TP  are the total amounts of receptors and phosphatase, respectively. Here we 

neglect STAT-receptor interactions since STAT proteins do not have a significant impact on 

receptor dephosphorylation. 

 

Equations (S4) can be written as follows: 
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  (S5) 

where              , , , , , .RJ CRJ RpJ RpJP p P c C          

 

The ODEs (S3) can be rewritten in the following way: 
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We need to find steady-state solutions of Equations (S6): 
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We found the concentrations of the complexes: 
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  (S8) 

where 2 3
1

1q

q q
Q


  and 5 6

2

4q

q q
Q


  are the Michaelis constants for phosphorylation and 

dephosphorylation, respectively, and 2
3

5

Q
q

q
 . 

 

We can write the following equation using the conservation Equation for the receptor (S5): 
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As a result, we obtain a quadratic equation: 

20 ,       (S10) 

where 1
2

3 3

1
1TT

Q
Q R

Qc Q
P


   


 


, 

2TR Q  . 

 

The solution of Equation (S10) is: 
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    (S11) 

 

Equation (S11) can be rewritten as follows: 
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  and 1

3

TP Q

Q
  . 

 

Using Equation (S12) we can now write for  2RpJ , 6RpJ  and  21RpJ  in non-

dimensional form respectively: 
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where  
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1.2 STAT phosphorylation and dimerization 

The ODEs describing biochemical reactions in the STAT subsystem: 
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Conservation equations are given by: 
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Then we can normalize Equations (S15) to 3TS : 
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where  
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The ODEs (S14) can be written in non-dimensional form as follows: 
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We need to find steady-state solutions of Equations (S17): 
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Equations (S18) can be simplified as follows: 
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Then using conservation Equations (S16) and System (S19) we obtain: 
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where 
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We can rewrite Equations (S21): 
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where we denote the Michaelis constants 
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We look for steady-state solutions of System (S20): 
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We can rewrite Equations (S23) as follows: 
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where 2 5 11 14
4 5 6 7

8 8 17 17

, , ,
a a a a

n n n n
a a a a

    . 

 

System (S24) can be rewritten after substituting solutions from Equation (S22): 
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We solved System (S25) for  and  numerically. 

 

1.3 Cytokine production 

In general case, transcription factor T can activate gene G by forming a complex with the gene 

TG: 

   (S26) 

 

The ODEs for Equation (S26): 

  (S27) 

 

Conservation equation that follows from Equations (S27): 

  (S28) 

where  is the total concentration of the gene. 
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   (S29) 

 3s p  5s p

2

1

G TGT
h

h





      

      

1

1

2

2

,

.

d
G h G h TG

dt

d

T

TTG h G h TG
dt

  

 

   ,TG GG T 

TG

,TG   



15 
 

where . 

 

The ODEs (S27) can be rewritten in the following way: 

  (S30) 

where . 

 

We need to find steady-state solutions of Equation (S30): 

   (S31) 

 

We can find  from Equations (S31): 

  (S32) 

where  is the Michaelis constant. 

 

In the most general case the reactions of the activation of a gene G by two transcription factors 

T1 and T2 are: 
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  (S34) 

 

Conservation equation that follows from Equations (S34): 

  (S35) 

where  is the total amount of the gene. 

 

Equation (S35) can be written as follows: 

  (S36) 

where  

 

The ODEs (S34) can be rewritten in the following way: 
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where . 

 

We find steady-state solutions of Equations (S37): 
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  (S39) 

where  are the Michaelis constants. 

 

If a protein is activated by the first and the second transcription factors at the same time, then 

its concentration is proportional to the concentration  only: 

  (S40) 

which is a probability of the two transcription factors to be bound to the same gene. 

 

If a protein is activated by the first or the second transcription factors, then it is proportional to 

the sum of concentrations : 

  (S41) 

which is a probability of either of the two transcription factors to be bound to the same gene. 
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CD46 

The full mechanism of how CD46 enhances IL-10 production is still not clear. We assume here 

that the mechanism of reactions is similar to the one described in Equation (S33). Thus it can 

be written for the concentration of SP1 in non-dimensional form according to Equation (S40): 

  (S42) 

where , , , , and . 

 

We assume here that the gene interaction with the transcription factor and its subsequent 

expression lead to the mRNA translation and certain cytokine secretion. The produced cytokine 

then can be degraded by a metalloprotease. In this case the biochemical reactions can be written 

as follows: 

  (S43) 

where TG is the transcription factor complex with gene, C is the active cytokine, Mp is the 

metalloprotease, CMp is cytokine-metalloprotease complex and Cn is a non-active cytokine. 

 

The ODEs for the reactions in System (S43): 

  (S44) 

 

Conservation equation that follows from Equations (S44): 

  (S45) 

 

We find steady-state solutions of System (S44): 

  (S46) 
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Thus we obtain a system of equations: 

  (S47) 

where  

 

We can find  from this system of Equations (S47): 

,  (S48) 

where  is the Michaelis constant. 

 

We next substitute  from equation (S48) to the first equation in System (S47): 

 (S49) 

 

Since C should be positive and the maximum value for  is 1, , which implies that 

the rate of the cytokine production should be less than its maximum rate of the degradation by 

metalloprotease. 
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When the cytokine production is up-regulated by one transcription factor only,  from 

Equation (S32) and thus it can be written: 

 (S51) 

 

If the cytokine production is up-regulated by two transcription factors at the same time,  

as shown in Equation (S40), it can be written: 

 (S52) 

 

If the cytokine production is up-regulated by either of the two transcription factors, 

 as shown in Equation (S41), and thus it can be written: 

 (S53) 

 

IFN-γ and IL-10 production 

Since IFN-γ is activated by STAT55 only (Fig 1B) we can write using Equation (S51): 

 (S54) 

where . 

 

IL-10 gene can be activated by either STAT33 or CD46. Thus it can be written according to 

Equation (S53): 
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 (S55) 

where . 

 

2 Model for the STAT3-STAT4 circuit 

The biochemical reactions involved in the STAT3-STAT4 circuit (Fig 1C) are as follows: 
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      (S56) 
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2.1 Cytokine-receptor interactions 

According to Equations (1.12) we can write for , ,  and  in 

non-dimensional form respectively: 
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  (S57) 

where  

 

2.2 STAT phosphorylation and subsequent dimerization 

ODEs for the STAT phosphorylation and dimerization module are given by: 
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  (S58) 

 

Conservation equations: 

  (S59) 

 

Conservation Equations (S59) in non-dimensional form: 
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ODEs (S58) in non-dimensional form can be written as follows: 

 (S61) 
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We need to find steady-state solution of System (S61): 

 (S62) 

 

We can simplify System (S62): 
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Then using conservation Equations (S60) and System (S63) we obtain: 
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where 

 

 

Or we can rewrite it as follows: 
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  (S65) 

where we denote the Michaelis constants 

 

 

When considering steady-state solutions of System (S64) we can write: 
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where . 

 

We can rewrite System (S67) substituting Equations (S65): 

  (S68) 

 

We find  and  in System (S68) numerically. 
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According to Equation (S53) we can write: 

 (S71) 

where 

 

3 Combined STAT3-STAT4-STAT5 model 

The reactions involved in STAT3-STAT4-STAT5 circuit (Fig 5A): 
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  (S72) 
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3.1 Cytokine-receptor interactions 

According to Equation (S12) we can write for , , ,  and 

 in non-dimensional form respectively:

  (S73) 
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where  

 

3.2 STAT phosphorylation and dimerization 

ODEs for the STAT module are given by: 
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  (S74) 

 

Conservation equations: 

  (S75) 

 

Conservation Equations (S75) in non-dimensional form: 
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  (S76) 

where  

 

 

 

ODEs (S74) in non-dimensional form are given by: 
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We need to find a steady-state solution of System (S77): 

(S78)

 

 

We can simplify System (S78): 
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  (S79) 

 

Then using conservation Equations (S76) and System (S79) we obtain: 

  (S80) 
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Or we can rewrite it in the following way: 
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  (S81) 

where we denote the Michaelis constants 

 
 

 

 
 

 

 
 

 

 
 

 
  

 
 

 
  

 
 

 
  

 
  

 
  

 
  

 
  

 
  

 

13

16

19

2

20

21

2

22

23

2

24

11

12

14

15

17

18

3
3 3 3

3

4
4 4 4

4

5
5 5 5

5

3
33

3 4
34

4
44

3 5
35

5
55

2 3
2 3

6
6

3

4

4

3

12
12 4

35
35 4

2
2 5

21
21 5

3

5

5

1

t

t

t

s p
p s p

M s p

s p
p s p

M s p

s p
p s p

M s p

p

p

p

p

p

s

s

s

s

s p
s

M

s s p
s

M

s p
s

M

s s p
s

M

s p
s

M

w
w s

M

w
w s

M

w
w s

M

w
w s

M

w
w s

M

s

s

s

w
w s

M

s



































         
   

 
       

   

 
       

   

11 12

14 15

17 18

3 2 33 34 35 3 3

2 6
1

4 4 2 44 34 4 4
4

12 35
1

5 5 2 55 35 5 5
5

2 21
1

t

t

s s s p s

w w

M M

s s s s p s

p p

p p
s

w w

M M

s s s s p s
s

w w

M

p p

M



   

 

  


 





  






43 
 

 

 

We look for steady-state solutions of System (S80): 

  (S82) 

 

We can rewrite Equations (S82) as follows: 

  (S83) 

where . 

 

We can rewrite System (S83) substituting Equations (S81): 

  (S84) 
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CD46 

It can be written for SP1 in non-dimensional form according to Equation (S40): 

  (S85) 

where , , , , and . 

 

3.3 IFN-γ and IL-10 production 

Since IFN-γ gene is activated by either STAT44 or STAT55, it can be written according to 

Equation (S53): 

 (S86) 

where 

 and 

. 

 

The production of IL-10 can be activated by either STAT33 or SP1 through CD46. Thus, 

according to Equation (S53), it can be written: 
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Model Parameters 

For the parameter fitting in the STAT3-STAT5 model, we used the Genetic Algorithm (GA) 

tool integrated to MATLAB. As the criterion for fitting we chose the squared error, which can 

be described as  
2

1

N

i i

i

SM E M


  , where 
iE  is experimental data for cytokine concentration 

(IFN-γ or IL-10) corresponding to the i-th value of IL-2 concentration, M  is the model 

predictions for cytokine concentration corresponding to the same IL-2 concentration, i  is the 

number of experimental data point, 4N   is the total number of experimental data points. The 

GA tool allows minimizing the squared error using the integrated algorithms for the optima 

search.  

 

We selected a "nominal" set of parameters "by hand", which qualitatively demonstrates the 

switching between IFN-γ and IL-10. This set of parameters is represented as "Nom" in Table 

S2. The sets of the optimized parameters and corresponding squared errors are also shown in 

Table S2. We performed 15 optimization tests setting the allowable ranges for the parameters 

ten-fold either side of the nominal values of parameters and chose the best fitting (set "O3" in 

Table S2) with the smallest squared error 77.34 10SM   . Fig S1 shows the distribution of 

five parameter sets with the closest minimum squared errors SM , namely sets "O2", "O3", 

"O9", "O10" and "O12". 
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Table S2. Nominal, optimized parameters and squared error SM. 

 
 

 

Fig S1. The distribution of the optimized parameters. The parameter sets with the closest minimum 

squared errors , namely "O2", "O3", "O9", "O10" and "O12". SM
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Fig S2. Model predictions for the swapped parameters. A. STAT monomers. B. STAT homodimers. 

C. Produced cytokines. 

 

Table S3. The effects of the parametric changes on the concentration of produced 

IFN-γ and IL-10 shown in Fig 3. 

Fig Parameters 

Perturbation 

 

thin line 

(optimized)  

3A 

9n  4163 10  
4191 10  

4220 10  

20M  4119 10  
4149 10  

4179 10  

10tg  6.136  7.218  8.301 

3B 

5ts  4198 10  
4247 10  

4297 10  

18M  7.93  9.913  11.896  

8n  481 10  
4101 10  

4121 10  

14M  0.068  0.1  0.145  

9M  69.185  47.714  32.445  

3C 
2tr  42.7 10  

427 10  
4268 10  

1n  11.842  118.42  1184.2  

3D 7M  23.63 10  
43.63 10  

63.63 10  

3E 
10M  470  447 10  

947 10  

3F, G 6Q  41 10  414 10  4209 10  

 

Table S4. Parameters in the STAT3-STAT4 subsystem and their correspondence to the 

parameters in the STAT3-STAT5 subsystem. 



48 
 

 

 

 

Parameter Sensitivity Analysis 

In the main text, we showed that our model predicts that IFN-γ to IL-10 switching (Fig 2) is 

due to the competition between STAT3 and STAT5 proteins. These model predictions are not 

obvious from the model structure due to the following. The structure of our model presented in 

Fig 1 is symmetrical in relation to the varied IL-2, i.e. IL-2 activates both STAT3 and STAT5. 

The model predictions for the phosphorylated states of STAT3, STAT5 and their homodimers 

could be swapped in Fig 2 if the parameters for STAT3 and STAT5 are swapped (Fig S2). 

However, in this case there would be no cytokine switching (Fig S2C). Thus the model 

predictions depend on the assumed structure of our model as well as on the chosen set of 

parameters. In this section, we perform parameter sensitivity analysis (SA) [1, 2] to identify the 

parameter conditions for the conclusions to hold. 
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First, we test if the IFN-γ to IL-10 and STAT5 to STAT3 switchings are still present if we vary 

the parameters compared to their optimal values (set "O3" in Table S3). Quantitatively, we 

define the switching of either IFN-γ to IL-10 or STAT5 to STAT3 as follows. We assume that 

the switching occurs when the 2-fold changes take place, which is typically considered as 

significant change in Biology [3, 4]. Thus the changes should include at least 2-fold increase in 

IL-10 and STAT3 as well as decrease of the peak of IFN-γ and STAT5 concentrations within 

the range of the tested IL-2concentrations. 

 

We vary the parameters up to 10-fold either side of their values in the optimized set. We use 

the Latin Hypercube Sampling (LHS), which is considered as one of the most effective 

strategies for sampling the parameters [2, 5]. We perform the LHS sampling and check the 

assumed condition for switching for 1000 samples of the optimized parameters. Fig S3 

illustrates the probability of the cases, in percent, where the switching of both cytokine and 

STAT (C+S+), cytokine but not STAT (C+S-), not cytokine but STAT (C-S+), neither cytokine 

nor STAT (C-S-) occurs for 1-10 fold change of the optimized parameters. The obvious result 

that follows from Fig S3 is that when the parameters are not perturbed, which corresponds to 

the 1-fold change, the probability of the presence of both cytokine and STAT switching is 

100%. However, with an increase of the fold change up to ten, the probability for switching of 

both cytokine and STAT decreases down to 2.1% (data shown in Table S5). The probability of 

either of the cases (cytokine or STAT switching) is almost equal with an increase of the fold 

change as it can be seen from Fig S3. Thus, we can conclude that the model with the optimized 

parameters demonstrates both IFN-γ to IL-10 and STAT5 to STAT3 switching with higher 

probability (more than 50%) when the parameters are perturbed within 2-fold, with modest 

probability (between 10% and 50%) when the parameters are perturbed within 3-6-fold and 
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with low probability (less than 10%) when the parameters are perturbed within 7-fold and 

higher. 

 

Next we identify the most sensitive parameters that have the greatest effect on the steady-state 

concentrations of IFN-γ, IL-10, STAT5 and STAT3 for the three concentrations of IL-2: 10
-10

, 

10
-6

 and 10
-1

, which correspond to the three assumed T cell phenotypes shown in Fig 1A: Th1, 

Th1/Tr1 and Tr1 respectively. We perform the SA using the eFast method [6], because it was 

reported as one of the most reliable methods of parameter sensitivity analysis [5]. As a tool for 

the eFast sensitivity analysis, we use the SBToolbox software [7]. We perform the SA over one 

order of magnitude of perturbation for 10000 simulations. 

 

Fig S4-Fig S6 illustrate the results of the sensitivity analysis for IFN-γ, IL-10, STAT5 and 

STAT3 by the SBToolbox for the non-dimensional IL-2 concentrations   102 10i   (Fig S4), 

  62 10i   (Fig S5) and   12 10i   (Fig S6). The bars indicate the sensitivity indices for each 

of the parameters of our model. Here we classify the parameters as sensitive if the 

corresponding sensitivity index is more than 0.5 . 

 

It can be seen from Fig S4A, Fig S5A and Fig S6A that IFN-γ production is the most sensitive 

to the following parameters: 18M , tgg , 8n , 19M , 1tmp  and 5ts , which demonstrate high 

sensitivity indices (more than 0.5 ) for all the three IL-2 concentrations. Parameters 1n , 2 ,tr  6n  

and 
2M  are sensitive for   102 10i   (Fig S4A) and   62 10i   (Fig S5A). Parameter 14M  is 

sensitive only for   62 10i   (Fig S5A) and   12 10i   (Fig S6A). Another group of IFN-γ-

sensitive parameters that includes 5ts  and 6n  is involved in the STAT5 pathway activation, 

which leads to the production of IFN-γ as shown in Fig 1B and Equations (6). There is also the 

third group of IFN-γ-sensitive parameters consisting of 1n , 2tr  and 
2M  that are involved in the 
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upstream activation of IL-2 receptor described by Equation (1). Finally, IFN-γ is sensitive to 

the Michaelis constant of heterodimerization 14M . 

 

The parameter sensitivity analysis reveals that the concentration of IL-10 is the most sensitive 

to 10tg  and 9n  for   102 10i   (Fig S4B),   62 10i   (Fig S5B) and   12 10i   (Fig S6B). 

Parameter 9M  is the most sensitive for the phosphorylated STAT3 for all the three IL-2 

concentrations as it is shown in Fig S4C, Fig S5C and Fig S6C. Two parameters, namely, 5n  

and 6Q , show high sensitivity only for   102 10i   (Fig S4C) and   62 10i   (Fig S5C). 

 

The concentration of phosphorylated STAT5 is the most sensitive to the total amount of 

STAT5, modeled by parameter 5ts , for all the three tested IL-2 concentrations as it is shown in 

Fig S4D, Fig S5D and Fig S6D. Parameter 6n  demonstrates high sensitivity indices for 

STAT5p for   102 10i   (Fig S4D) and   62 10i   (Fig S5D). This parameter is involved in 

the activation of STAT5 pathway as shown in Fig 1B and Equations (6). The concentration of 

STAT5p is sensitive to the Michaelis constant of heterodimerization 14M  for   62 10i   (Fig 

S5D) and   12 10i   (Fig S6D). Three parameters, namely 1n , 2tr  and 
2M , are sensitive for 

  102 10i   (Fig S4D) and   62 10i   (Fig S5D) involved in the activation of the IL-2 receptor 

and described by Equation (1). 
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Fig S3. The probability of cases when the switching occurs. The percentage of cases when the 

switching of both cytokine and STAT (C+S+), cytokine but not STAT (C+S-), not cytokine but STAT (C-

S+), neither cytokine nor STAT (C-S-) occurs for 1-10 fold change of the optimized parameters. 

 

 

Table S5. The percentage of cases when the switching of both cytokine and STAT 

(C+S+), cytokine but not STAT (C+S-), not cytokine but STAT (C-S+), neither cytokine 

nor STAT (C-S-) occurs for 1-10 fold change of the optimized parameters. 
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Fig S4. Parameter sensitivity analysis performed by eFAST for low concentrations of IL-2. 

Sensitivity indicators for the developed model for IFN-γ (A), IL-10 (B), STAT3 (C) and STAT5 (D) for 

non-dimensional IL-2 concentration   102 10i  . 
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Fig S5. Parameter sensitivity analysis performed by eFAST for medium concentrations of IL-2. 

Sensitivity indicators for the developed model for IFN-γ (A), IL-10 (B), STAT3 (C) and STAT5 (D) for 

non-dimensional IL-2 concentration   62 10i  . 
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Fig S6. Parameter sensitivity analysis performed by eFAST for high concentrations of IL-2. 

Sensitivity indicators for the developed model for IFN-γ (A), IL-10 (B), STAT3 (C) and STAT5 (D) for 

non-dimensional IL-2 concentration   12 10i  . 
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