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Abstract 40 
The IL-6 amplifier, which describes the simultaneous activation of STAT3 and 41 
NF-kB, in synovial fibroblasts causes the infiltration of immune cells into the 42 

joints of F759 mice. The result is a disease that resembles human rheumatoid 43 
arthritis. However, the kinetics and regulatory mechanisms of how augmented 44 
transcriptional activation by STAT3 and NF-kB leads to F759 arthritis is unknown. We 45 
here show that the STAT3-NF-kB complex is present in the cytoplasm and nucleus and 46 
accumulates around NFkB binding sites of the IL-6 promoter region and established a 47 
computer model that shows IL-6 and IL-17 signaling promotes formation of the 48 
STAT3-NF-kB complex followed by its binding on promoter regions of NF-kB target 49 
genes to accelerate inflammatory responses, including the production of IL-6, 50 
epiregulin, and CCL2, phenotypes consistent with in vitro experiments. The binding 51 
also promoted cell growth in the synovium and the recruitment of Th17 cells and 52 
macrophages in the joints. Anti-IL-6 blocking antibody treatment inhibited 53 
inflammatory responses even at the late phase, but anti-IL-17 and anti-TNFα antibodies 54 
did not. However, anti-IL-17 antibody at the early phase showed inhibitory effects, 55 
suggesting that the IL-6 amplifier is dependent on IL-6 and IL-17 stimulation at the 56 
early phase, but only on IL-6 at the late phase. These findings demonstrate the 57 
molecular mechanism of F759 arthritis can be recapitulated in silico and identify a 58 
possible therapeutic strategy for IL-6 amplifier-dependent chronic inflammatory 59 
diseases. 60 
 61 
  62 
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Introduction 63 
Rheumatoid arthritis (RA) is a common autoimmune disease characterized by 64 

chronic inflammation in the joints [1]. Inflammatory cytokines including interleukin-6 65 
(IL-6) play a role in RA, and an anti-IL-6-receptor (IL-6R) antibody, tocilizumab, 66 
shows outstanding effects [2]. To investigate the molecular mechanism of the disease, 67 
we established mutant mice (F759 mice) that have a point mutation that changes 68 
tyrosine residue 759 in gp130, an IL-6 signal transducer in the IL-6 receptor complex, 69 
into a phenylalanine residue [3]. Because phosphorylated tyrosine 759 is the binding 70 
site of SOCS3, which induces a negative feedback loop for IL-6 signaling [2], IL-6-71 
mediated STAT3 activation is enhanced in F759 mice to spontaneously develop an RA-72 
like disease (F759 arthritis) with age [3,4]. Using F759 mice, we discovered the IL-6 73 
amplifier, which is a mechanism for tissue-specific inflammation and enhanced NF-κB 74 
activation in non-immune cells, including synovial fibroblasts and endothelial cells. 75 
Activation of the IL-6 amplifier causes the expression of inflammation mediators, 76 
including chemokines and growth factors, in animal models and RA patients [5,6]. 77 
Further, we showed that an enhanced IL-6 signal in type 1 collagen+ (Col1a)+ non-78 
immune cells is responsible for the development of F759 arthritis. F759 arthritis was 79 
developed even in RAG-deficient F759 mice upon IL-6 plus IL-17 injections in the 80 
joints [4], even though F759 arthritis is dependent on Th17 cell accumulation in the 81 
joints [5], indicating that Th17 cells in the joints are cytokine producers that promote 82 
inflammation via the IL-6 amplifier. In fact, direct ankle-joint injections of cytokines in 83 
young F759 mice caused an arthritic disease within two weeks [7-9]. Moreover, 84 
epiregulin, which is a growth factor and a ligand of ErbB1, is induced at the earliest 85 
stage of IL-6 amplifier activation and followed by the enhanced expression of 86 
chemokines including CCL20 and other growth factors to accumulate immune cells via 87 
NF-kB activation in F759 arthritis [7,9]. We have investigated the role of the IL-6 88 
amplifier in various mouse disease models, including osteoarthritis, multiple sclerosis, 89 
psoriasis, uveoretinitis, and chronic rejection, and in human samples of numerous 90 
patients affected by the same and other inflammatory diseases [5, 7-25]. This 91 
investigation led us to conclude that IL-6 is the most common cytokine that activates 92 
STAT3 during inflammatory diseases and that different cell types have their own 93 
triggers for the IL-6 amplifier [2].  94 

Several computer techniques have been applied to the study of RA. Artificial 95 
intelligence, in particular deep learning models, has been used in clinical studies to 96 
support diagnosis from X-ray images [26] and the prediction of clinical outcomes [27]. 97 
Additionally, a computer simulation was done to study cytokine-induced cartilage 98 
breakdown [28]. However, computer models using data from RA patients and/or animal 99 
models are not reported. 100 
 In this study, we developed a computer model of F759 arthritis to show the 101 
minimum factors for arthritis development in the presence of the STAT3-NF-kB 102 
complex. The model compared cytokine simulations in non-immune cells from wild-103 
type and F759 mice and recapitulated the concentration dependency on IL-6 and IL-17 104 
in the IL-6 production and the time course of the nuclear translocation of the STAT3-105 
NF-kB complex in vitro. Simulations of the spontaneous onset of F759 arthritis 106 
demonstrated that the promoter activity of NF-kB and the expression of epiregulin were 107 
increased by the IL-6 amplifier. Finally, antibody treatments against inflammatory 108 
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cytokines in silico revealed that F759 arthritis development is dependent on IL-6 and 109 
IL-17 in the early stages of the disease but only on IL-6 in the late stages. 110 

111 
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Material and methods 112 

Cell lines and stimulation conditions 113 
Immortalized synovial fibroblasts were plated in 96-well plates (1 × 104 114 

cells/well) and stimulated with human IL-6 (100 ng/mL; Toray Industries, Tokyo, 115 
Japan) plus human soluble IL-6 receptor (100 ng/mL; R&D Systems, Tokyo) and 116 
mouse IL-17A (50 ng/mL; R&D Systems) as well as TNFα (50 ng/mL; PEPROTECH) 117 
for the indicated periods after serum starvation for 2 hrs. The addition of soluble IL-6 118 
receptor is required for the stimulation of cells with no or low expression of the IL-6 119 
receptor chain such as non-immune cells including fibroblasts and endothelial cells. 120 
Mouse cells are responsive to human IL-6, which allowed us to measure mouse IL-6 in 121 
the culture supernatant using mouse-specific IL-6 ELISA (eBioscience and BD 122 
Biosciences). Cell culture supernatant was collected for ELISA, and cell growth was 123 
assessed by the MTT assay. Cells were harvested, and total RNA was prepared for real-124 
time PCR. 125 
 126 
ChIP Assay 127 

Immortalized wild-type or F759 fibroblasts were stimulated with IL-6 and IL-128 
17 from 0 to 50 hours. Cells were fixed with 1% PFA and lysed with lysis buffer (10 129 
mM Tris-HCl [pH 7.5], 140 mM NaCl, 1% TX-100, 1 mM EDTA, and 1% SDS). The 130 
lysate was sonicated to prepare chromatin DNA. Immunoprecipitation was performed 131 
with Dynabeads protein G (Life Technologies, Tokyo), and phospho-STAT3 antibody 132 
(Cell Signaling Technology) was added. DNA purification was done with 10% 133 
Chelex100 (40 μL; BIO-RAD, Tokyo). Real-time PCR was performed with IL-6 134 
promoter primer pairs that included a NF-kB binding site. 135 

 136 
Cell fractionation 137 

Nuclear/cytosolic fractionation was carried out following the manufacturer’s 138 
protocol (AKR-171, CELL BIOLABS). Briefly, HEK293T cells were transfected with 139 
pEFBOS-HA-p65 or pEFBOS empty plasmids and pEFBOS-human STAT3-Flag with 140 
polyethyleneimine. After 24 hours, the cells were starved with Opti-MEM Reduced 141 
Serum Medium (Gibco) for 3 hours, stimulated for 30 min with 100 ng/mL human IL-6 142 
(Toray Industries) plus 100 ng/mL soluble IL-6R (R&D Systems) and 50 ng/mL TNF-α 143 
(PeproTech), and then 5 x 106 cells were collected by centrifugation for 5 min at 4℃ (x 144 
600 g). The cell pellet was resuspended with 500 µL of ice-cold Cytosol Extraction 145 
Buffer containing DTT/Protease Inhibitors. After incubation on ice for 10 min, the cells 146 
were lysed in 25 µL of Cell Lysis Reagent and vortexed for 10 s at the highest setting, 147 
followed by centrifugation for 10 min at 4℃ (800 g). The supernatant (cytoplasmic 148 
fraction) was carefully transferred to a clean, chilled microcentrifuge tube and stored at 149 
80℃. The wash step was repeated to reduce cross-contamination between fractions. The 150 
nuclear pellet was gently resuspended with 100 µL of Nuclear Extraction Buffer 151 
containing DTT/Protease Inhibitors, maintained on ice for 30 min, vortexed for 10 s at 152 
the highest setting at 10 min intervals, and centrifuged for 30 min at 4℃ (14,000 g). The 153 
supernatant (nuclear fraction) was transferred to a clean, chilled microcentrifuge tube 154 
and stored at 80℃. Both the nuclear and cytosolic fractionated solutions were dialyzed 155 
and concentrated using Ultrafiltration spin columns (SR-3510 and PT-1001, APRO 156 
Science) for exchange to Buffer-B (20 mM Tris [pH 7.8], 100 mM KCl, 10% glycerol, 157 
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0.2% Triton X-100, 0.5 mM PMSF, and 1 µg each of leupeptin, antipain, pepstatin, and 158 
chymostatin per mL). 159 

  160 
Immunoprecipitation Analysis  161 

After quickly washing with PBS on ice, the cells were collected by scraping 162 
and then lysed in Buffer-B at 4℃ for 30 min. After clarifying by centrifugation, 300 µg 163 
of the cell lysates was precleared with 30 µL of protein G-sepharose (Pharmacia) for 30 164 
min and incubated with 30 µL of FLAG beads (Sigma-Aldrich) at 4°C for 2 hours. 165 
After washing with Buffer-B three times, the beads were resuspended in Laemmli 166 
buffer and boiled for 3 min, and the eluted proteins were used for western blotting. 167 
 168 
Assay for transposase accessible chromatin using sequencing (ATAC-seq)  169 

ATAC-seq was performed using the ATAC-Seq Kit (53150, Active Motif). 170 
Briefly, 1 x 105 immortalized fibroblasts derived from wild-type and F759 mutant 171 
C57BL/6 mice were used to isolate nuclei. Nuclei were incubated with Tagmentation 172 
Master Mix at 37°C for 30 minutes after lysing the cells in ice-cold ATAC Lysis Buffer 173 
in the kit, and the DNA was purified with a DNA purification column. PCR 174 
amplification of tagmented DNA was performed to make libraries with the appropriate 175 
indexed primers. After SPRI bead clean-up, the DNA libraries were analyzed to assess 176 
the size distribution with a Bioanalyzer 2100 (Agilent) and then sequenced on a 177 
DNBSEQ (MGI) (100 bp PE, 800 million reads) at the Kazusa DNA Institute (Chiba, 178 
Japan).  179 
 180 
ATAC-seq data analysis 181 

Quality control of the ATAC-seq reads was carried out using fastqc (v.0.11.9), 182 
fastp (v.0.22.0) and picard (v.0.1.2). The reads were then mapped to reference the 183 
mouse genome (mm10, https://genome-idx.s3.amazonaws.com/bt/mm10.zip) with 184 
bowtie2 (v.2.2.5). Peak calling was performed using MACS3 (v.3.0.0a7). Integrative 185 
Genomics Viewer (IGV, v.2.16.0) was used to visualize the genomic data, and ChIP-186 
Atlas (https://chip-atlas.org/) was applied to view the p65 and STAT3 binding regions 187 
on the given genomic loci with the IGV genome browser. 188 
 189 
Statistical analysis 190 

Student’s t-tests (two-tailed) were used for the statistical analysis of differences 191 
between two groups. P values less than 0.05 were considered statistically significant. 192 
  193 
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Results 194 
STAT3 and NF-kB are associated in the cytoplasm and nucleus 195 
To investigate how the NF-kB pathway is enhanced in the presence of IL-6-STAT3 196 
during activation of the IL-6 amplifier, we analyzed the association of STAT3 and NF-197 
kB in nonimmune cells (293T cells). We forced the expression of STAT3 or NF-kB and 198 
fractionated proteins in the cytoplasm and nucleus. We found STAT3 and NF-kB were 199 
associated in both cellular regions, although more so in the nucleus (Fig. 1A). Our 200 
ATAC-seq after IL-6 amplifier activation and ChIP-seq experiments suggested that the 201 
STAT3-NF-kB complex is present on open chromatin regions with RNA polymerase II 202 
accumulation in the promoter regions of some NF-kB targets, including IL-6, which did 203 
not show obvious STAT3 binding sites (Fig. 1B-1D). These results strongly suggest that 204 
the STAT3-NF-kB complex plays an important role in the activation of the IL-6 205 
amplifier and subsequent development of F759 arthritis. Therefore, it is reasonable that 206 
the STAT3-NFkB complex enhances NF-kB promoter activity.  207 
 208 
Establishment of a computational model for F759 arthritis 209 
We established a computer model with the STAT3-NFkB complex as the only 210 
transcription factor for target genes of the IL-6 amplifier. 211 

Figure 2A shows the intracellular kinetics scheme of the IL-6 amplifier 212 
signaling network in synovial fibroblasts. STAT3 activation includes the binding of IL-213 
6 to its receptor to phosphorylate Janus kinase (JAK) and STAT3 in the cytoplasm. 214 
Phosphorylated STAT3 moves to the nucleus after complexing with phosphorylated 215 
NF-kB to bind to the NF-kB binding site to produce IL-6, epiregulin, and chemokines. 216 
Because F759 mice have a point mutation in gp130, SOCS3 fails to function as a 217 
negative regulator. IL-17-, TNFα-, and epiregulin-mediated NF-kB activation positively 218 
regulate phosphorylation of the IkB kinase (IKK) complex. The activated IKK complex 219 
together with BCR-CK2 (not shown) leads to the phosphorylation of IkB and NF-kB 220 
[8]. The resulting dissociation of NF-kB and IkB allows phosphorylated NF-kB and 221 
phosphorylated STAT3 to enter the nucleus as a complex. This complex binds to NF-kB 222 
target genes to produce IL-6, chemokines, and growth factors, including CCL20, CCL2, 223 
and epiregulin.  224 

To mimic the development of RA, a computational model of the joint was 225 
made (Fig. 2B). Th17 cells and macrophages infiltrate from the blood to the joint in 226 
response to microbleeding, and CCL2 and CCL20 signaling enhances the infiltration. 227 
Th17 cells produce IL-17, while macrophages produce IL-6 and TNFα.  228 

All reactions are represented as mass-action kinetics. Two hierarchical 229 
structures in this computational model were simulated, a cell and a joint, which were 230 
divided into two compartments, respectively, the cytoplasm and nucleus and the blood 231 
and joint. The model assumes the active STAT3-NF-kB complex enters the nucleus, 232 
and it includes proteins of functional NF-kB target genes, such as IL-6, CCL2, CCL20, 233 
and epiregulin. Parameter values and initial concentrations for the STAT3-activating 234 
pathway were based on our previous simulations of the IFN-γ signaling pathway [29] 235 
and Th0 cell differentiation [30]. Parameter values and initial concentrations for the NF-236 
kB activating pathway were based on the JAK/STAT signaling pathway but modified 237 
such that the time courses of the NF-kB activation and STAT3 activation were similar. 238 
Parameters for the internalization of IL-6 receptors were based on EGF receptors [31]. 239 
The translation rate of mRNA was proportional to the concentration of the STAT3-NF-240 
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kB complex. The transcription rate depended on the concentration of active 241 
transcription factors but had a plateau due to the limited number of RNA polymerase 242 
complexes. The Michaelis-Menten equation was not used because the substrate 243 
concentration is rarely much larger than the concentration of the enzyme.  244 

 245 
Thus, the phosphorylation of NF-kB by IKKP is described by the following 246 

chemical reactions:  247 
[NF-kB]+[IKKP]<->[NF-kB-IKKP], [NF-kB-IKKP]->[NF-kBP-IKKP], [NF-248 
kBP]+[IKKP]<->[NF-kBP-IKKP].  249 

 250 
The chemical reaction of [IL6]+[IL6R]<->[IL6-IL6R] is described as 251 

𝑑𝑑[𝐼𝐼𝐼𝐼6−𝐼𝐼𝐼𝐼6𝑅𝑅]
𝑑𝑑𝑑𝑑

= 𝑘𝑘1[𝐼𝐼𝐼𝐼6][𝐼𝐼𝐼𝐼6𝑅𝑅] − 𝑘𝑘−1[𝐼𝐼𝐼𝐼6 − 𝐼𝐼𝐼𝐼6𝑅𝑅] and 𝑑𝑑[𝐼𝐼𝐼𝐼6]
𝑑𝑑𝑑𝑑

= −𝑘𝑘1[𝐼𝐼𝐼𝐼6][𝐼𝐼𝐼𝐼6𝑅𝑅] +252 

𝑘𝑘−1[𝐼𝐼𝐼𝐼6 − 𝐼𝐼𝐼𝐼6𝑅𝑅].  253 
 254 
All chemical reactions are described by differential equations and presented in 255 

Table 1. The differential equations were solved mathematically using the Runge-Kutta-256 
Gill method.  257 
 258 
Concentration dependency of IL-6 levels on IL-6 and IL-17 in silico and in vitro. 259 

To investigate whether the activation pattern and intensity of the IL-6 amplifier 260 
are similar between wild-type and F759 mice in silico and in vitro, we compared the 261 
concentration dependency of IL-6 levels on IL-6 and IL-17 in silico and in vitro. We 262 
found the dependency of IL-6 expression on the concentrations of IL-6 and IL-17 in 263 
synovial fibroblasts derived from wild-type and F759 mice was similar in silico and in 264 
vitro (Fig. 3A and 3B). The culture system used made it difficult to reduce the 265 
background level of IL-6 expression, because the stimulatory signaling by low FCS, 266 
which is critical for cell survival, in starvation medium increased NF-kB and STAT3 267 
signaling. This increased signaling increased IL-6 mRNA levels in the presence of 268 
either IL-6 or IL-17. Furthermore, we previously demonstrated that growth factors 269 
directly activated the IL-6 amplifier to develop some inflammatory diseases [7,9]. 270 
Therefore, although in vitro experiments with 0 nM of each cytokine expressed low 271 
levels of IL-6, we hypothesized the low levels were because of growth factors in FCS 272 
that stimulated the NF-kB (Fig. 3B).  273 
 274 
Time courses of the activation status of STAT3 and NF-kB and IL-6 expression after IL-275 
6 amplifier activation. 276 

We next compared simulated time courses of the nuclear localization of 277 
activated STAT3 and NF-kB and IL-6 levels in wild-type and F759 fibroblasts with 278 
experimental data. IL-6 and IL-17 in silico induced the translocalization of STAT3 and 279 
NF-kB into the nucleus of synovial fibroblasts and the expression of IL-6 in the initial 280 
10 to 20 hours (Fig. 4A and 4C). In wild-type synovial fibroblasts, the complex level in 281 
the nucleus and IL-6 expression were decreased in the presence of SOCS3-mediated 282 
negative regulation of STAT3 phosphorylation. On the contrary, in F759 synovial 283 
fibroblasts, both the STAT3-NF-kB complex and IL-6 levels were augmented (Fig. 4A 284 
and 4C). Similar phenomena were observed in vitro (Fig. 4B and 4D): IL-6 and IL-17 285 
stimulation induced the translocalization of STAT3 into the nucleus of synovial 286 
fibroblasts and NF-kB-mediated IL-6 expression in the initial 10 to 15 hours; in wild-287 
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type synovial fibroblasts, the complex formation in the nucleus and IL-6 expression 288 
decreased due to the tyrosine phosphorylation of STAT3 by SOCS3, but in F759 289 
synovial fibroblasts, both the STAT3-NF-kB complex and IL-6 levels were maintained 290 
for at least 50 to 70 hours after stimulation. The culture system we used makes it 291 
difficult to conduct in vitro experiments at longer time points because 292 
cell proliferation by low FCS in starvation medium gradually increases the number of 293 
cells to induce growth arrest and decreases the amount of cytokines treated in the 294 
limited area of culture equipment. We hypothesize that the growth arrest and reduction 295 
of cytokines are responsible for the different tendencies, particularly at the later time 296 
points, compared to the simulation results. 297 
 298 
IL-6 and IL-17 stimulation induces IL-6 in nonimmune cells depending on Th17 cells in 299 
the blood in silico. 300 
In the computer model, the STAT3-NF-kB complex but not NF-kB alone 301 
has transcriptional activity. Consistently, IL-6 expression in nonimmune cells was 302 
dependent on the IL-6 amplifier, which is activated by the STAT3-NF-kB complex via 303 
IL-6 and IL-17 stimulation (Fig. 5A), whereas removing the STAT3-NF-kB complex 304 
from the model disrupted the relationship between IL-6 expression and IL-6 and IL-17 305 
concentrations (Fig. 5B).  306 

IL-17 is mainly produced by Th17 cells [4,6], while macrophages produce 307 
more IL-6 as well as TNFα. We previously found that Th17 cells and macrophages are 308 
increased in the blood of F759 mice with age [3], suggesting they are key regulatory 309 
cells of F759 arthritis. We therefore simulated the effects of different concentrations of 310 
Th17 cells and macrophages in the blood on the expression levels of IL-6. IL-6 311 
expression in nonimmune cells of the joints showed a positive relationship with Th17 312 
cells and macrophages in the presence of the STAT3-NF-kB complex (Fig. 6A and 6B).  313 
 314 
Production of cytokines and chemokines and infiltration of Th17 cells and macrophages 315 
in the joints in silico. 316 

The binding of cytokines, such as IL-6, IL-17, and TNFα, to their receptors 317 
induces receptor phosphorylation and transcription factor activation. STAT3 and NF-kB 318 
are activated mainly by IL-6-STAT3 and NF-kB stimulators, including IL-17 and 319 
TNFα, to simultaneously translocate to the nucleus after the complex formation, where 320 
they act as transcription factors for several NF-kB-target genes including epiregulin, IL-321 
6, CCL2, and CCL20. Indeed, epiregulin, which is a growth factor, is induced at the 322 
earliest stage of IL-6 amplifier activation and before the enhanced expression of other 323 
inflammatory factors in F759 arthritis [7], although IL-6 maintains STAT3 activation 324 
and chemokines accumulate immune cells from the blood [2]. The model revealed that 325 
in wild-type mice, the presence of SCOS3 negatively regulated epiregulin, IL-6, CCL2, 326 
and CCL20 in the joints (Fig. 7A), indicating that the disease development is dependent 327 
on the IL-6-STAT3 pathway.  328 

Because F759 arthritis was developed after six months in F759 mice, the in 329 
silico model was designed with a similar time course. Because SOCS3 is inactive in 330 
F759 mice, the nuclear localization of activated STAT3 was increased by around day 70 331 
and sustained (Fig. 7B). Nuclear NF-kB was augmented from around day 100 and 332 
sustained. The active STAT3-NF-kB complex was increased at around day 120 and 333 
sustained, and the expression levels of epiregulin, IL-6, IL-17, and CCL2 in the joint 334 
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and SOCS3 in the synovial fibroblasts were increased thereafter (Fig. 7B), although 335 
there is no SOCS3 binding site in gp130. Moreover, in the joint, the infiltration of Th17 336 
cells and macrophages was enhanced at around day 120 (Fig. 7B). Additionally, the 337 
concentration of epiregulin was sufficient to proliferate synovial fibroblasts and to 338 
sustain the activation of the IL-6 amplifier. These findings indicate that IL-6 amplifier 339 
activation in the joints is critical for the induction of F759 arthritis.  340 
 341 
Effects of antibodies against cytokines in silico. 342 

We then investigated in silico the effects of antibody treatments against 343 
inflammatory cytokines such as IL-6, TNFα, and IL-17 on the production of cytokines 344 
and chemokines and the accumulation of Th17 cells and macrophages in the joints of 345 
F759 mice. The simulated administration of anti-IL-6 antibody at day 250 inhibited 346 
STAT3 activation, activated NF-kB, and promoted STAT3-NF-kB complex formation 347 
as well as CCL2, SOCS3, and epiregulin production compared with untreated F759 348 
mice (Fig. 8A and 8B), findings consistent with the clinical effects of the anti-IL-6 and 349 
/or anti-IL-6R blocking antibodies sirukumab and tocilizumab [32]. Additionally, the 350 
expression of epiregulin was decreased at day 300 (Fig. 8F). 351 

Although anti-TNFα antibodies, such as infliximab and adalimumab, are also 352 
clinically used to treat RA patients [32], the simulated treatment with anti-TNFα 353 
antibodies at day 250 did not suppress NF-kB- and STAT3-mediated inflammatory 354 
responses (Fig. 8C). Neither did the simulated administration of anti-IL-17 antibody or 355 
anti-TNFα and anti-IL-17 antibody combination (Fig. 8D and 8E). Consistently, the 356 
expression of epiregulin was not decreased at day 300 (Fig. 8F). These results suggest 357 
that there are several molecular mechanisms of RA and this simulation represents one 358 
subtype of RA. Moreover, anti-IL-17 antibody treatment at day 50 but not day 100 359 
inhibited almost all factors related to the IL-6 amplifier (Fig. 8G and 8H). Anti-IL-6 360 
antibody but not anti-TNFα antibody treatment at day 50 also suppressed F759 arthritis 361 
development (Fig. S1). These simulation results strongly suggest that IL-6 plays an 362 
important role in the F759 arthritis pathogenesis in the early and late stages, but with 363 
IL-17 from Th17 cells playing an important role only in the early stage. Consistent with 364 
the IL-17 observations, we previously showed that IL-17A deficient-F759 mice have 365 
suppressed F759 arthritis development [6]. 366 
  367 
Sensitivity analysis in silico. 368 

Finally, to identify the crucial factors in F759 arthritis development, we 369 
performed a sensitivity analysis [33], in which we varied the relative value of individual 370 
kinetics parameters from 1/10 to 10 and examined the epiregulin production. Sensitivity 371 
was defined as the slope of the epiregulin production on the parameter dependency 372 
(dashed lines in Fig. 9A), and the sensitivities are shown in Fig. 9B. Large sensitivities 373 
were defined as sensitivities ≥|5| and found for parameters in the NF-kB-activating 374 
pathway (a, b, c, d), in the STAT3-activating pathway (o, p), in STAT3-NF-kB complex 375 
binding (e), in the migration of Th17 cells (t, u), in IL-17 production by Th17 cells (q), 376 
in the proliferation of synovial fibroblasts (n), and in the migration of macrophages (v, 377 
w). Consistent with in vitro and in vivo studies on the development of F759 arthritis [7, 378 
9,34], these results suggest that multiple factors are involved in the augmentation of 379 
epiregulin production to cause F759 arthritis. Thus, molecular events in these reactions 380 
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may be promising targets for the development of novel diagnostic and therapeutic 381 
approaches for IL-6 amplifier-associated inflammatory diseases. 382 

383 
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Discussion 384 
We here established a computer model for the development of F759 arthritis. This is the 385 
first computer simulation of the development of RA in animal models. Because we 386 
showed that the STAT3-NF-kB complex forms in the cytoplasm and nucleus, a feature 387 
that may be necessary for the activation of the IL-6 amplifier, we assigned the STAT3-388 
NF-kB complex, but not NF-kB alone, to have transcriptional activity in our model. 389 
Moreover, because we previously showed that epiregulin, which is a growth factor and 390 
NF-kB stimulator, was induced at the earliest stage of the amplifier activation [7,9], we 391 
focused on its expression in the joints as a regulator of F759 arthritis. Our computer 392 
model demonstrated that the STAT3-stimulating factor is IL-6 from the early to late 393 
stages of the pathogenesis and that the NF-kB-stimulating factor of the IL-6 amplifier 394 
changes from IL-17A derived from Th17 cells to epiregulin derived from synovial cells. 395 
Thus, our computer model of F759 arthritis may represent a type of pathogenesis of IL-396 
6-dependent RA development, because some therapeutic agents, such as anti-IL-6R 397 
antibody but not anti-TNFα antibody are effective in some RA patient subgroups [32, 398 
35].  399 

RA is a devastating autoimmune disease characterized by persistent synovial 400 
inflammation leading to joint destruction. The pathogenesis of RA is based on the 401 
dysregulation of a variety of molecules in immune cells (T cells, B cells, monocytes, 402 
etc.) and non-immune cells against a background of genetic predispositions and 403 
environmental factors. Synovial fibroblasts are multifunctional mesenchymal cells that 404 
reside in the perisynovial surface layer. In RA, synovial fibroblasts are involved in the 405 
induction and persistence of synovitis through the high expression of proinflammatory 406 
cytokines such as IL-6. Recently developed biologics and molecular-targeted drugs 407 
have greatly advanced the treatment of RA by directly inhibiting inflammatory 408 
cytokines, co-stimulatory molecules between T cells and antigen-presenting cells, and 409 
their signaling pathways [32]. However, the inadequate efficacy of these agents in some 410 
patients and severe side effects due to systemic immunosuppression caused by their 411 
administration remain a major challenge [36]. Therapeutic developments targeting 412 
synovial fibroblasts, which play a central role in the formation of synovitis at the joint 413 
site, have the potential to overcome these challenges. 414 

The F759 mutation prevents SOCS3 from interacting with gp130, thus 415 
enhancing JAK-dependent STAT3 activation by IL-6 to spontaneously develop an RA-416 
like arthritic disease with age in mice [3]. Importantly, the F759 mutation causes the 417 
pathology to begin in non-immune cells in the presence of Th17 cells in the blood [4-6]. 418 
Furthermore, an analysis using F759 mice revealed that the IL-6 amplifier is activated 419 
by the joint accumulation of Th17 cells from the blood [4,6].  420 

In this study, we established a computer model that showed IL-6 amplifier 421 
activation in synovial fibroblasts plays an important role in the pathogenesis of F759 422 
arthritis. We first showed the direct association between STAT3 and NF-kB in the 423 
cytoplasm and nucleus. ATAC-seq experiments showed that the promoter regions of IL-424 
6, CCL2, epiregulin, in which NF-kB, STAT3, and RNA polymerase II were 425 
accumulated, were opened after activation of the IL-6 amplifier in F759 fibroblasts. 426 

A comparison of IL-6 amplifier activation in fibroblasts isolated from wild-427 
type and F759 mice found a concentration dependency on IL-6 and IL-17 for IL-6 428 
expression in silico and in vitro. We then examined the spontaneous onset of F759 429 
arthritis and found the triggering factor is the accumulation of blood Th17 cells 430 
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expressing IL-17 and IL-6 migrating to the joints. The cytokine simulation reproduced 431 
the nuclear translocation of activated STAT3-NF-kB complex in synovial fibroblasts, 432 
the increased production of epiregulin and cytokines including IL-6, and the infiltration 433 
of macrophages and Th17 cells in the joints of F759 mice over time and the succeeding 434 
increase in TNFα, IL-17, and epiregulin levels. The effects of cytokine-blocking 435 
antibodies on the production of cytokines and the infiltration of Th17 cells and 436 
macrophages into the joints indicated that the pathogenesis of F759 arthritis is mediated 437 
by the IL-6 amplifier in synovial cells. The antibody effects also indicated that IL-6 438 
plays essential roles in the early and late stages of the disease, but IL-17 plays an 439 
essential role only in the early phase. Finally, to identify important responses in the 440 
pathogenesis, we performed a sensitivity analysis on epiregulin production and found 441 
significant changes in several parameters that fall into five major categories (Fig. 9). 442 
Elucidating the molecular basis associated with these parameters may provide 443 
promising targets for the development of novel diagnostic and therapeutic approaches 444 
for IL-6-amplifier-associated inflammatory diseases including RA. 445 
 Epiregulin is a growth factor and a ligand for ErbB1, which contributes to 446 
inflammatory diseases via the IL-6 amplifier [7,9]. In fact, serum epiregulin is elevated 447 
in patients with RA, atherosclerosis, and multiple sclerosis [7,9]. Moreover, GWAS 448 
comparisons confirmed an association between these diseases and genes related to the 449 
IL-6 amplifier, and in the absence of epiregulin, IL-6 expression was significantly 450 
decreased even after activation of the IL-6 amplifier [7]. Epiregulin plays an important 451 
role in NF-kB activation via the PI3K pathway. Since epiregulin is a target of the IL-6 452 
amplifier and affects various steps of inflammation, the amount of epiregulin should 453 
reflect the activity of the IL-6 amplifier in vivo. Therefore, in this study, epiregulin was 454 
chosen as the parameter to represent the onset of inflammation and the development of 455 
F759 arthritis. Our computer model showed that in F759, epiregulin was produced from 456 
a relatively early phase (Fig. 7). It also revealed that anti-IL-17 antibodies suppressed 457 
epiregulin expression and inflammation when administered early but not late (Fig. 8D 458 
and 8G), whereas anti-IL-6 antibody suppressed epiregulin at both phases (Fig. 8B and 459 
Fig. S1A). These data suggest that IL-6 and IL-17 initiate IL-6 amplifier activation and 460 
gradually increase epiregulin production in the early phase and that IL-6 and epiregulin 461 
are involved in maintaining inflammation during the late phase. Clinically, RA patients 462 
often suffer osteoporotic fractures. With regard to osteoporosis, epiregulin is considered 463 
a key factor that activates osteoclasts via EGFR signaling and stimulates the RANKL-464 
mediated osteoclastogenic signaling pathway [37]. Therefore, controlling the production 465 
of epiregulin may reduce the aggravation of RA, and factors in the molecular 466 
mechanism for epiregulin production by the IL-6 amplifier may provide excellent 467 
targets for the development of new drugs. 468 
 TNFα, a NF-kB stimulator, is one of the most notable inflammatory cytokines 469 
in RA arthritis. Several drugs target it including adalimumab. Although the efficacy of 470 
anti-TNFα antibodies do not match that of anti-IL-6 antibodies in some RA patients, 471 
combination therapy with methotrexate has been clinically effective. However, in our 472 
computer model, the suppressive effect of anti-TNFα antibodies on IL-6, IL-17, 473 
epiregulin, and other factors was almost negligible (Fig. 8C and Fig. S1B). There are 474 
two probably reasons for this result. First, values of the kinetics parameters for TNFα 475 
production by macrophages were smaller than for the production of IL-17, another NF-476 
kB stimulator, by Th17 cells, meaning that TNFα-mediated NF-kB activation was 477 



 14 

relatively smaller than IL-17-mediated activation in our model. Second, focusing only 478 
on pathways strongly associated with the IL-6 amplifier may have resulted in some 479 
pathways responsible for TNFα production by CD4+ T cells, other immune cells, etc., 480 
which are not reflected well in our model. The mechanism of action of anti-TNFα 481 
antibodies has been noted to involve the suppression of multiple inflammatory 482 
cytokines, the reduction of immune cell infiltration, the interference of osteoclast 483 
activation, and the reduction of angiogenesis [38]. Thus, other TNFα effects should be 484 
included in the model to study the clinical effects of these antibodies. Moreover, 485 
because several RA patients are less responsive to anti-TNFα antibodies than to anti-IL-486 
6R antibodies [2], the model in its current form may reflect the pathophysiology of this 487 
patient subgroup. 488 

In conclusion, we established a novel in silico model of F759 arthritis and used 489 
it investigate the IL-6 amplifier in the joints, including the molecular mechanism of its 490 
activation and the effects of antibodies. We showed that IL-6 amplifier activation with 491 
the sustained expression of epiregulin in non-immune cells leads to the development of 492 
F759 arthritis. Integrating more pathways into this model will accelerate our 493 
understanding of the pathogenesis of RA and lead to the creation of novel strategies for 494 
RA therapeutics. 495 
  496 
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Table 1. Differential equations for biochemical reactions and kinetic parameters 497 
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Table 1. (Continued) 507 
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Table 1. (Continued) 517 
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Table 1. (Continued) 528 
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Table 1. (Continued) 539 
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Figure Legends 689 
Fig. 1. Association of STAT3 and NF-kB in nonimmune cells.  690 
A. HEK293T cells bearing HA-p65, mock, or STAT3-Flag were separated into 691 
cytosolic and nuclear fractions. Immunoprecipitation was performed to measure the 692 
p65-STAT3 complex in the cytoplasmic and nuclear fractions. Anti-a-Tubulin and anti-693 
Lamin-A/C antibodies were used as cytosolic and nuclear markers, respectively. B-D. 694 
ATAC-seq Peak Browser images depicting the promoter regions of IL-6 (B), CCL2 (C), 695 
and epiregulin (D) with or without IL-6 amplifier (Amp) activation in wild-type (B6) 696 
and F759 fibroblasts. Using ChIP-Atlas, the NF-kB (RelA), STAT3, and RNA 697 
polymerase II (Pol II) binding regions were visualized on these genomic loci. 698 
 699 
Fig. 2. Signaling pathways and reactions in the simulation model of F759 arthritis.  700 
A. Intracellular reactions in synovial fibroblasts. B. Molecular interactions among cells 701 
from blood in the joints. For a detailed explanation of the reactions, see Materials and 702 
Methods and Table 1. 703 
 704 
Fig. 3. Concentration dependency of IL-6 mRNA in steady state.  705 
A. In silico results. B. In vitro results. Open bars: wild-type, closed bars: F759 mice. 706 
The concentrations of IL-6 in the top right graph is 0-10 pM (A) and 0-6 relative to IL-6 707 
mRNA expression (B). Data in B are representative of at least 3 independent 708 
experiments and indicate the mean + SEM. ★, P<0.05. Student’s t tests (two-tailed). 709 
 710 
Fig. 4. Time course of different factors during IL-6 amplifier activation.  711 
A. In silico time course of the STAT3-NF-kB complex formation. B. In vitro time 712 
course of STAT3 binding to the IL-6 promotor in cultured synovial fibroblasts. C. In 713 
silico time course of IL-6 mRNA in the cytoplasm. D. In vitro time course of IL-6 714 
mRNA in cultured synovial fibroblasts. Open triangles: wild-type, closed circles: F759 715 
mice. Data in B and D are representative of at least 3 independent experiments and 716 
indicate the mean + SEM. ★, P<0.05. Student’s t tests (two-tailed). 717 
 718 
Fig. 5. In silico dependency of IL-6 expression on IL-6 and IL-17 concentrations in the 719 
joints of F759 mice in steady state. The dependency in the presence (A) and absence (B) 720 
of the STAT3-NF-kB complex. The concentration of IL-6 was 0-0.25 nM (top right 721 
graphs). 722 
 723 
Fig. 6. In silico dependency of IL-6 expression on Th17 cell and macrophage 724 
concentrations in the blood of F759 mice in the presence (A) and absence (B) of the 725 
STAT3-NF-kB complex in steady state.  726 
The concentration of IL-6 was 0-0.25 nM (top right graphs). 727 
 728 
Fig. 7. In silico expression of different factors.  729 
A. Wild-type mice. B. F759 mice. Log-scale plot was used for Y-axis. 730 
 731 
Fig. 8. In silico effects of anti-cytokine antibodies. 732 
A. No antibody treatment. B. Anti-IL-6 antibody treatment at day 250. C. Anti-TNFα 733 
antibody treatment at day 250. D. Anti-IL-17 antibody treatment at day 250. E. Anti-734 
TNFα and anti-IL-17 antibody combination treatment at day 250. F. Epiregulin levels at 735 
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day 300 following treatment at day 50. G. Anti-IL-17 antibody treatment at day 50. H. 736 
Anti-IL-17 antibody treatment at day 100. Red arrowheads indicate antibody dosing 737 
time. Log-scale plot was used for Y-axis (A-E, G-H). 738 
 739 
Fig. 9.  Sensitivity analysis in silico. 740 
A. The x-axis shows normalized log scales from 0.1 to 10 for different parameters, and 741 
the y-axis shows the relative epiregulin production. The dotted lines are tangents to the 742 
epiregulin production. “Sensitivity” is defined as the slope of the tangents. 743 
a. The dissociation constant (Kd) between IL-17 and its receptor. b. Kd between NF-kB 744 
and IkBα. c. The rate constant for the phosphorylation (rp) of IkBα. d. rp of NF-kB. e. 745 
Kd between activated NF-kB and activated STAT3. f. The rate constant for the 746 
movement (rm) of the STAT3-NF-kB complex from the cytoplasm to the nucleus. g. rm 747 
of NF-kB/STAT3 from the nucleus to the cytoplasm. h. Kd between NF-kB and IkBα 748 
transcription (Kt). i. rm of IkBα from the nucleus to the cytoplasm. j. Kt between the 749 
STAT3-NF-kB complex and IL-6 transcription. k. Kt between the STAT3-NF-kB 750 
complex and epiregulin transcription. l. Kt between the STAT3-NF-kB complex and 751 
CCL20 transcription. m. Kt between the STAT3-NF-kB complex and the CCL2 752 
transcription site. n. Kt between the STAT3-NF-kB complex and the synovial cell 753 
proliferation site. o. Kd between IL-6 and its receptor. p. rp of STAT3. q. The rate 754 
constant of the synthesis (rs) of IL-17 by Th17 cells. r. rs of IL-6 by macrophages. s. rs 755 
of TNFα by macrophages. t. rm of Th17 cells from the blood to the joint. u. The 756 
dissociation constant on the effect of the movement (Km) of Th17 cells from the blood 757 
to the joints in response to CCL20. v. rm of macrophages from the blood to the joint in 758 
response to CCL20. w. Km of macrophages from the blood to the joint in response to 759 
CCL2. x. rs of CCL20 by macrophages. 760 

B. The sensitivity of each parameter. 761 

Fig. S1. In silico effects of anti-cytokine antibodies. 762 
A. Anti-IL-6 antibody treatment at day 50. B. Anti-TNFα antibody treatment at day 50. 763 
Red arrowheads indicate antibody dosing time.  764 

 765 



Table 1 Differential equations for biochemical reactions and kinetic parameters 

Pathway No. differential equations parameters 

NFkB 

activating 

pathway 

A-1 𝑑[𝐼𝐾𝐾𝑃]𝑐

𝑑𝑡
= 𝑘𝑓

[𝐼𝐿 − 17]𝑗

𝐾𝑚 + [𝐼𝐿 − 17]𝑗
 

kf=5x10-10 

Km=5nM 

 A-2 𝑑[𝐼𝐾𝐾𝑃]𝑐

𝑑𝑡
= 𝑘𝑓

[𝑇𝑁𝐹]𝑗

𝐾𝑚 + [𝑇𝑁𝐹]𝑗
 

kf=5x10-10 

Km=5nM 

 A-3 𝑑[𝐼𝐾𝐾𝑃]𝑐

𝑑𝑡
= 𝑘𝑓

[𝑒𝑝𝑖𝑟𝑒𝑔𝑢𝑙𝑖𝑛]𝑗

𝐾𝑚 + [𝑒𝑝𝑖𝑟𝑒𝑔𝑢𝑙𝑖𝑛]𝑗
 

kf=5x10-10 

Km=5nM 

 A-4 𝑑[𝑁𝐹𝑘𝐵 − 𝐼𝑘𝐵𝑎]𝑐

𝑑𝑡
= 𝑘1[𝑁𝐹𝑘𝐵]𝑐[𝐼𝑘𝐵𝑎]𝑐 − 𝑘−1[𝑁𝐹𝑘𝐵 − 𝐼𝑘𝐵𝑎]𝑐 

𝑑[𝑁𝐹𝑘𝐵]𝑐

𝑑𝑡
= −𝑘1[𝑁𝐹𝑘𝐵]𝑐[𝐼𝑘𝐵𝑎]𝑐 + 𝑘−1[𝑁𝐹𝑘𝐵 − 𝐼𝑘𝐵𝑎]𝑐 

𝑑[𝐼𝑘𝐵𝑎]𝑐

𝑑𝑡
= −𝑘1[𝑁𝐹𝑘𝐵]𝑐[𝐼𝑘𝐵𝑎]𝑐 + 𝑘−1[𝑁𝐹𝑘𝐵 − 𝐼𝑘𝐵𝑎]𝑐 

k1=5x108 

k-1=0.025 

Kd=0.05nM 

 A-5 𝑑[𝑁𝐹𝑘𝐵𝑃 − 𝐼𝑘𝐵𝑎]𝑐

𝑑𝑡
= 𝑘1[𝑁𝐹𝑘𝐵𝑃]𝑐[𝐼𝑘𝐵𝑎]𝑐 − 𝑘−1[𝑁𝐹𝑘𝐵𝑃 − 𝐼𝑘𝐵𝑎]𝑐 

𝑑[𝑁𝐹𝑘𝐵𝑃]𝑐

𝑑𝑡
= −𝑘1[𝑁𝐹𝑘𝐵𝑃]𝑐[𝐼𝑘𝐵𝑎]𝑐 + 𝑘−1[𝑁𝐹𝑘𝐵𝑃 − 𝐼𝑘𝐵𝑎]𝑐 

𝑑[𝐼𝑘𝐵𝑎]𝑐

𝑑𝑡
= −𝑘1[𝑁𝐹𝑘𝐵𝑃]𝑐[𝐼𝑘𝐵𝑎]𝑐 + 𝑘−1[𝑁𝐹𝑘𝐵𝑃 − 𝐼𝑘𝐵𝑎]𝑐 

k1=5x107 

k-1=0.05 

Kd=1nM 



 A-6 𝑑[𝐼𝑘𝐵𝑎 − 𝐼𝐾𝐾𝑃]𝑐

𝑑𝑡
= 𝑘1[𝐼𝑘𝐵𝑎]𝑐[𝐼𝐾𝐾𝑃]𝑐 − 𝑘−1[𝐼𝑘𝐵𝑎 − 𝐼𝐾𝐾𝑃]𝑐 

𝑑[𝐼𝑘𝐵𝑎]𝑐

𝑑𝑡
= −𝑘1[𝐼𝑘𝐵𝑎]𝑐[𝐼𝐾𝐾𝑃]𝑐 + 𝑘−1[𝐼𝑘𝐵𝑎 − 𝐼𝐾𝐾𝑃]𝑐 

𝑑[𝐼𝐾𝐾𝑃]𝑐

𝑑𝑡
= −𝑘1[𝐼𝑘𝐵𝑎]𝑐[𝐼𝐾𝐾𝑃]𝑐 + 𝑘−1[𝐼𝑘𝐵𝑎 − 𝐼𝐾𝐾𝑃]𝑐 

k1=5x107 

k-1=0.05 

Kd=1nM 

 A-7 𝑑[𝐼𝑘𝐵𝑎𝑃 − 𝐼𝐾𝐾𝑃]𝑐

𝑑𝑡
= 𝑟𝑝[𝐼𝑘𝐵𝑎 − 𝐼𝐾𝐾𝑃]𝑐 

𝑑[𝐼𝑘𝐵𝑎 − 𝐼𝐾𝐾𝑃]𝑐

𝑑𝑡
= −𝑟𝑝[𝐼𝑘𝐵𝑎 − 𝐼𝐾𝐾𝑃]𝑐 

rp=0.05 

 A-8 𝑑[𝐼𝑘𝐵𝑎𝑃 − 𝐼𝐾𝐾𝑃]𝑐

𝑑𝑡
= 𝑘1[𝐼𝑘𝐵𝑎𝑃]𝑐[𝐼𝐾𝐾𝑃]𝑐 − 𝑘−1[𝐼𝑘𝐵𝑎𝑃 − 𝐼𝐾𝐾𝑃]𝑐 

𝑑[𝐼𝑘𝐵𝑎𝑃]𝑐

𝑑𝑡
= −𝑘1[𝐼𝑘𝐵𝑎𝑃]𝑐[𝐼𝐾𝐾𝑃]𝑐 + 𝑘−1[𝐼𝑘𝐵𝑎𝑃 − 𝐼𝐾𝐾𝑃]𝑐 

𝑑[𝐼𝐾𝐾𝑃]𝑐

𝑑𝑡
= −𝑘1[𝐼𝑘𝐵𝑎𝑃]𝑐[𝐼𝐾𝐾𝑃]𝑐 + 𝑘−1[𝐼𝑘𝐵𝑎𝑃 − 𝐼𝐾𝐾𝑃]𝑐 

k1=107 

k-1=0.2 

Kd=20nM 



 A-9 𝑑[𝑁𝐹𝑘𝐵 − 𝐼𝐾𝐾𝑃]𝑐

𝑑𝑡
= 𝑘1[𝑁𝐹𝑘𝐵]𝑐[𝐼𝐾𝐾𝑃]𝑐 − 𝑘−1[𝑁𝐹𝑘𝐵 − 𝐼𝐾𝐾𝑃]𝑐 

𝑑[𝑁𝐹𝑘𝐵]𝑐

𝑑𝑡
= −𝑘1[𝑁𝐹𝑘𝐵]𝑐[𝐼𝐾𝐾𝑃]𝑐 + 𝑘−1[𝑁𝐹𝑘𝐵 − 𝐼𝐾𝐾𝑃]𝑐 

𝑑[𝐼𝐾𝐾𝑃]𝑐

𝑑𝑡
= −𝑘1[𝑁𝐹𝑘𝐵]𝑐[𝐼𝐾𝐾𝑃]𝑐 + 𝑘−1[𝑁𝐹𝑘𝐵 − 𝐼𝐾𝐾𝑃]𝑐 

k1=5x107 

k-1=0.05 

Kd=1nM 

 A-10 𝑑[𝑁𝐹𝑘𝐵𝑃 − 𝐼𝐾𝐾𝑃]𝑐

𝑑𝑡
= 𝑟𝑝[𝑁𝐹𝑘𝐵 − 𝐼𝐾𝐾𝑃]𝑐 

𝑑[𝑁𝐹𝑘𝐵 − 𝐼𝐾𝐾𝑃]𝑐

𝑑𝑡
= −𝑟𝑝[𝑁𝐹𝑘𝐵 − 𝐼𝐾𝐾𝑃]𝑐 

rp=0.005 

 A-11 𝑑[𝑁𝐹𝑘𝐵𝑃 − 𝐼𝐾𝐾𝑃]𝑐

𝑑𝑡
= 𝑘1[𝑁𝐹𝑘𝐵𝑃]𝑐[𝐼𝐾𝐾𝑃]𝑐 − 𝑘−1[𝑁𝐹𝑘𝐵𝑃 − 𝐼𝐾𝐾𝑃]𝑐 

𝑑[𝑁𝐹𝑘𝐵𝑃]𝑐

𝑑𝑡
= −𝑘1[𝑁𝐹𝑘𝐵𝑃]𝑐[𝐼𝐾𝐾𝑃]𝑐 + 𝑘−1[𝑁𝐹𝑘𝐵𝑃 − 𝐼𝐾𝐾𝑃]𝑐 

𝑑[𝐼𝐾𝐾𝑃]𝑐

𝑑𝑡
= −𝑘1[𝑁𝐹𝑘𝐵𝑃]𝑐[𝐼𝐾𝐾𝑃]𝑐 + 𝑘−1[𝑁𝐹𝑘𝐵𝑃 − 𝐼𝐾𝐾𝑃]𝑐 

k1=107 

k-1=0.2 

Kd=20nM 

 A-12 𝑑[𝑁𝐹𝑘𝐵]𝑐

𝑑𝑡
= 𝑟𝑑[𝑁𝐹𝑘𝐵𝑃]𝑐 

𝑑[𝑁𝐹𝑘𝐵𝑃]𝑐

𝑑𝑡
= −𝑟𝑑[𝑁𝐹𝑘𝐵𝑃]𝑐 

rd=0.002 



 A-13 𝑑[𝑁𝐹𝑘𝐵𝑃]𝑛

𝑑𝑡
= 𝑟𝑚[𝑁𝐹𝑘𝐵𝑃]𝑐 

𝑑[𝑁𝐹𝑘𝐵𝑃]𝑐

𝑑𝑡
= −𝑟𝑚[𝑁𝐹𝑘𝐵𝑃]𝑐 

rm=0.002 

 A-14 𝑑[𝑁𝐹𝑘𝐵𝑃]𝑐

𝑑𝑡
= 𝑟𝑚[𝑁𝐹𝑘𝐵𝑃]𝑛 

𝑑[𝑁𝐹𝑘𝐵𝑃]𝑛

𝑑𝑡
= −𝑟𝑚[𝑁𝐹𝑘𝐵𝑃]𝑛 

rm=0.001 

 A-15 𝑑[𝐼𝑘𝐵𝑎]𝑛

𝑑𝑡
= 𝑘𝑓

[𝑁𝐹𝑘𝐵𝑃]𝑛

𝐾𝑡 + [𝑁𝐹𝑘𝐵𝑃]𝑛
 

kf=2x10-9 

Kt=2nM 

 A-16 𝑑[𝐼𝑘𝐵𝑎]𝑐

𝑑𝑡
= 𝑟𝑚[𝐼𝑘𝐵𝑎]𝑛 

𝑑[𝐼𝑘𝐵𝑎]𝑛

𝑑𝑡
= −𝑟𝑚[𝐼𝑘𝐵𝑎]𝑛 

rm=0.01 

STAT3 

activating 

pathway 

B-1 𝑑[𝐼𝐿6 − 𝐼𝐿6𝑅]𝑐

𝑑𝑡
= 𝑘1[𝐼𝐿6]𝑗[𝐼𝐿6𝑅]𝑐 − 𝑘−1[𝐼𝐿6 − 𝐼𝐿6𝑅]𝑐 

𝑑[𝐼𝐿6]𝑗

𝑑𝑡
= (−𝑘1[𝐼𝐿6]𝑗[𝐼𝐿6𝑅]𝑐 + 𝑘−1[𝐼𝐿6 − 𝐼𝐿6𝑅]𝑐)

1

𝑟
 

𝑑[𝐼𝐿6𝑅]𝑐

𝑑𝑡
= −𝑘1[𝐼𝐿6]𝑗[𝐼𝐿6𝑅]𝑐 + 𝑘−1[𝐼𝐿6 − 𝐼𝐿6𝑅]𝑐 

k1=2x106 

k-1=0.02 

Kd=10nM 

r=30 



 B-2 𝑑[𝐼𝐿6𝑅 − 𝐽𝐴𝐾]𝑐

𝑑𝑡
= 𝑘1[𝐼𝐿6𝑅]𝑐[𝐽𝐴𝐾]𝑐 − 𝑘−1[𝐼𝐿6𝑅 − 𝐽𝐴𝐾]𝑐 

𝑑[𝐼𝐿6𝑅]𝑐

𝑑𝑡
= −𝑘1[𝐼𝐿6𝑅]𝑐[𝐽𝐴𝐾]𝑐 + 𝑘−1[𝐼𝐿6𝑅 − 𝐽𝐴𝐾]𝑐 

𝑑[𝐽𝐴𝐾]𝑐

𝑑𝑡
= −𝑘1[𝐼𝐿6𝑅]𝑐[𝐽𝐴𝐾]𝑐 + 𝑘−1[𝐼𝐿6𝑅 − 𝐽𝐴𝐾]𝑐 

k1=108 

k-1=0.05 

Kd=0.5nM 

 B-3 𝑑[𝐼𝐿6 − 𝐼𝐿6𝑅 − 𝐽𝐴𝐾]𝑐

𝑑𝑡
= 𝑘1[𝐼𝐿6 − 𝐼𝐿6𝑅]𝑐[𝐽𝐴𝐾]𝑐 − 𝑘−1[𝐼𝐿6 − 𝐼𝐿6𝑅 − 𝐽𝐴𝐾]𝑐 

𝑑[𝐼𝐿6 − 𝐼𝐿6𝑅]𝑐

𝑑𝑡
= −𝑘1[𝐼𝐿6 − 𝐼𝐿6𝑅]𝑐[𝐽𝐴𝐾]𝑐 + 𝑘−1[𝐼𝐿6 − 𝐼𝐿6𝑅 − 𝐽𝐴𝐾]𝑐 

𝑑[𝐽𝐴𝐾]𝑐

𝑑𝑡
= −𝑘1[𝐼𝐿6 − 𝐼𝐿6𝑅]𝑐[𝐽𝐴𝐾]𝑐 + 𝑘−1[𝐼𝐿6 − 𝐼𝐿6𝑅 − 𝐽𝐴𝐾]𝑐 

k1=108 

k-1=0.05 

Kd=0.5nM 

 B-4 𝑑[𝐼𝐿6 − 𝐼𝐿6𝑅 − 𝐽𝐴𝐾]𝑐

𝑑𝑡
= 𝑘1[𝐼𝐿6]𝑗[𝐼𝐿6𝑅 − 𝐽𝐴𝐾]𝑐 − 𝑘−1[𝐼𝐿6 − 𝐼𝐿6𝑅 − 𝐽𝐴𝐾]𝑐 

𝑑[𝐼𝐿6]𝑗

𝑑𝑡
= (−𝑘1[𝐼𝐿6]𝑗[𝐼𝐿6𝑅 − 𝐽𝐴𝐾]𝑐 + 𝑘−1[𝐼𝐿6 − 𝐼𝐿6𝑅 − 𝐽𝐴𝐾]𝑐)

1

𝑟
 

𝑑[𝐼𝐿6𝑅 − 𝐽𝐴𝐾]𝑐

𝑑𝑡
= −𝑘1[𝐼𝐿6]𝑗[𝐼𝐿6𝑅 − 𝐽𝐴𝐾]𝑐 + 𝑘−1[𝐼𝐿6 − 𝐼𝐿6𝑅 − 𝐽𝐴𝐾]𝑐 

k1=2x106 

k-1=0.02 

Kd=10nM 

r=30 

 B-5 𝑑[𝐼𝐿6 − 𝐼𝐿6𝑅 − 𝐽𝐴𝐾𝑃]𝑐

𝑑𝑡
= 𝑟𝑝[𝐼𝐿6 − 𝐼𝐿6𝑅 − 𝐽𝐴𝐾]𝑐 

𝑑[𝐼𝐿6 − 𝐼𝐿6𝑅 − 𝐽𝐴𝐾]𝑐

𝑑𝑡
= −𝑟𝑝[𝐼𝐿6 − 𝐼𝐿6𝑅 − 𝐽𝐴𝐾]𝑐 

rp=0.3 



 B-6 𝑑[𝐼𝐿6 − 𝐼𝐿6𝑅 − 𝐽𝐴𝐾𝑃 − 𝑆𝑇𝐴𝑇3]𝑐

𝑑𝑡

= 𝑘1[𝐼𝐿6 − 𝐼𝐿6𝑅 − 𝐽𝐴𝐾𝑃]𝑐[𝑆𝑇𝐴𝑇3]𝑐 − 𝑘−1[𝐼𝐿6 − 𝐼𝐿6𝑅 − 𝐽𝐴𝐾𝑃 − 𝑆𝑇𝐴𝑇3]𝑐 

𝑑[𝐼𝐿6 − 𝐼𝐿6𝑅 − 𝐽𝐴𝐾𝑃]𝑐

𝑑𝑡

= −𝑘1[𝐼𝐿6 − 𝐼𝐿6𝑅 − 𝐽𝐴𝐾𝑃]𝑐[𝑆𝑇𝐴𝑇3]𝑐 + 𝑘−1[𝐼𝐿6 − 𝐼𝐿6𝑅 − 𝐽𝐴𝐾𝑃 − 𝑆𝑇𝐴𝑇3]𝑐 

𝑑[𝑆𝑇𝐴𝑇3]𝑐

𝑑𝑡
= −𝑘1[𝐼𝐿6 − 𝐼𝐿6𝑅 − 𝐽𝐴𝐾𝑃]𝑐[𝑆𝑇𝐴𝑇3]𝑐 + 𝑘−1[𝐼𝐿6 − 𝐼𝐿6𝑅 − 𝐽𝐴𝐾𝑃 − 𝑆𝑇𝐴𝑇3]𝑐 

k1=8x106 

k-1=0.8 

Kd=100nM 

 B-7 𝑑[𝐼𝐿6 − 𝐼𝐿6𝑅 − 𝐽𝐴𝐾𝑃 − 𝑆𝑇𝐴𝑇3𝑃]𝑐

𝑑𝑡
= 𝑟𝑝[𝐼𝐿6 − 𝐼𝐿6𝑅 − 𝐽𝐴𝐾𝑃 − 𝑆𝑇𝐴𝑇3]𝑐 

𝑑[𝐼𝐿6 − 𝐼𝐿6𝑅 − 𝐽𝐴𝐾𝑃 − 𝑆𝑇𝐴𝑇3]𝑐

𝑑𝑡
= −𝑟𝑝[𝐼𝐿6 − 𝐼𝐿6𝑅 − 𝐽𝐴𝐾𝑃 − 𝑆𝑇𝐴𝑇3]𝑐 

rp=2 

 B-8 𝑑[𝐼𝐿6 − 𝐼𝐿6𝑅 − 𝐽𝐴𝐾𝑃 − 𝑆𝑇𝐴𝑇3𝑃]𝑐

𝑑𝑡

= 𝑘1[𝐼𝐿6 − 𝐼𝐿6𝑅 − 𝐽𝐴𝐾𝑃]𝑐[𝑆𝑇𝐴𝑇3𝑃]𝑐 − 𝑘−1[𝐼𝐿6 − 𝐼𝐿6𝑅 − 𝐽𝐴𝐾𝑃 − 𝑆𝑇𝐴𝑇3𝑃]𝑐 

𝑑[𝐼𝐿6 − 𝐼𝐿6𝑅 − 𝐽𝐴𝐾𝑃]𝑐

𝑑𝑡

= −𝑘1[𝐼𝐿6 − 𝐼𝐿6𝑅 − 𝐽𝐴𝐾𝑃]𝑐[𝑆𝑇𝐴𝑇3𝑃]𝑐 + 𝑘−1[𝐼𝐿6 − 𝐼𝐿6𝑅 − 𝐽𝐴𝐾𝑃 − 𝑆𝑇𝐴𝑇3𝑃]𝑐 

𝑑[𝑆𝑇𝐴𝑇3𝑃]𝑐

𝑑𝑡
= −𝑘1[𝐼𝐿6 − 𝐼𝐿6𝑅 − 𝐽𝐴𝐾𝑃]𝑐[𝑆𝑇𝐴𝑇3𝑃]𝑐 + 𝑘−1[𝐼𝐿6 − 𝐼𝐿6𝑅 − 𝐽𝐴𝐾𝑃 − 𝑆𝑇𝐴𝑇3𝑃]𝑐 

k1=5x106 

k-1=0.5 

Kd=100nM 



 B-9 𝑑[𝑆𝑇𝐴𝑇3𝑃 − 𝑆𝑇𝐴𝑇3𝑃]𝑐

𝑑𝑡
= 𝑘1([𝑆𝑇𝐴𝑇3𝑃]𝑐)

2 − 𝑘−1[𝑆𝑇𝐴𝑇3𝑃 − 𝑆𝑇𝐴𝑇3𝑃]𝑐 

𝑑[𝑆𝑇𝐴𝑇3𝑃]𝑐

𝑑𝑡
= 2(−𝑘1([𝑆𝑇𝐴𝑇3𝑃]𝑐)

2 + 𝑘−1[𝑆𝑇𝐴𝑇3𝑃 − 𝑆𝑇𝐴𝑇3𝑃]𝑐) 

k1=2x107 

k-1=0.1 

Kd=5nM 

 B-10 𝑑[𝑆𝑇𝐴𝑇3𝑃 − 𝑆𝑇𝐴𝑇3𝑃]𝑛

𝑑𝑡
= 𝑟𝑚[𝑆𝑇𝐴𝑇3𝑃 − 𝑆𝑇𝐴𝑇3𝑃]𝑐 

𝑑[𝑆𝑇𝐴𝑇3𝑃 − 𝑆𝑇𝐴𝑇3𝑃]𝑐

𝑑𝑡
= −𝑟𝑚[𝑆𝑇𝐴𝑇3𝑃 − 𝑆𝑇𝐴𝑇3𝑃]𝑐 

rm=0.1 

 B-11 𝑑[𝐼𝐿6 − 𝐼𝐿6𝑅 − 𝐽𝐴𝐾𝑃 − 𝑆𝐻𝑃]𝑐

𝑑𝑡

= 𝑘1[𝐼𝐿6 − 𝐼𝐿6𝑅 − 𝐽𝐴𝐾𝑃]𝑐[𝑆𝐻𝑃]𝑐 − 𝑘−1[𝐼𝐿6 − 𝐼𝐿6𝑅 − 𝐽𝐴𝐾𝑃 − 𝑆𝐻𝑃]𝑐 

𝑑[𝐼𝐿6 − 𝐼𝐿6𝑅 − 𝐽𝐴𝐾𝑃]𝑐

𝑑𝑡
= −𝑘1[𝐼𝐿6 − 𝐼𝐿6𝑅 − 𝐽𝐴𝐾𝑃]𝑐[𝑆𝐻𝑃]𝑐 + 𝑘−1[𝐼𝐿6 − 𝐼𝐿6𝑅 − 𝐽𝐴𝐾𝑃 − 𝑆𝐻𝑃]𝑐 

𝑑[𝑆𝐻𝑃]𝑐

𝑑𝑡
= −𝑘1[𝐼𝐿6 − 𝐼𝐿6𝑅 − 𝐽𝐴𝐾𝑃]𝑐[𝑆𝐻𝑃]𝑐 + 𝑘−1[𝐼𝐿6 − 𝐼𝐿6𝑅 − 𝐽𝐴𝐾𝑃 − 𝑆𝐻𝑃]𝑐 

k1=106 

k-1=0.2 

Kd=200nM 

 B-12 𝑑[𝐼𝐿6 − 𝐼𝐿6𝑅 − 𝐽𝐴𝐾 − 𝑆𝐻𝑃]𝑐

𝑑𝑡
= 𝑟𝑑[𝐼𝐿6 − 𝐼𝐿6𝑅 − 𝐽𝐴𝐾𝑃 − 𝑆𝐻𝑃]𝑐 

𝑑[𝐼𝐿6 − 𝐼𝐿6𝑅 − 𝐽𝐴𝐾𝑃 − 𝑆𝐻𝑃]𝑐

𝑑𝑡
= −𝑟𝑑[𝐼𝐿6 − 𝐼𝐿6𝑅 − 𝐽𝐴𝐾𝑃 − 𝑆𝐻𝑃]𝑐 

rd=0.2 



 B-13 𝑑[𝐼𝐿6 − 𝐼𝐿6𝑅 − 𝐽𝐴𝐾 − 𝑆𝐻𝑃]𝑐

𝑑𝑡
= 𝑘1[𝐼𝐿6 − 𝐼𝐿6𝑅 − 𝐽𝐴𝐾]𝑐[𝑆𝐻𝑃]𝑐 − 𝑘−1[𝐼𝐿6 − 𝐼𝐿6𝑅 − 𝐽𝐴𝐾 − 𝑆𝐻𝑃]𝑐 

𝑑[𝐼𝐿6 − 𝐼𝐿6𝑅 − 𝐽𝐴𝐾]𝑐

𝑑𝑡
= −𝑘1[𝐼𝐿6 − 𝐼𝐿6𝑅 − 𝐽𝐴𝐾]𝑐[𝑆𝐻𝑃]𝑐 + 𝑘−1[𝐼𝐿6 − 𝐼𝐿6𝑅 − 𝐽𝐴𝐾 − 𝑆𝐻𝑃]𝑐 

𝑑[𝑆𝐻𝑃]𝑐

𝑑𝑡
= −𝑘1[𝐼𝐿6 − 𝐼𝐿6𝑅 − 𝐽𝐴𝐾]𝑐[𝑆𝐻𝑃]𝑐 + 𝑘−1[𝐼𝐿6 − 𝐼𝐿6𝑅 − 𝐽𝐴𝐾 − 𝑆𝐻𝑃]𝑐 

k1=105 

k-1=0.2 

Kd=2M 

 B-14 𝑑[𝑃𝑃𝑋 − 𝑆𝑇𝐴𝑇3𝑃]𝑐

𝑑𝑡
= 𝑘1[𝑃𝑃𝑋]𝑐[𝑆𝑇𝐴𝑇3𝑃]𝑐 − 𝑘−1[𝑃𝑃𝑋 − 𝑆𝑇𝐴𝑇3𝑃]𝑐 

𝑑[𝑃𝑃𝑋]𝑐

𝑑𝑡
= −𝑘1[𝑃𝑃𝑋]𝑐[𝑆𝑇𝐴𝑇3𝑃]𝑐 + 𝑘−1[𝑃𝑃𝑋 − 𝑆𝑇𝐴𝑇3𝑃]𝑐 

𝑑[𝑆𝑇𝐴𝑇3𝑃]𝑐

𝑑𝑡
= −𝑘1[𝑃𝑃𝑋]𝑐[𝑆𝑇𝐴𝑇3𝑃]𝑐 + 𝑘−1[𝑃𝑃𝑋 − 𝑆𝑇𝐴𝑇3𝑃]𝑐 

k1=106 

k-1=0.2 

Kd=200nM 

 B-15 𝑑[𝑃𝑃𝑋 − 𝑆𝑇𝐴𝑇3]𝑐

𝑑𝑡
= 𝑟𝑑[𝑃𝑃𝑋 − 𝑆𝑇𝐴𝑇3𝑃]𝑐 

𝑑[𝑃𝑃𝑋 − 𝑆𝑇𝐴𝑇3𝑃]𝑐

𝑑𝑡
= −𝑟𝑑[𝑃𝑃𝑋 − 𝑆𝑇𝐴𝑇3𝑃]𝑐 

rd=0.2 

 B-16 𝑑[𝑃𝑃𝑋 − 𝑆𝑇𝐴𝑇3]𝑐

𝑑𝑡
= 𝑘1[𝑃𝑃𝑋]𝑐[𝑆𝑇𝐴𝑇3]𝑐 − 𝑘−1[𝑃𝑃𝑋 − 𝑆𝑇𝐴𝑇3]𝑐 

𝑑[𝑃𝑃𝑋]𝑐

𝑑𝑡
= −𝑘1[𝑃𝑃𝑋]𝑐[𝑆𝑇𝐴𝑇3]𝑐 + 𝑘−1[𝑃𝑃𝑋 − 𝑆𝑇𝐴𝑇3]𝑐 

𝑑[𝑆𝑇𝐴𝑇3]𝑐

𝑑𝑡
= −𝑘1[𝑃𝑃𝑋]𝑐[𝑆𝑇𝐴𝑇3]𝑐 + 𝑘−1[𝑃𝑃𝑋 − 𝑆𝑇𝐴𝑇3]𝑐 

k1=104 

k-1=0.2 

Kd=20M 



 B-17 𝑑[𝑆𝑇𝐴𝑇3𝑃 − 𝑆𝑇𝐴𝑇3𝑃]𝑛

𝑑𝑡
= 𝑘1([𝑆𝑇𝐴𝑇3𝑃]𝑛)

2 − 𝑘−1[𝑆𝑇𝐴𝑇3𝑃 − 𝑆𝑇𝐴𝑇3𝑃]𝑛 

𝑑[𝑆𝑇𝐴𝑇3𝑃]𝑛

𝑑𝑡
= 2(−𝑘1([𝑆𝑇𝐴𝑇3𝑃]𝑛)

2 + 𝑘−1[𝑆𝑇𝐴𝑇3𝑃 − 𝑆𝑇𝐴𝑇3𝑃]𝑛) 

k1=2x107 

k-1=0.1 

Kd=5nM 

 B-18 𝑑[𝑃𝑃𝑁 − 𝑆𝑇𝐴𝑇3𝑃]𝑛

𝑑𝑡
= 𝑘1[𝑃𝑃𝑁]𝑛[𝑆𝑇𝐴𝑇3𝑃]𝑛 − 𝑘−1[𝑃𝑃𝑁 − 𝑆𝑇𝐴𝑇3𝑃]𝑛 

𝑑[𝑃𝑃𝑁]𝑛

𝑑𝑡
= −𝑘1[𝑃𝑃𝑁]𝑛[𝑆𝑇𝐴𝑇3𝑃]𝑛 + 𝑘−1[𝑃𝑃𝑁 − 𝑆𝑇𝐴𝑇3𝑃]𝑛 

𝑑[𝑆𝑇𝐴𝑇3𝑃]𝑛

𝑑𝑡
= −𝑘1[𝑃𝑃𝑁]𝑛[𝑆𝑇𝐴𝑇3𝑃]𝑛 + 𝑘−1[𝑃𝑃𝑁 − 𝑆𝑇𝐴𝑇3𝑃]𝑛 

k1=106 

k-1=0.2 

Kd=200nM 

 B-19 𝑑[𝑃𝑃𝑁 − 𝑆𝑇𝐴𝑇3]𝑛

𝑑𝑡
= 𝑟𝑑[𝑃𝑃𝑁 − 𝑆𝑇𝐴𝑇3𝑃]𝑛 

𝑑[𝑃𝑃𝑁 − 𝑆𝑇𝐴𝑇3𝑃]𝑛

𝑑𝑡
= −𝑟𝑑[𝑃𝑃𝑁 − 𝑆𝑇𝐴𝑇3𝑃]𝑛 

rd=0.3 

 B-20 𝑑[𝑃𝑃𝑁 − 𝑆𝑇𝐴𝑇3]𝑛

𝑑𝑡
= 𝑘1[𝑃𝑃𝑁]𝑛[𝑆𝑇𝐴𝑇3]𝑛 − 𝑘−1[𝑃𝑃𝑁 − 𝑆𝑇𝐴𝑇3]𝑛 

𝑑[𝑃𝑃𝑁]𝑛

𝑑𝑡
= −𝑘1[𝑃𝑃𝑁]𝑛[𝑆𝑇𝐴𝑇3]𝑛 + 𝑘−1[𝑃𝑃𝑁 − 𝑆𝑇𝐴𝑇3]𝑛 

𝑑[𝑆𝑇𝐴𝑇3]𝑛

𝑑𝑡
= −𝑘1[𝑃𝑃𝑁]𝑛[𝑆𝑇𝐴𝑇3]𝑛 + 𝑘−1[𝑃𝑃𝑁 − 𝑆𝑇𝐴𝑇3]𝑛 

k1=104 

k-1=0.2 

Kd=20M 



 B-21 𝑑[𝑆𝑇𝐴𝑇3]𝑐

𝑑𝑡
= 𝑟𝑚[𝑆𝑇𝐴𝑇3]𝑛 

𝑑[𝑆𝑇𝐴𝑇3]𝑛

𝑑𝑡
= −𝑟𝑚[𝑆𝑇𝐴𝑇3]𝑛 

rm=0.3 

 B-22 𝑑[𝑆𝑂𝐶𝑆]𝑐

𝑑𝑡
= 𝑟𝑠[𝑁𝐹𝑘𝐵𝑃 − 𝑆𝑇𝐴𝑇3𝑃 − 𝑆𝑇𝐴𝑇3𝑃]𝑛 

rs=0.002 

 B-23 𝑑[𝑆𝑂𝐶𝑆]𝑐

𝑑𝑡
= 𝑟𝑠[𝑆𝑇𝐴𝑇3𝑃 − 𝑆𝑇𝐴𝑇3𝑃]𝑛 

rs=0.0004 

 B-24 𝑑[𝐼𝐿6 − 𝐼𝐿6𝑅 − 𝐽𝐴𝐾𝑃 − 𝑆𝑂𝐶𝑆]𝑐

𝑑𝑡

= 𝑘1[𝐼𝐿6 − 𝐼𝐿6𝑅 − 𝐽𝐴𝐾𝑃]𝑐[𝑆𝑂𝐶𝑆]𝑐 − 𝑘−1[𝐼𝐿6 − 𝐼𝐿6𝑅 − 𝐽𝐴𝐾𝑃 − 𝑆𝑂𝐶𝑆]𝑐 

𝑑[𝐼𝐿6 − 𝐼𝐿6𝑅 − 𝐽𝐴𝐾𝑃]𝑐

𝑑𝑡
= −𝑘1[𝐼𝐿6 − 𝐼𝐿6𝑅 − 𝐽𝐴𝐾𝑃]𝑐[𝑆𝑂𝐶𝑆]𝑐 + 𝑘−1[𝐼𝐿6 − 𝐼𝐿6𝑅 − 𝐽𝐴𝐾𝑃 − 𝑆𝑂𝐶𝑆]𝑐 

𝑑[𝑆𝑂𝐶𝑆]𝑐

𝑑𝑡
= −𝑘1[𝐼𝐿6 − 𝐼𝐿6𝑅 − 𝐽𝐴𝐾𝑃]𝑐[𝑆𝑂𝐶𝑆]𝑐 + 𝑘−1[𝐼𝐿6 − 𝐼𝐿6𝑅 − 𝐽𝐴𝐾𝑃 − 𝑆𝑂𝐶𝑆]𝑐 

k1=108 

k-1=1 

Kd=10nM 

IL-6 production BA-1 𝑑[𝑚𝑅𝑁𝐴𝐼𝐿6]𝑛

𝑑𝑡
= 𝑘𝑓

[𝑁𝐹𝑘𝐵𝑃 − 𝑆𝑇𝐴𝑇3𝑃 − 𝑆𝑇𝐴𝑇3𝑃]𝑛

𝐾𝑡 + [𝑁𝐹𝑘𝐵𝑃 − 𝑆𝑇𝐴𝑇3𝑃 − 𝑆𝑇𝐴𝑇3𝑃]𝑛
 

kf=2x10-12 

Kt=200nM 

 BA-2 𝑑[𝑚𝑅𝑁𝐴𝐼𝐿6]𝑐

𝑑𝑡
= 𝑟𝑚[𝑚𝑅𝑁𝐴𝐼𝐿6]𝑛 

𝑑[𝑚𝑅𝑁𝐴𝐼𝐿6]𝑛

𝑑𝑡
= −𝑟𝑚[𝑚𝑅𝑁𝐴𝐼𝐿6]𝑛 

rm=0.02 



 BA-3 𝑑[𝐼𝐿6]𝑒

𝑑𝑡
= 𝑟𝑠[𝑚𝑅𝑁𝐴𝐼𝐿6]𝑐 

rs=0.02 

 BA-4 𝑑[𝐼𝐿6]𝑗

𝑑𝑡
= (𝑟𝑚[𝐼𝐿6]𝑒)

1

𝑟
 

𝑑[𝐼𝐿6]𝑒

𝑑𝑡
= −𝑟𝑚[𝐼𝐿6]𝑒 

rm=0.03 

r=30 

IL-6 receptor 

production 

BB-1 𝑑[𝑚𝑅𝑁𝐴𝐼𝐿6𝑅]𝑛

𝑑𝑡
= 𝑘𝑓

[𝑁𝐹𝑘𝐵𝑃 − 𝑆𝑇𝐴𝑇3𝑃 − 𝑆𝑇𝐴𝑇3𝑃]𝑛

𝐾𝑡 + [𝑁𝐹𝑘𝐵𝑃 − 𝑆𝑇𝐴𝑇3𝑃 − 𝑆𝑇𝐴𝑇3𝑃]𝑛
 

kf=2x10-12 

Kt=200nM 

 BB-2 𝑑[𝑚𝑅𝑁𝐴𝐼𝐿6𝑅]𝑐

𝑑𝑡
= 𝑟𝑚[𝑚𝑅𝑁𝐴𝐼𝐿6𝑅]𝑛 

𝑑[𝑚𝑅𝑁𝐴𝐼𝐿6𝑅]𝑛

𝑑𝑡
= −𝑟𝑚[𝑚𝑅𝑁𝐴𝐼𝐿6𝑅]𝑛 

rm=0.02 

 BB-3 𝑑[𝐼𝐿6𝑅]𝑒

𝑑𝑡
= 𝑟𝑠[𝑚𝑅𝑁𝐴𝐼𝐿6𝑅]𝑐 

rs=0.02 

 BB-4 𝑑[𝐼𝐿6𝑅]𝑐

𝑑𝑡
= 𝑟𝑚[𝐼𝐿6𝑅]𝑒 

𝑑[𝐼𝐿6𝑅]𝑒

𝑑𝑡
= −𝑟𝑚[𝐼𝐿6𝑅]𝑒 

rm=0.002 



IL-6 receptor 

internalization 

BC-1 𝑑[𝐼𝐿6𝑅]𝑖

𝑑𝑡
= 𝑟𝑖 (𝑒1 + (1 − 𝑒1) (1 − 𝑒

−3𝑡
𝑇1 )) [𝐼𝐿6𝑅]𝑐 

𝑑[𝐼𝐿6𝑅]𝑐

𝑑𝑡
= −𝑟𝑖 (𝑒1 + (1 − 𝑒1) (1 − 𝑒

−3𝑡
𝑇1 )) [𝐼𝐿6𝑅]𝑐 

ri=0.00016 

e1=0.12 

T1=35 

 BC-2 𝑑[𝐼𝐿6𝑅 − 𝐽𝐴𝐾]𝑖

𝑑𝑡
= 𝑟𝑖 (𝑒1 + (1 − 𝑒1) (1 − 𝑒

−3𝑡
𝑇1 )) [𝐼𝐿6𝑅 − 𝐽𝐴𝐾]𝑐 

𝑑[𝐼𝐿6𝑅 − 𝐽𝐴𝐾]𝑐

𝑑𝑡
= −𝑟𝑖 (𝑒1 + (1 − 𝑒1) (1 − 𝑒

−3𝑡
𝑇1 )) [𝐼𝐿6𝑅 − 𝐽𝐴𝐾]𝑐 

ri=0.0024 

e1=0.12 

T1=35 

 BC-3 𝑑[𝐼𝐿6 − 𝐼𝐿6𝑅 − 𝐽𝐴𝐾]𝑖

𝑑𝑡
= 𝑟𝑖 (𝑒1 + (1 − 𝑒1) (1 − 𝑒

−3𝑡
𝑇1 )) [𝐼𝐿6 − 𝐼𝐿6𝑅 − 𝐽𝐴𝐾]𝑐 

𝑑[𝐼𝐿6 − 𝐼𝐿6𝑅 − 𝐽𝐴𝐾]𝑐

𝑑𝑡
= −𝑟𝑖 (𝑒1 + (1 − 𝑒1) (1 − 𝑒

−3𝑡
𝑇1 )) [𝐼𝐿6 − 𝐼𝐿6𝑅 − 𝐽𝐴𝐾]𝑐 

ri=0.012 

e1=0.12 

T1=35 

 BC-4 𝑑[𝐼𝐿6 − 𝐼𝐿6𝑅 − 𝐽𝐴𝐾𝑃]𝑖

𝑑𝑡
= 𝑟𝑖 (𝑒1 + (1 − 𝑒1) (1 − 𝑒

−3𝑡
𝑇1 )) [𝐼𝐿6 − 𝐼𝐿6𝑅 − 𝐽𝐴𝐾𝑃]𝑐 

𝑑[𝐼𝐿6 − 𝐼𝐿6𝑅 − 𝐽𝐴𝐾𝑃]𝑐

𝑑𝑡
= −𝑟𝑖 (𝑒1 + (1 − 𝑒1) (1 − 𝑒

−3𝑡
𝑇1 )) [𝐼𝐿6 − 𝐼𝐿6𝑅 − 𝐽𝐴𝐾𝑃]𝑐 

ri=0.004 

e1=0.12 

T1=35 

 BC-5 𝑑[𝐼𝐿6𝑅]𝑐

𝑐𝑡
= 𝑟𝑚[𝐼𝐿6𝑅]𝑖 

𝑑[𝐼𝐿6𝑅]𝑖

𝑐𝑡
= −𝑟𝑚[𝐼𝐿6𝑅]𝑖 

rm=0.0012 



NFkB-STAT3 

complex 

formation 

C-1 𝑑[𝑁𝐹𝑘𝐵𝑃 − 𝑆𝑇𝐴𝑇3𝑃 − 𝑆𝑇𝐴𝑇3𝑃]𝑐

𝑑𝑡

= 𝑘1[𝑁𝐹𝑘𝐵𝑃]𝑐[𝑆𝑇𝐴𝑇3𝑃 − 𝑆𝑇𝐴𝑇3𝑃]𝑐 − 𝑘−1[𝑁𝐹𝑘𝐵𝑃 − 𝑆𝑇𝐴𝑇3𝑃 − 𝑆𝑇𝐴𝑇3𝑃]𝑐 

𝑑[𝑁𝐹𝑘𝐵𝑃]𝑐

𝑑𝑡
= −𝑘1[𝑁𝐹𝑘𝐵𝑃]𝑐[𝑆𝑇𝐴𝑇3𝑃 − 𝑆𝑇𝐴𝑇3𝑃]𝑐 + 𝑘−1[𝑁𝐹𝑘𝐵𝑃 − 𝑆𝑇𝐴𝑇3𝑃 − 𝑆𝑇𝐴𝑇3𝑃]𝑐 

𝑑[𝑆𝑇𝐴𝑇3𝑃 − 𝑆𝑇𝐴𝑇3𝑃]𝑐

𝑑𝑡

= −𝑘1[𝑁𝐹𝑘𝐵𝑃]𝑐[𝑆𝑇𝐴𝑇3𝑃 − 𝑆𝑇𝐴𝑇3𝑃]𝑐 + 𝑘−1[𝑁𝐹𝑘𝐵𝑃 − 𝑆𝑇𝐴𝑇3𝑃 − 𝑆𝑇𝐴𝑇3𝑃]𝑐 

k1=2x109 

k-1=100 

Kd=50nM 

 C-1b 𝑑[𝑁𝐹𝑘𝐵𝑃 − 𝑆𝑇𝐴𝑇3𝑃 − 𝑆𝑇𝐴𝑇3𝑃]𝑛

𝑑𝑡

= 𝑘1[𝑁𝐹𝑘𝐵𝑃]𝑛[𝑆𝑇𝐴𝑇3𝑃 − 𝑆𝑇𝐴𝑇3𝑃]𝑛 − 𝑘−1[𝑁𝐹𝑘𝐵𝑃 − 𝑆𝑇𝐴𝑇3𝑃 − 𝑆𝑇𝐴𝑇3𝑃]𝑛 

𝑑[𝑁𝐹𝑘𝐵𝑃]𝑛

𝑑𝑡
= −𝑘1[𝑁𝐹𝑘𝐵𝑃]𝑛[𝑆𝑇𝐴𝑇3𝑃 − 𝑆𝑇𝐴𝑇3𝑃]𝑛 + 𝑘−1[𝑁𝐹𝑘𝐵𝑃 − 𝑆𝑇𝐴𝑇3𝑃 − 𝑆𝑇𝐴𝑇3𝑃]𝑛 

𝑑[𝑆𝑇𝐴𝑇3𝑃 − 𝑆𝑇𝐴𝑇3𝑃]𝑛

𝑑𝑡

= −𝑘1[𝑁𝐹𝑘𝐵𝑃]𝑛[𝑆𝑇𝐴𝑇3𝑃 − 𝑆𝑇𝐴𝑇3𝑃]𝑛 + 𝑘−1[𝑁𝐹𝑘𝐵𝑃 − 𝑆𝑇𝐴𝑇3𝑃 − 𝑆𝑇𝐴𝑇3𝑃]𝑛 

k1=2x109 

k-1=100 

Kd=50nM 

 C-2 𝑑[𝑁𝐹𝑘𝐵𝑃 − 𝑆𝑇𝐴𝑇3𝑃 − 𝑆𝑇𝐴𝑇3𝑃]𝑛

𝑑𝑡
= 𝑟𝑚[𝑁𝐹𝑘𝐵𝑃 − 𝑆𝑇𝐴𝑇3𝑃 − 𝑆𝑇𝐴𝑇3𝑃]𝑐 

𝑑[𝑁𝐹𝑘𝐵𝑃 − 𝑆𝑇𝐴𝑇3𝑃 − 𝑆𝑇𝐴𝑇3𝑃]𝑐

𝑑𝑡
= −𝑟𝑚[𝑁𝐹𝑘𝐵𝑃 − 𝑆𝑇𝐴𝑇3𝑃 − 𝑆𝑇𝐴𝑇3𝑃]𝑐 

rm=0.00005 



 C-3 𝑑[𝑁𝐹𝑘𝐵𝑃 − 𝑆𝑇𝐴𝑇3𝑃 − 𝑆𝑇𝐴𝑇3𝑃]𝑐

𝑑𝑡
= 𝑟𝑚[𝑁𝐹𝑘𝐵𝑃 − 𝑆𝑇𝐴𝑇3𝑃 − 𝑆𝑇𝐴𝑇3𝑃]𝑛 

𝑑[𝑁𝐹𝑘𝐵𝑃 − 𝑆𝑇𝐴𝑇3𝑃 − 𝑆𝑇𝐴𝑇3𝑃]𝑛

𝑑𝑡
= −𝑟𝑚[𝑁𝐹𝑘𝐵𝑃 − 𝑆𝑇𝐴𝑇3𝑃 − 𝑆𝑇𝐴𝑇3𝑃]𝑛 

rm=0.00005 

cytokine 

production 

D-1 𝑑[𝑒𝑝𝑖𝑟𝑒𝑔𝑢𝑙𝑖𝑛]𝑗

𝑑𝑡
= (𝑟𝑠[𝑠𝑦𝑛𝑜𝑣𝑖𝑎𝑙]𝑗)

[𝑁𝐹𝑘𝐵𝑃 − 𝑆𝑇𝐴𝑇3𝑃 − 𝑆𝑇𝐴𝑇3𝑃]𝑛

𝐾𝑡 + [𝑁𝐹𝑘𝐵𝑃 − 𝑆𝑇𝐴𝑇3𝑃 − 𝑆𝑇𝐴𝑇3𝑃]𝑛
 

rs=800 

Kt=5nM 

 D-2 𝑑[𝐶𝐶𝐿2]𝑗

𝑑𝑡
= (𝑟𝑠[𝑠𝑦𝑛𝑜𝑣𝑖𝑎𝑙]𝑗)

[𝑁𝐹𝑘𝐵𝑃 − 𝑆𝑇𝐴𝑇3𝑃 − 𝑆𝑇𝐴𝑇3𝑃]𝑛

𝐾𝑡 + [𝑁𝐹𝑘𝐵𝑃 − 𝑆𝑇𝐴𝑇3𝑃 − 𝑆𝑇𝐴𝑇3𝑃]𝑛
 

rs=100 

Kt=5nM 

 D-3 𝑑[𝐶𝐶𝐿20]𝑗

𝑑𝑡
= (𝑟𝑠[𝑠𝑦𝑛𝑜𝑣𝑖𝑎𝑙]𝑗)

[𝑁𝐹𝑘𝐵𝑃 − 𝑆𝑇𝐴𝑇3𝑃 − 𝑆𝑇𝐴𝑇3𝑃]𝑛

𝐾𝑡 + [𝑁𝐹𝑘𝐵𝑃 − 𝑆𝑇𝐴𝑇3𝑃 − 𝑆𝑇𝐴𝑇3𝑃]𝑛
 

rs=20 

Kt=5nM 

 D-4 𝑑[𝐼𝐿 − 17]𝑗

𝑑𝑡
= 𝑟𝑠[𝑇ℎ17]𝑗 

rs=100 

 D-5 𝑑[𝐼𝐿6]𝑗

𝑑𝑡
= 𝑟𝑠[𝑚𝑎𝑐𝑟𝑜𝑝ℎ𝑎𝑔𝑒]𝑗 

rs=400 

 D-6 𝑑[𝑇𝑁𝐹]𝑗

𝑑𝑡
= 𝑟𝑠[𝑚𝑎𝑐𝑟𝑜𝑝ℎ𝑎𝑔𝑒]𝑗 

rs=10 

 D-7 𝑑[𝐶𝐶𝐿20]𝑗

𝑑𝑡
= 𝑟𝑠[𝑚𝑎𝑐𝑟𝑜𝑝ℎ𝑎𝑔𝑒]𝑗 

rs=20 

cell movement E-1 𝑑[𝑇ℎ17]𝑗

𝑑𝑡
= (𝑟𝑚[𝑇ℎ17]𝑏)

[𝐶𝐶𝐿20]𝑗

𝐾𝑚 + [𝐶𝐶𝐿20]𝑗
 

rm=0.00012 

Km=10nM 

 E-2 𝑑[𝑚𝑎𝑐𝑟𝑜𝑝ℎ𝑎𝑔𝑒]𝑗

𝑑𝑡
= (𝑟𝑚[𝑚𝑎𝑐𝑟𝑜𝑝ℎ𝑎𝑔𝑒]𝑏)

[𝐶𝐶𝐿2]𝑗

𝐾𝑚 + [𝐶𝐶𝐿2]𝑗
 

rm=0.00012 

Km=10nM 



proliferation F-1 𝑑[𝑠𝑦𝑛𝑜𝑣𝑖𝑎𝑙]𝑗

𝑑𝑡
= (𝑟𝑙[𝑠𝑦𝑛𝑜𝑣𝑖𝑎𝑙]𝑗)(𝑟

+ (1 − 𝑟)
[𝑒𝑝𝑖𝑟𝑒𝑔𝑢𝑙𝑖𝑛]𝑗

𝐾𝑚1 + [𝑒𝑝𝑖𝑟𝑒𝑔𝑢𝑙𝑖𝑛]𝑗
)

[𝑁𝐹𝑘𝐵𝑃 − 𝑆𝑇𝐴𝑇3𝑃 − 𝑆𝑇𝐴𝑇3𝑃]𝑛

𝐾𝑚2 + [𝑁𝐹𝑘𝐵𝑃 − 𝑆𝑇𝐴𝑇3𝑃 − 𝑆𝑇𝐴𝑇3𝑃]𝑛
 

rl=0.0002 

Km1=1nM 

r=0.6 

Km2=5nM 

cell death G-1 𝑑[𝑠𝑦𝑛𝑜𝑣𝑖𝑎𝑙]𝑗

𝑑𝑡
= (−𝑟𝑒[𝑠𝑦𝑛𝑜𝑣𝑖𝑎𝑙]𝑗)(𝑟 + (1 − 𝑟)

[𝑠𝑦𝑛𝑜𝑣𝑖𝑎𝑙]𝑗

𝐾𝑚 + [𝑠𝑦𝑛𝑜𝑣𝑖𝑎𝑙]𝑗
) 

re=0.0006 

Km=20fM 

r=0.07 

 G-2 𝑑[𝑇ℎ17]𝑗

𝑑𝑡
= (−𝑟𝑒[𝑇ℎ17]𝑗) (𝑟 + (1 − 𝑟)

[𝑇ℎ17]𝑗

𝐾𝑚 + [𝑇ℎ17]𝑗
) 

re=0.0004 

Km=20fM 

r=0.1 

 G-3 𝑑[𝑚𝑎𝑐𝑟𝑜𝑝ℎ𝑎𝑔𝑒]𝑗

𝑑𝑡
= (−𝑟𝑒[𝑚𝑎𝑐𝑟𝑜𝑝ℎ𝑎𝑔𝑒]𝑗) (𝑟 + (1 − 𝑟)

[𝑚𝑎𝑐𝑟𝑜𝑝ℎ𝑎𝑔𝑒]𝑗

𝐾𝑚 + [𝑚𝑎𝑐𝑟𝑜𝑝ℎ𝑎𝑔𝑒]𝑗
) 

re=0.0002 

Km=20fM 

r=0.1 

degradation H-1 𝑑[𝐼𝑘𝐵𝑎𝑃]𝑐

𝑑𝑡
= −𝑟𝑒[𝐼𝑘𝐵𝑎𝑃]𝑐 

re=0.005 

 H-2 𝑑[𝐼𝐾𝐾𝑃]𝑐

𝑑𝑡
= −𝑟𝑒[𝐼𝐾𝐾𝑃]𝑐 

re=0.005 

 H-3 𝑑[𝐼𝐿 − 17]𝑗

𝑑𝑡
= −𝑟𝑒[𝐼𝐿 − 17]𝑗 

re=0.00002 

 H-4 𝑑[𝑇𝑁𝐹]𝑗

𝑑𝑡
= −𝑟𝑒[𝑇𝑁𝐹]𝑗 

re=0.0005 

 H-5 𝑑[𝐼𝐿6]𝑗

𝑑𝑡
= −𝑟𝑒[𝐼𝐿6]𝑗 

re=0.00004 



 H-6 𝑑[𝑒𝑝𝑖𝑟𝑒𝑔𝑢𝑙𝑖𝑛]𝑗

𝑑𝑡
= −𝑟𝑒[𝑒𝑝𝑖𝑟𝑒𝑔𝑢𝑙𝑖𝑛]𝑗 

re=0.0005 

 H-7 𝑑[𝑚𝑅𝑁𝐴𝐼𝐿6]𝑐

𝑑𝑡
= −𝑟𝑒[𝑚𝑅𝑁𝐴𝐼𝐿6]𝑐 

re=0.001 

 H-8 𝑑[𝑚𝑅𝑁𝐴𝐼𝐿6𝑅]𝑐

𝑑𝑡
= −𝑟𝑒[𝑚𝑅𝑁𝐴𝐼𝐿6𝑅]𝑐 

re=0.0005 

 H-9 𝑑[𝐼𝐿6𝑅]𝑖

𝑑𝑡
= −𝑟𝑒[𝐼𝐿6𝑅]𝑖 

re=0.00005 

 H-10 𝑑[𝑆𝑂𝐶𝑆]𝑐

𝑑𝑡
= −𝑟𝑒[𝑆𝑂𝐶𝑆]𝑐 

re=0.0005 

 H-11 𝑑[𝐶𝐶𝐿2]𝑗

𝑑𝑡
= −𝑟𝑒[𝐶𝐶𝐿2]𝑗 

re=0.0002 

 H-12 𝑑[𝐶𝐶𝐿20]𝑗

𝑑𝑡
= −𝑟𝑒[𝐶𝐶𝐿20]𝑗 

re=0.0005 

Initial 

concentration 

 [synovial]j 1.204x106 

cells/ml  = 

2 fM 

  [Th17]b  1.204x106 

cells/ml  = 

2 fM 

  [macrophage]b 1.204x106 

cells/ml  = 

2 fM 



  [NFkB]c  0.2 nM 

  [IkBa]c 100 nM 

  [NFkB-IkBa]c 200 nM 

  [IL6]j 1 pM 

  [IL6R]c 4 nM 

  [JAK]c 8 nM 

  [STAT3]c 800 nM 

  [SHP]c 100 nM 

  [PPX]c 50 nM 

  [PPN]n 60 nM 

  [CCL20]j 2 nM 

  [CCL2]j  0.5 nM 

The [x]b, [x]j, [x]c, [x]n , [x]e, and [x]i indicate the concentration of factor x in blood, joint, cytoplasm of synovial cells, nucleus of synovial cell, 

ER of synovial cells, and internalized receptors, respectively. 

kf, Km, k1, k-1, Kd, rp, rd, rm, Kt, rs, ri, rl, and re denote the rate constant for production, the dissociation constant for cytokine, the rate constnt for 

binding, the rate constant for dissociation, the dissociation constant, the rate constant for phosphorylation, the rate constant for 

dephosphorylation, the rate constant for movement, the dissociation constant for transcription, the rate constant for synthesis, the rate constant 

for internalization, the rate constant for proliferation, and the rate constant for degradation, respectively. 

In F759 cells, reaction “B-24” is excluded. 

In this system, the base time unit is minute. 

The initial concentrations of all other factors are 0. 
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