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Abstract 25 

Background: The skin barrier acts as the first line of defense against constant exposure to 26 

biological, microbial, physical and chemical environmental stressors. Dynamic interplay between 27 

defects in the skin barrier, dysfunctional immune responses, and environmental stressors are 28 

major factors in the development of atopic dermatitis (AD). A systems-biology modeling 29 

approach can yield significant insights into these complex and dynamic processes through 30 

integration of prior biological data. 31 

 32 

Objective: To develop a multi-scale mathematical model of AD pathogenesis that describes the 33 

dynamic interplay between the skin barrier, environmental stress and immune dysregulation, and 34 

use it to achieve a coherent mechanistic understanding of onset, progression and prevention of 35 

AD.  36 

 37 

Methods: We mathematically investigated synergistic effects of known genetic and 38 

environmental risk factors on the dynamic onset and progression of the AD phenotype, from a 39 

mostly asymptomatic mild phenotype to a severe treatment-resistant form.  40 

 41 

Results: Our model analysis identified a “double switch”, with two concatenated bistable 42 

switches, as a key network motif that dictates AD pathogenesis: The first switch is responsible 43 

for the reversible onset of inflammation; The second switch is triggered by long-lasting or 44 

frequent activation of the first switch, causing the irreversible onset of systemic Th2 sensitization 45 

and worsening of AD symptoms.  46 

 47 
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Conclusions: Our mathematical analysis of the bistable switch predicts that genetic risk factors 48 

lower the threshold of environmental stressors to trigger systemic Th2 sensitization. This analysis 49 

predicts and explains four common clinical AD phenotypes from a mild and reversible phenotype 50 

through to severe and recalcitrant disease and provides a mechanistic explanation for clinically-51 

demonstrated preventive effects of emollient treatments against development of AD. 52 

 53 

Key messages 54 

- Mathematical modeling integrating known pathogenic mechanisms discloses that a “double 55 

switch” motif provides a coherent explanation of the dynamic onset, progression and 56 

prevention of atopic dermatitis.  57 

- This mathematical model provides a framework to investigate new and better treatments for 58 

atopic dermatitis. 59 

 60 

Capsule summary  61 

Mathematical models that integrate biological data can help explain complex pathogenic 62 

processes in AD, offering a coherent explanation of mechanisms behind four common AD 63 

phenotypes and the dynamic onset, progression, and prevention of AD.  64 

 65 

Key words  66 

Atopic dermatitis, mathematical models, double switch, disease progression, disease phenotypes, 67 

preventive treatment 68 

 69 

 70 
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Introduction  71 

Atopic dermatitis (AD) is a common chronic skin disease, characterized by persistent skin 72 

inflammation and a defective skin barrier prone to infections 1. While AD affects up to 25% of 73 

children worldwide 2 with a continuous increase in the number of patients and treatment costs 3, 74 

clear guidance and consensus for effective treatment strategies for prevention, and induction of 75 

remission, are yet to be fully established 4. The scientific basis for recent clinical 76 

recommendations of "proactive therapy" is largely based on clinical trial data with limited 77 

duration and scope 5, and waits to be further strengthened by a better understanding of the 78 

pathogenic mechanisms of AD. A system-level understanding of AD pathogenesis, however, may 79 

lie beyond the ethical and practical reach permitted by clinical and experimental studies, and 80 

could be supported by a systematic, extensive investigation of the disease dynamics using 81 

mathematical models 6,7.  82 

Previous studies have identified genetic and environmental risk factors for AD onset including 83 

(1) skin barrier function (the FLG gene encoding profilaggrin 8–11 and 30 other putative loci for 84 

skin barrier function and the (2) immune system including innate and adaptive immunity 12,13,14. 85 

In addition, (3) microbiome composition has been shown to play a critical role 15,16. Each of these 86 

risk factors perturbs the system of strongly intertwined regulatory interactions between the 87 

keratinocytes (which along with the extracellular lipids provide the barrier function and also 88 

initiate many innate immune responses in the epidermis) and mediators of the adaptive immunity 89 

such as dendritic cells (DCs) and T cells. Perturbations triggered at one part of the system can 90 

propagate to another part through interactions, causing synergistic effects of risk factors and a 91 

gradual aggravation of the AD phenotype from a mostly asymptomatic mild phenotype at its 92 

early stage 17 to a severe treatment-resistant form 18. Understanding of this dynamic pathogenesis 93 

thus requires elucidation of the synergistic effects of multiple risk factors on AD pathogenesis 94 
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(e.g. mutations in skin barrier components accompanied by environmental insults) and the 95 

dynamic interplay between the skin barrier, immunity and environment, as suggested by several 96 

clinical 14,19 and animal or in vitro experimental studies 20–23.  97 

In this study, we develop a mathematical in silico model of AD pathogenesis that describes the 98 

complex and dynamic interplay between skin barrier function, immune responses, and 99 

environmental stressors, based on clinical and experimental data and our previous model of the 100 

early stage of AD 24. Through systematic, mathematical investigation of the synergistic effects of 101 

the risk factors on dynamic progression of AD pathogenesis, we tested the hypothesis that genetic 102 

risk factors predispose patients to AD progression and lower the threshold for environmental 103 

stressors to drive clinically severe AD 25. We uncover mechanisms underlying AD onset and 104 

progression, explore effective treatment strategies to prevent progression of AD, and answer 105 

three basic questions about onset, progression and prevention of AD: Why do some patients with 106 

genetic AD risk factors appear initially asymptomatic but then easily develop clinically severe 107 

AD? Why do some patients progress to severe AD, while the others stay with mild AD? What are 108 

the underlying mechanisms behind effective prevention of AD development by emollients in 109 

neonates, as demonstrated in recent clinical trials 26,27? 110 

 111 

Results 112 

Model overview 113 

Our proposed mathematical model of AD pathogenesis (Fig. 1(A, B)) is a system-level 114 

representation of the prominent interactions between environmental stressors, skin barrier 115 

integrity and immune responses, that were identified based on the empirical evidence from 116 

numerous clinical 11,20,28–30 and experimental in vivo 22,31–35 or in vitro 36–38 studies. The model is 117 

described by a hybrid system of three ordinary differential equations (ODEs) and includes a 118 
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double switch motif with two concatenated bistable switches as detailed below. The first switch is 119 

responsible for onset of AD flares and the second switch for progression to severe AD. The 120 

nominal values of the 21 model parameters were identified from the literature (Table I). This 121 

mathematical model includes only the major cellular and biochemical regulators required to 122 

describe a global regulatory structure and mechanisms underlying onset, progression and 123 

prevention of AD, rather than explicitly incorporating the fine details of the complex molecular 124 

and cellular processes that control epidermal function. 125 

Our model results are validated by clinical data and experimental data derived from mouse 126 

models with perturbations in either skin barrier function, immune responses or environmental 127 

stressors, the interplay of which is investigated in our model: mouse models with barrier 128 

deficiency (flaky tail (ft) mice 21,22 with the double mutation involving filaggrin gene (flg) and 129 

Tmem79 which encodes lamelar granules 39, filaggrin null (flg-/-) mice 23, and Tmem79-deficient 130 

mice 40,41), keratinocyte-specific Stat3-ko mice with dysregulated immune responses 42–44, and 131 

mouse models in which AD symptoms are induced solely by environmental stressors 45,46. 132 

 133 

A first switch for onset of AD flares 134 

The first part of the model (processes a-e in Fig. 1(A, B) described below) elucidates the 135 

mechanisms of how the activity of the first switch (switch-like activation of innate immune 136 

receptors) is regulated and leads to AD flares.  137 

Healthy barrier integrity is maintained by a combination of regulated processing of filaggrin 22 138 

and lipid contents that constitute lipid envelopes of corneocytes, and protects the body from 139 

environmental stressors (process a). When the barrier integrity is compromised by, for example, 140 

excessive skin desquamation via active kallikreins 31, environmental stressors including 141 

pathogens such as S. aureus 28 infiltrate the barrier and stress the viable epidermis. They are 142 
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recognized by innate immune receptors, such as danger-associated molecular pattern (DAMP)-143 

and pathogen-associated molecular pattern (PAMP)-recognizing toll-like receptors (TLRs) and 144 

protease-activated receptors (PAR2s) 36,47 (process b). Activation of the innate immune receptors 145 

triggers innate immune responses to eradicate the infiltrated pathogens, for example via release of 146 

antimicrobial peptides (AMPs) 47 (process c), further activates kallikreins 37 (process d), 147 

interferes with the de novo production of skin barrier lipids 32 (process e), and triggers 148 

inflammation 33, resulting in AD flares with increased levels of IL-33 48, TSLP 34 and other 149 

alarmin cytokines 49.  150 

Activation of the innate immune receptors is modelled by a reversible bistable switch 50 between 151 

the off-and on-states (R = Roff and Ron) with the activation (P+) and inactivation (P-) thresholds 152 

for the amount of environmental stressors, such as pathogen load, that are recognized by the 153 

innate immune receptors (Fig. 1 (C), R-switch). When the R-switch is on, clinical symptoms of 154 

AD flares appear as increased inflammation accompanied by decreased barrier integrity. Our 155 

model demonstrates that activation of the innate immune receptors and the subsequent onset, and 156 

resolution, of the AD flares is mainly regulated by a combination of negative and positive 157 

feedbacks via innate immune responses and barrier integrity (Fig. 1(B)). The relative strengths of 158 

the feedbacks can be inferred from the two most prominent genetic risk factors of AD: mutations 159 

in the FLG gene 8,9 resulting in a higher skin barrier permeability 23, and a dysregulated 160 

expression of innate immune system components 12, including the regulators of AMP expression 161 

(such as TLRs 51, nucleotide-binding oligomerization domain (NODs) 13, and NF-κB 52) leading 162 

to dysfunctional immune responses and a diminished capacity in eradicating the infiltrated 163 

pathogens.  164 

 165 
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Synergetic effects of genetic risk factors and environmental triggers on dynamic phenotypes 166 

for AD flares 167 

We investigated the effects of these two genetic risk factors in our model by titrating the model 168 

parameters that quantify skin barrier permeability (κP) and the capacity to eradicate infiltrated 169 

pathogens (αI) in Eq. (1). These analyses correspond to examining carriers of different variations 170 

of the genetic risk factors and observing how AD can be developed and proceeded in each cohort 171 

as a result of the synergistic effects of the environmental stressors and the two genetic risk 172 

factors. Our model analysis revealed the following four qualitatively different dynamic 173 

phenotypes (Fig. 2(A, B)) in response to environmental stressors (e.g. pathogenic challenges).  174 

When these intrinsic genetic defects do not exist, a quick recovery of the system to the healthy 175 

steady state, with homeostatic barrier integrity and no AD flares (R = Roff), is achieved after a 176 

transient decrease in the barrier integrity and transient AD flares (recovery dynamic phenotype); 177 

simultaneous existence of these two genetic risk factors results in convergence of the system to 178 

the unhealthy steady state, corresponding to a chronically decreased barrier integrity and 179 

persistent AD flares (R = Ron) that potentially leads to chronic tissue damages (chronic damage 180 

dynamic phenotype); genetic defects leading to dysregulated immune responses result in 181 

bistability, where  either the healthy or unhealthy steady state is achieved (bistability dynamic 182 

phenotype); genetic defects leading to high skin barrier permeability results in persistent 183 

oscillatory dynamics due to the switching of R between Ron and Roff (oscillation dynamic 184 

phenotype). 185 

The steady state barrier integrity for the oscillation dynamic phenotype is computationally 186 

predicted to be indistinguishable to that of the healthy steady state (Fig. 2(C)), with a slightly 187 

lower mean but with an increased variability. These long-term dynamic behaviours are 188 

concordant with a slightly lower but more variable skin barrier integrity observed in flg-/- 23 and ft 189 
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mice 21,22, compared to wild type (wt). Our model analysis further predicts gradual decrease of the 190 

steady state barrier integrity for increased barrier permeability (κP), corresponding to the dose-191 

dependent effects of filaggrin deficiency on the severity of AD symptoms 9 (Fig. 2 (D)). 192 

The bistability dynamic phenotype may also be asymptomatic (or subclinical) if it converges to 193 

the healthy steady state. Our model analysis, however, demonstrates that the healthy steady state 194 

of the bistability dynamic phenotype is distinguishable from that of the recovery dynamic 195 

phenotype, by the much longer time for recovery to regain the same healthy steady state from 196 

transient barrier damage (Fig. 2(E)), due to the existence of the second stable (unhealthy) steady 197 

state. This model prediction is consistent with slower skin barrier recovery following tape 198 

stripping observed in non-lesional skin of AD patients compared with healthy individuals 53,  and 199 

in inflamed compared with non-inflamed human skin 54. 200 

The boundaries of the basins of attraction for the bistability dynamic phenotype are 201 

computationally obtained by finding the points of tangency between the switching thresholds for 202 

the reversible R-switch, P+ and P- and the (P(t), B(t))-trajectories on the phase plane (Fig. 2 (F)). 203 

The system moves from the healthy to the unhealthy steady state if external inputs (e.g. 204 

environmental aggressors) push the system into the unhealthy basin of attraction. This worsening 205 

of the state was observed in ft mice 21–23, as well as in Stat3-ko mice, which demonstrated AD 206 

symptoms only after challenged by haptens or lipopolysaccharides (LPS), an activating ligand of 207 

the innate immune receptor TLR4 55 (see Fig. E1 in the Online Repository). Likewise, the system 208 

can move back to the healthy from the unhealthy steady state if external inputs (e.g. treatments) 209 

bring the system back to the healthy basin of attraction, achieving remission. Once the remission 210 

is induced, maintenance therapy to keep the system in the healthy basin of attraction may achieve 211 

control of AD symptoms 56. This potential switching between the healthy and unhealthy steady 212 

states, by environmental aggressors or treatments, is a distinguished feature of the bistability 213 
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dynamic phenotype, and is not observable in the recovery and chronic damage dynamic 214 

phenotypes.  215 

 216 

A second switch for progression of AD 217 

The second part of the model (processes f-h in Fig. 1 (A, B) described below) includes the main 218 

biochemical and cellular players for the allergy-mediating (Th2) adaptive immune responses 219 

triggered by AD flares, and is a system-level synthesis of several lines of empirical evidences 220 

from clinical and experimental studies. Using this model, we elucidate mechanisms behind 221 

progression of AD to establish systemic Th2 sensitization (including elevated IgE, a marker of a 222 

Th2 skewed AD phenotype), and systematically investigate how the duration and frequency of 223 

AD flares affect the onset of systemic inflammation, including allergic inflammation.  224 

Activation of the innate immune receptors cause AD flares with increased levels of cytokines 225 

including TSLP 34, alarmins such as IL-33 48 and others 49, which together contribute to activation 226 

of dendritic cells (DCs) in the epidermis 34. These activated DCs migrate to lymph nodes (process 227 

f), where they increase the levels of IL-4 35 and induce expression of Gata3 30 (process g), the 228 

master transcriptional regulator that controls the irreversible differentiation of naïve T cells into 229 

Th2 cells 35,38. Differentiated Th2 cells then migrate back to the epidermis, where they contribute 230 

to establish an allergic and pro-inflammatory micro-environment 29 and release cytokines that 231 

down-regulate the expression of several epidermal terminal differentiation markers, including 232 

filaggrin 20 (process h), thereby further compromising the barrier integrity 11. Compromised 233 

barrier integrity results in persistent inflammation even in the absence of the additional 234 

environmental stressors.  235 

Transcription level of Gata3 is modelled by an irreversible switch 57 (Fig. 1 (C), G-switch): The 236 

transcription remains off (G = Goff) until sufficient numbers of DCs accumulate in the lymph 237 
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nodes to reach the activation threshold (D+), with which the transcription initiates (G = Gon) and 238 

persists even if the DCs disappear (D = 0). We assume that Gata3-mediated polarization of T 239 

cells to Th2 cells is a hallmark of systemic Th2 sensitization and that the progression of AD from 240 

a mild to more severe phenotype is mediated by this irreversible G-switch.  241 

Accordingly, our model of AD pathogenesis suggests that systemic Th2 sensitization is 242 

established if AD flares persist long enough so that D(t) accumulates during the AD flares (R = 243 

Ron) and reaches D+ to turn on the G-switch (Fig. 3 (A), right). AD flares that do not persist long 244 

enough do not turn on the G-switch, as D(t) stays lower than D+ (Fig. 3 (A), center). Our model 245 

analysis predicts that the flare time (ton) longer than 2.02 days turns on the G-switch (Fig. 3(B), 246 

Eq. (E5) in the Online Repository), which is consistent with the experimental observations that 247 

the peak of Gata3 expression is reached in approximately 2 days after in vitro stimulation of Th2 248 

cell differentiation, inducing a stable Gata3-mediated T cell differentiation 38. Systemic Th2 249 

sensitization is spontaneously established in the chronic damage dynamic phenotype due to 250 

persistent AD flares and subsequent continuous accumulation of DCs to surpass D+, turning on 251 

the G-switch. 252 

Periodic AD flares, as in the oscillation dynamic phenotype, are also predicted to turn on the G-253 

switch, if the relaxation time (toff) between AD flares (when R = Roff) is too short to prevent a 254 

gradual accumulation of DCs that eventually surpass the threshold D+ (Fig. 3(C), right). The 255 

minimum relaxation time, above which the G-switch stays off, is analytically obtained as a 256 

function of the flare time (ton) (white line in Fig. 3(D) obtained by Eq. (E6) in the Online 257 

Repository). For example, the R-spikes with ton = 1 day turns on the G-switch if toff is shorter than 258 

0.93 days (red circle in Fig. 3(D)). Our model simulation for R-spikes with ton =1 day and toff =0.9 259 

days predicts turning on of the G-switch within 10 days, in consistent with several features of AD 260 

skin, including Th2 cell infiltration, observed in mice after repeated application of oxazolone, 261 

once every other day over 10 days 46. 262 

 263 
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Four AD phenotypes classified by a double switch 264 

Taken together, our model of AD pathogenesis is characterized by a double switch with two 265 

concatenated bistable switches (R- and G-switches), the status of which represents four AD 266 

phenotypes of different severity (Fig. 4(A)). The state of the R-switch determines whether the 267 

phenotype is asymptomatic (R = Roff) or symptomatic (AD flare, R = Ron), and the state of the G-268 

switch determines whether it is systemic (G = Gon) or non-systemic (G = Goff).  269 

For the symptomatic case, where the R-switch is constantly on and AD flares persist as in the 270 

chronic damage or bistability (unhealthy) dynamic phenotype, the non-systemic symptomatic 271 

(Ron, Goff)-state appears only transiently, as it inevitably progresses, after a flare time of ton=2.02 272 

days (Fig. 3(B)), to the (Ron, Gon)-state corresponding to the systemic symptomatic phenotype, the 273 

most severe AD phenotype with an impaired barrier integrity, systemic inflammation and 274 

infection. 275 

The asymptomatic case, where the R-switch turns off after transient AD flare as in the recovery 276 

or bistability (healthy) dynamic phenotype, corresponds to either non-systemic asymptomatic 277 

(healthy) phenotype in the (Roff, Goff)-state or systemic asymptomatic phenotype in the (Roff, Gon)-278 

state with subclinical inflammation caused by Th2-related cytokines. The systemic phenotype 279 

demonstrates more severe AD symptoms compared to its non-systemic counterpart, that are 280 

computationally characterized by a longer 95% recovery-time (Fig. 4 (B)), as suggested by 281 

experiments in both wt and flg-/- mice which recovered from hapten challenge if unsensitized 282 

(non-systemic) but did not recover within two days if sensitized (systemic). The more severe 283 

symptoms are also computationally predicted by a longer treatment time required for remission 284 

(Figs. 4 (C) and 2(F)) to drive the system from the unhealthy steady state to the healthy basin of 285 

attraction for systemic than for non-systemic phenotype, due to the enlargement of the unhealthy 286 

basin of attraction. This prediction is in agreement with the clinical observation that a much 287 
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higher treatment effort is required to relieve AD symptoms during the chronic phase of AD, 288 

which is characterized by high IgE levels (systemic) 17. 289 

The more severe symptoms for the systemic, compared to the non-systemic, phenotype are also 290 

computationally predicted for the case where the R is switching between Roff and Ron as in the 291 

oscillation dynamic phenotype, by a decrease in the mean and an increase in the variance of the 292 

steady state of the barrier integrity (Fig. 4 (D)). This prediction is consistent with the increase in 293 

the mean and variance of the transepidermal water loss (an indicator of the barrier defect) 294 

measured in ft mice after the induction of systemic Th2 sensitization 21. 295 

 296 

Genetic risk factors predispose to systemic Th2 sensitization 297 

Here we use our mathematical model of AD pathogenesis to investigate the synergistic effects of 298 

environmental and genetic risk factors on AD progression. Specifically, we calculate the 299 

minimum stress load (the strength of the environmental stressors, Penv) that can turn on the G-300 

switch by its continuous challenge, via an AD flare of a single-pulse (Fig. 5 (A) left) or of 301 

transient oscillation (Fig. 5 (A) right), for different dynamic phenotypes caused by synergetic 302 

effects of the genetic risk factors (Fig. 2(A, B)). Turning on of the G-switch (systemic Th2 303 

sensitization) may appear as a dramatic increase in the severity of AD symptoms as observed in ft 304 

and flg-/- mice upon OVA challenges 21,23. The minimum stress load was experimentally 305 

evaluated in the dose-response in wt mice, where a systemic AD phenotype was developed by 306 

challenges with high (10%) but not lower (≤2%) concentrations of S. aureus in culture 307 

supernatant 45, and by 10 repeated, but not single, oxazolone challenges 46. 308 

Our model simulations predict that the minimum stress load is significantly lower for the 309 

bistability or oscillation dynamic phenotypes that arise in the context of genetic risk factors, 310 

compared to the recovery dynamic phenotype which is mainly observed when the intrinsic 311 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

14 
 

genetic defects do not exist (Fig. 5 (B)). This model prediction suggests that the genetic risk 312 

factors make the patients susceptible to smaller environmental stressors in developing systemic 313 

Th2 sensitization, and is concordant with the experimental observation 22 that a low concentration 314 

(0.02%) of Ox induced allergic contact dermatitis in ft mice, but not in wt mice, while higher 315 

concentration (0.5%) of Ox induced allergic contact dermatitis also in wt mice. 316 

Our predicted increase in the susceptibility to environmental stressors may explain the 317 

spontaneous appearance of AD symptoms in some, but not all, carriers of genetic risk factors for 318 

AD, as demonstrated in FLG-/- patient cohorts 8. The carriers of the genetic risk factors who 319 

initially appear asymptomatic (as in the bistability or oscillation dynamic phenotypes, Fig. 2(C)) 320 

can demonstrate a sudden and sharp worsening of the AD symptoms when they develop systemic 321 

Th2 sensitization even with naturally occurring (small) fluctuations in the environment (Fig. 5 322 

(B)). This observation also implies a possible mechanism behind the dose-dependent effects of 323 

filaggrin deficiency on AD symptoms 9, as the G-switch is turned on by a smaller environmental 324 

load for stronger filaggrin deficiency (Fig. 5(C)). 325 

 326 

To test the model-predicted outcome that small, naturally occurring environmental fluctuations 327 

can trigger a sudden and sharp worsening of the AD symptoms via systemic Th2 sensitization in 328 

carriers of the genetic risk factors, we evaluated the temporal changes of AD symptoms for Stat3-329 

ko mice in the natural environment with small environmental stressors. Half of the mice 330 

developed an AD phenotype after 30 weeks, while the others remained asymptomatic. Mice that 331 

demonstrated an AD phenotype exhibited a much higher expression of the NF-κB-target genes (a 332 

marker of ubiquitous environmental triggers 55) (Fig. 5 (D)), suggesting that naturally occurring 333 

environmental triggers contributed to the observed development of the AD phenotype. Together 334 

with the observations in Stat-3 ko mice that a long lasting exposure to OVA (environmental 335 

stressor) triggered a sharp increase in the levels of IgE (see Fig. E2 in the Online Repository) and 336 

that AD symptoms sharply increased after allergic systemic Th2 sensitization (increase of IgE) 337 
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(Fig. 5 (E)), these experimental results suggest that naturally occurring fluctuations in the 338 

environmental stressors can trigger systemic Th2 sensitization in mice with a genetically 339 

defective background, and worsen their AD symptoms, consistent with the model predicted 340 

outcome. 341 

 342 

Prevention of AD symptoms by emollient treatments 343 

We further derived the minimum stress load that can turn on the G-switch in the presence of 344 

continuous application of emollients computationally. The model predictions confirm that 345 

emollient treatments, which strengthen barrier integrity and resistance 58, reduce the susceptibility 346 

to environmental stressors in developing systemic Th2 sensitization in all asymptomatic patient 347 

cohorts considered, as demonstrated by a more than two-fold increase in the minimum stress load 348 

required to turn on the G-switch (Fig. 6). These computational results suggest that topical 349 

applications of emollients can counteract the effects of the two genetic risk factors investigated in 350 

this paper (weak barrier integrity and dysregulated immune responses) that asymptomatically 351 

increase the susceptibility to environmental stressors, and effectively decrease the propensity to 352 

develop systemic Th2 sensitization in response to naturally occurring fluctuations in 353 

environment. 354 

Importantly, our model analysis suggests preventive effects of emollients against the progression 355 

of AD, via a dynamic interplay between barrier integrity and immune reactions, for diverse 356 

patient cohorts with different genetic risk factors, not only for those with weak barrier integrity. 357 

This prediction is concordant with the results of clinical trials that demonstrated the effective 358 

prevention of the development of AD in newborns, both with and without filaggrin mutations 359 

26,27, and recently observed preventive effects of emollients in AD mouse models with weak 360 
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immune responses caused by Jak-1 hyper-activation, where the incidence of AD symptoms was 361 

dramatically reduced by regular application of petrolatum on their skin 59. 362 

 363 

Discussion 364 

This paper proposes the first mathematical model of AD pathogenesis that reproduces gradual 365 

progression from a mostly asymptomatic mild phenotype at its early stage to a severe treatment-366 

resistant form. Our model is a mechanistic representation of the main feedback control structure 367 

that regulates the dynamics of AD flare via a relative strength of barrier function and immune 368 

responses, corresponding to positive and negative regulation (Fig. 1). 369 

We computationally demonstrated that the strengths of the two well-known risk factors, 370 

dysregulated immune responses and high skin barrier permeability, determine the dynamic 371 

phenotypes of AD flare by the R-switch, and that patients with either of the genetic risk factors 372 

may appear asymptomatic initially (Fig. 2). Long-lasting or frequent AD flares trigger the 373 

activation of the G-switch, which underlies the onset of systemic Th2 sensitization (Fig. 3), a 374 

hallmark event for the progression from mild to clinically severe AD (Fig. 4). Our model 375 

simulations suggested that the genetic risk factors predispose the carriers to develop a severe AD 376 

phenotype even in response to naturally occurring fluctuations in environmental stressors (Fig. 377 

5). These susceptible patient cohorts could benefit from preventive emollient treatments, which 378 

increase the threshold stress load that drives systemic Th2 sensitization (Fig. 6). 379 

Our model analysis identified a double switch as a key regulatory motif that determines AD 380 

phenotypes of different severity (Fig. 4). The first switch (R-switch) is responsible for the onset 381 

of reversible AD flare, and frequent or long-lasting AD flares can trigger the second switch (G-382 

switch) leading to the irreversible progression to severe AD via systemic Th2 sensitization (Fig. 383 

7). Description of the AD phenotypes by the status of the R-and G-switches in our model allows 384 
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us to uncover and quantitatively investigate the dynamic mechanisms behind worsening or 385 

improvement of AD symptoms, that are often evaluated clinically by an AD score (SCORAD) 386 

associated with an increased IgE and pro-inflammatory cytokines 60. The synergetic effects of 387 

environmental and genetic risk factors of AD progression determine the dynamics of the R- and 388 

G-switches that govern a dramatic worsening of AD symptoms via the onset of systemic Th2 389 

sensitization (G-switch on), and could be a target for effective treatment to prevent the 390 

progression to a severe form of AD. 391 

Our model simulations reproduced several sets of experimental and clinical results, providing 392 

plausible mechanistic, quantitative and coherent explanations for dynamic mechanisms behind 393 

onset, progression and prevention of AD. This experimentally-validated, quantitative, systems-394 

level mathematical framework can be used to uncover possible early biomarkers and to 395 

investigate new and better treatment options to reverse and control AD symptoms and prevent 396 

progression from mild to clinically severe forms of AD. For example, application of model 397 

predictive control 61 to our model will allow us to computationally design optimal treatment 398 

regimens, with minimal treatment times and strengths for effective proactive treatment 5,56, while 399 

reducing the risk of the side effects such as skin atrophy and barrier damage 62,63. Our model 400 

could also be used to investigate early warning signals 64 to identify asymptomatic but high-risk 401 

patient cohorts by their characteristic dynamics in the barrier integrity, such as higher variability 402 

(Fig. 2 (C)) or a slower recovery (Fig. 2 (E)), as they may benefit from early treatments that 403 

prevent an incipient disease development. Another promising future research includes application 404 

of machine learning methods 65 to a large set of clinical data with multiple variables to predict the 405 

likelihood of onset, progression and prevention of AD. It would be also worth evaluating the 406 

stochastic effects of the genetic variants when such data becomes available.  407 
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Consolidating effective treatment strategies for AD will potentially reduce the social and 408 

economic burden of this disease, by decreasing clinical symptoms and undesired side effects of 409 

the treatments that are associated with the advanced stage of AD. The proposed “double switch” 410 

motif provided a coherent explanation of underlying mechanisms behind dynamic onset, 411 

progression and prevention of AD. The same motif may be found and reveal similar mechanisms 412 

underlying the onset, progression and prevention of other multi-stage and multi-factorial diseases, 413 

such as cancers, diabetes, and cardiovascular disease that are caused by a complex interplay 414 

between genetic and environmental factors. 415 

 416 

Methods 417 

Model description 418 

The proposed model of AD pathogenesis (Fig. 1) is described by a hybrid system, 419 

 420 

�����
�� 		= 	�	
� κ�

1 +  γ�����
−	��	�������� − ������, (1a) 

�����
�� 		= 	κ�

1
1 +  γ�����

1
1 +  γ�����

�1 − ����� − δ� 	��������, (1b) 

�����
�� 		= 	κ�	���� − ������, (1c) 

				 

for the dynamics of the three variables, P(t), B(t) and D(t), denoting the infiltrated pathogen load 421 

(mg/ml), the strength of barrier integrity (relative to the maximum strength), and the 422 

concentration of DCs in the lymph node (cells/ml), respectively. The dynamics of P(t), B(t) and 423 

D(t) depend on the dynamics of the three additional variables, R(t), G(t) and K(t), denoting the 424 

levels of activated immune receptors, Gata3 transcription (relative to the maximum transcription 425 

level), and active kallikreins, respectively. 426 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

19 
 

The infiltrated pathogen load, P, increases by the penetration of environmental stress load, Penv, 427 

through the barrier, B. P is eradicated by innate immune responses triggered by inflammation (R) 428 

and is also naturally degraded. The barrier function, B, is determined by the balance between its 429 

production and degradation. The barrier production is described by a phenomenological 430 

representation of its capacity to self-restore the nominal barrier function following its disruption, 431 

and is compromised by innate immune responses triggered by inflammation (R) and cytokines 432 

produced by differentiated Th2 cells which increases according to G. The degradation of the 433 

barrier occurs as a result of desquamation mediated by active kallikreins, K. The DCs, D, 434 

increases while inflammation (R) persists and degrades naturally. The equations (1) use simple 435 

mathematical terms based on the law of mass action with zero order production and first order 436 

degradation terms, except for the barrier production term,  κ��1 −  ����, which represents the 437 

phenomenological recovery of skin barrier in response to disruption 66. The inhibitory rates are 438 

described in the form of 1 �1 +  �⁄ . 439 

The dynamics of R(t), G(t) and K(t) is described by a perfect switch (Fig. 1(C)), 440 

�����, ����� = " ��#$$, �#$$�		if		���� < �(or	+�( ≤ ���� ≤ �,and	���(� = �#$$0
��#
, �#
 = 1#
���� − β�		if	���� > �,	or	+�( ≤ ���� ≤ �,	and	���(� = �#
0 

(2) 

  

���� = "�#$$	if	���� < �,	and	���(� = �#$$
�#
	if		���� ≥ �,	or	���(� = �#
  (3) 

 where t- is a time slightly before the time t, as they change abruptly within hours 47,67, in a much 441 

faster time-scale than for P(t),  B(t) and D(t) that change over weeks 66,68.  442 

The nominal values of model parameters (Table I) were taken from the previously published 443 

model of the early stage of AD 24, obtained by approximation of the bifurcation diagrams 444 

previously derived 50,57, or derived from experimental literature 20,66,68–70. Emollient treatments 445 

are modelled by a constant increase in the barrier production rate (�� ��⁄ =1.5).  446 

 447 

Model analysis 448 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

20 
 

Model analysis was conducted using MATLAB version R2014a (The MathWorks, Inc., Natick, 449 

MA, USA). We used ode15s for numerical integration of the system from the steady states as the 450 

initial conditions, and output function to update the switching variables at each step of the 451 

iteration. Our model analysis investigated the ranges of 0 ≤ αI ≤ 0.3 and 0≤ κP≤ 1. The dynamic 452 

trajectories were calculated for 1054 pairs of (αI, κP) uniformly sampled (an interval of 0.01 for 453 

αI and 0.03 for κP). The bifurcation diagram (Fig. 2(A)) of the proposed model was numerically 454 

obtained using the methodology described in 71 to identify the four qualitatively different 455 

dynamic phenotypes with respect to the relative strengths of the feedbacks determined by skin 456 

barrier permeability (κP) and immune responses (αI). The circles in Fig. 2(A) represent the 457 

parameter values used to generate the example dynamics for each of these dynamic phenotypes 458 

(Fig. 2(B)). The steady states for the barrier integrity (Figs. 2(C, D) and 4(D)) were calculated 459 

analytically for the recovery, bistability and chronic damage dynamic phenotypes, and 460 

numerically obtained for the oscillation dynamic phenotype by taking the mean of the mean-461 

over-time over the corresponding parameter region for (αI, κP) for Fig. 2(C) and by taking the 462 

mean for varied levels of skin barrier permeability (κP) with αI =0.25 for Fig. 2(D). The basins of 463 

attraction for the bistability dynamic phenotype (Figs. 2(F) and 4(C) for (αI, κP)=(0.04, 0.65) 464 

were numerically determined by integrating the system from the points of tangency, (P-, B-) and 465 

(P+, B+), identified by solving �4 (t)= 0 at P(t) = P- and P+, respectively. In Fig. 2(F), the healthy 466 

and unhealthy steady states are represented by black and red filled circles, and their basins of 467 

attraction by the grey and red regions. The states in the yellow region converge to the healthy 468 

steady state if the initial condition is R = Roff and to the unhealthy steady state if R = Ron. The 469 

minimal stress load that can trigger systemic Th2 sensitization (Figs. 5(B, C) and 6(A-C)) were 470 

numerically determined by evaluating whether the D(t) surpasses the threshold, D+. The 95% 471 

recovery times (Figs. 2 (E) and 4 (B)) were numerically obtained by t95% -tmin, where B(t95%) = 472 

0.95 and B(tmin) is the minimum barrier integrity achieved after a transient AD flare. The boxplots 473 

in Figs. 2(C, E), 4(B, C, D), 5(B, E) and 6 show the minimum, first quartile, median, third 474 

quartile, and maximum values. 475 

 476 

 477 

 478 

Epidermis-specific Stat3-ko mice 479 
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We developed keratinocyte-specific Stat3-ko (Stat3f/f) mice with B6X129 mixed background 42. 480 

All mice used in this study were maintained under SPF conditions. Animal care was conducted in 481 

accordance with guidelines of the RIKEN Yokohama Institute. 482 

 483 

Development of AD phenotypes in epidermis-specific Stat3-ko mice 484 

Expression levels of 11 NF-κB-target genes (Bcl2, Ddx26b, Gadd45b, Icam1, Icam2, Icam4, 485 

Icam5, Il1b, Tnf, Traf1, Traf2 and Vcam1) selected from the KEGG database 486 

(http://www.genome.jp/kegg-bin/show_pathway?ko04064+K02580) were quantified from sorted 487 

ear samples of 2, 5, 8 and 10 weeks old Stat3f/f  mice. Using total RNA isolated with TRIzol. 488 

cDNAs were synthesized with NEBNext Ultra RNA Library Prep Kit for Illumina (NEB Biolabs, 489 

Inc., Ipswich, MA) according to the manufacturer’s instructions. Comprehensive expression 490 

analysis was performed by mRNA sequence (single-ended 50-base pair reads) using the HiSeq 491 

3000 system (Illumina) (GEO accession number GSE86071). Read alignment (mm9) was 492 

performed using TopHat2 v2.0.8 and expression level was determined by Cufflinks v2.1.1 with 493 

default settings. We calculated the mean expression levels of the NFκB-target genes over the n = 494 

2 mice per cohort (asymptomatic and AD phenotype) and normalized them by the wt dynamics 495 

(Fig. 5(D)). 496 

Severity of the AD symptoms (Fig. 5(E)) was assessed in n = 11 mice at 51 time points, by 497 

examining the areas of the skin lesion: no lesion (score 0), periocular lesions (score 1/5), lesions 498 

in half side of the face (score 2/5), in a complete side of the face (score 3/5), in the whole face 499 

(score 4/5), or in the whole face and the ears (score 5/5). The time of systemic sensitization (t = 500 

0) corresponds to the time when the IgE levels rose to 10% of the maximal IgE level measured 501 

for each mouse. 502 

 503 
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Figure legends 504 

Figure 1: Mechanistic model of AD pathogenesis with a double switch motif. (A) Schematic 505 

diagram of the processes included in the model. Italics denote the state variables in the model 506 

equations (Eq. (1)). (B) Control structure of the system regulating AD flares by positive and 507 

negative feedbacks. (C) R-switch (reversible activation of innate immune receptors) and G-switch 508 

(irreversible Gata3 transcription). 509 

 510 

Figure 2: Computationally predicted effects of the two main genetic risk factors on the dynamic 511 

response to environmental stressors. (A) A schematic of the bifurcation diagram.  (B) Four 512 

dynamic phenotypes. (C) Steady states of barrier integrity. (D) Dose-dependency of filaggrin 513 

deficiency. (E) Time required to regain 95% of the healthy steady state of barrier integrity. (F) 514 

Basin of attraction in the (P, B)-space.  515 

 516 

Figure 3: Proposed mechanisms of AD progression via double switch. The G-switch is turned on 517 

by accumulation of DCs beyond D+, due to transient AD flares (A) with a flare time (ton) longer 518 

than 2.02 days (B), or periodic AD flares (C) with a sufficiently small relaxation time (toff) as a 519 

function of ton (D).  520 

 521 

Figure 4: Four AD phenotypes described by the status of the double switch. (A) The R-switch 522 

distinguishes between asymptomatic (R=Roff) and symptomatic (R=Ron), and the G-switch 523 

between non-systemic (G=Goff) and systemic (G=Gon) phenotypes. Systemic phenotypes 524 

demonstrate severe AD symptoms compared to non-systemic counterparts, as computationally 525 

predicted by (B) longer 95% recovery time, (C) longer treatment time required for remission, and 526 

(D) lower barrier integrity.  527 

 528 

Figure 5: Genetic risk factors increase the susceptibility to environmental stressors in developing 529 

systemic Th2 sensitization. (A) Transient increases in the environmental stress load can trigger 530 

systemic Th2 sensitization. The minimum stress load decreases with genetic risk factors (B) in a 531 

dose-dependent manner (C). Stat3-ko mice that developed AD symptoms had higher NF-κB 532 

activity (D), and the severity of the symptoms increased sharply after Th2 sensitization (E). 533 

 534 
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Figure 6: Emollient treatments prevent the progression to severe AD, by increasing the 535 

computationally predicted minimum stress load required to drive systemic inflammation in (A) 536 

recovery, (B) bistability, and (C) oscillation dynamic phenotypes, by approximately 2-fold (D).  537 

 538 

Figure 7: "Double switch" mechanism for onset and progression of atopic dermatitis (AD) 539 

proposed in this paper. Environmental stressors may cause onset of the first reversible switch 540 

leading to AD flares, which can be reversed by treatments. Frequent or long-lasting AD flares can 541 

trigger the second irreversible switch resulting in progression to severe AD. 542 

  543 
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Table I: Definition of model parameters and their nominal values. 

Symbol Name Nominal value Ref. 

Penv Environmental stress load 95 (mg/ml) [24] 

γB Barrier-mediated inhibition of pathogen infiltration 1 [24] 

κP Nominal skin permeability 0.6 (1/day) [24] 

αI 
Rate of pathogen eradication by innate immune 

responses 
0.25 (1/day) [24] 

δP Basal pathogen death rate 1 (1/day) [24] 

κB Barrier production rate 0.5 (1/day) [24, 66] 

γR 
Innate immunity-mediated inhibition of barrier 

production 
10 [24] 

δB Rate of kallikrein-dependent barrier degradation 0.1 [24] 

γG 
Adaptive immunity-mediated inhibition of barrier 

production 
1 [20] 

κD Rate of DC activation by receptors 4 cells/(ml × day) [65] 

δD Rate of DC degradation 0.5 (1/day) [70] 

P- Receptor inactivation threshold 26.6 (mg/ml) [50] 

P+ Receptor activation threshold 40 (mg/ml) [50] 

D+ Gata3 activation threshold 85 (cells/ml) [57, 68] 

Roff Receptor-off level 0 [50] 

Ron Receptor-on level 16.7 [50] 

Goff Gata3-off level 0 [57] 

Gon Gata3-on level 1 [57] 

Koff Kallikrein-off level 0 [50] 

mon Slope of the linear relation between P(t) and Kon 0.45 [50] 

βon Y-intercept of the linear relation between P(t) and Kon 6.71 [50] 
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Supplementary Dataset E2: Experimental data on the dynamic expression of 11 NFkB-target 

genes (Fig. 5(D)). 
 time (weeks) 2 5 8 10 

 Control - mouse 1 
 NFkB target gene   C1_2w C1_5w C1_8w C1_10w 

 Bcl2 1,49096 1,00037 1,60742 2,25852   
Ddx26b 12,1838 12,8617 13,7913 18,9728   

Gadd45b 10,2747 10,4486 24,0344 14,2288   
Icam1 11,1869 8,10447 14,1105 15,6618   
Icam2 5,67296 2,29207 2,83728 1,86459   
Icam4 0,479092 0,0986578 0,258129 0,995197   
Icam5 0,145468 0,0998525 0,566053 0,553987   
Il1b 13,7828 0,55531 2,04485 0,373441   
Tnf 5,23604 1,47033 3,12033 1,28542   

Traf1 1,04792 0,686619 0,826949 1,31927   
Traf2 7,73797 7,76872 9,09156 9,28874   

Vcam1 12,4412 4,71144 4,69602 4,27077   
    

Mean NFkB target gene expression 
(control mouse 1) 6,806650833 4,1748449 6,4153993 5,9227779   

  
 

Control - mouse 2 
 NFkB target gene   C2_2w C2_5w C2_8w C2_10w 

 Bcl2 1,46856 2,09932 1,73659 1,02413 
Ddx26b 12,834 20,853 17,0093 13,4294 

Gadd45b 15,0294 16,3331 14,8715 8,53494 
Icam1 9,57862 16,4514 11,0136 8,20556 
Icam2 5,50534 2,59863 3,39916 2,74231 
Icam4 0,667817 0,403192 0,21096 0,348492 
Icam5 0,394278 0,775341 0,186825 0,198401 
Il1b 1,39219 0,806906 1,97903 1,03526 
Tnf 6,37709 3,32492 4,4016 1,55811 

Traf1 1,20497 1,73708 1,04871 0,866203 
Traf2 7,87773 9,92028 7,88133 8,17552 

Vcam1 11,5451 4,96892 6,38359 4,6591 
Mean NFkB target gene expression (C 
mouse 2) 6,156257917 6,6893408 5,8435163 4,2314522 

Mean NKfB target gene expression of 
control mice (for normalization) 6,48145438 5,4320928 6,129458 5,077115 

Data used for 
normalization 

Stat3-ko asymptomatic - mouse 1 
 NFkB target gene   H1_2w H1_5w H1_8w H1_10w 

 Bcl2 1,84859 1,37405 2,22196 2,5455 
Ddx26b 24,3847 14,5103 18,9545 25,2859 

Gadd45b 15,0237 13,2383 17,7276 16,8651 
Icam1 6,02257 8,67721 13,1487 9,98603 
Icam2 7,9638 4,53143 3,22786 3,20087 
Icam4 0,103169 0,332223 0,704791 0,39274 
Icam5 0,208837 0,201748 0,653882 0,583823 
Il1b 0,580702 0,457103 3,96702 1,136 
Tnf 2,92136 1,35334 3,07331 1,51206 

Traf1 1,1625 0,770714 2,77694 1,43174 
Traf2 5,0872 6,73656 9,53535 8,99125 

Vcam1 6,78865 6,65325 6,23863 3,40321 

Mean NFkB target gene expression 
(asymptomatic mouse 1) 6,0079815 4,903019 6,8525453 6,2778519 

Normalized mean NFkB target gene 
expression asymptomatic mouse 1 (to 

control) 0,926949594 0,9026022 1,1179692 1,2364998 Plotted data 

Stat3-ko asymptomatic - mouse 2 
 NFkB target gene   H2_2w H2_5w H2_8w H2_10w 

 Bcl2 2,41956 1,23529 2,10121 1,68742 
Ddx26b 21,5093 14,3954 24,1115 19,1582 

Gadd45b 24,2009 9,00596 17,8458 16,9307 
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Icam1 11,1511 10,0336 8,47175 10,8174 
Icam2 5,5099 3,32845 3,42015 3,09949 
Icam4 0,198705 0,211489 0,702098 0,381764 
Icam5 0,251389 0,267563 0,24871 0,434685 
Il1b 1,24271 0,617243 1,27338 1,35296 
Tnf 3,55363 2,06624 2,30199 1,39078 

Traf1 2,17314 0,887801 1,51243 0,801295 
Traf2 8,19833 6,95227 7,6482 8,33978 

Vcam1 5,53173 7,30719 5,17613 4,49481 

Mean NFkB target gene expression 
(asymptomatic mouse 2) 7,1616995 4,6923747 6,2344457 5,7407737 

Normalized mean NFkB target gene 
expression asymptomatic mouse 2 (to 

control) 1,10495254 0,8638245 1,017128 1,130716 Plotted data 

Stat3-ko symptomatic - mouse 1 
 NFkB target gene   D1_2w D1_5w D1_8w D1_10w 

 Bcl2 2,91098 1,93891 2,06153 1,11461 
Ddx26b 23,895 10,6448 23,4599 7,08725 

Gadd45b 23,3722 12,3531 23,933 22,7247 
Icam1 13,4452 11,8311 8,9785 14,4459 
Icam2 5,69212 2,91948 2,05203 5,2818 
Icam4 0,404001 0,634164 0,491453 0,418676 
Icam5 0,511117 0,504306 0,426347 0,282497 
Il1b 0,606394 0,339951 2,10759 256,125 
Tnf 3,45202 0,810098 1,49973 3,95179 

Traf1 1,84768 1,53122 1,37278 3,14507 
Traf2 8,74087 7,9771 7,52432 9,33925 

Vcam1 6,08137 4,96439 2,45665 12,669 

Mean NFkB target gene expression 
(symptomatic mouse 1) 7,579912667 4,7040516 6,3636525 28,048795   

Normalized mean NFkB target gene 
expression symptomatic mouse 1 (to 

control) 1,169477131 0,8659741 1,0382081 5,5245538 Plotted data 

Stat3-ko symptomatic - mouse 2 
 NFkB target gene   D2_2w D2_5w D2_8w D2_10w 

 Bcl2 1,97776 1,43348 1,71809 2,27594 

Ddx26b 22,1149 16,3475 15,2385 24,9703 

 Gadd45b 24,0066 14,7206 36,3763 21,2089 

 Icam1 12,1641 10,1451 29,7421 8,29952 

Icam2 4,82864 2,51071 6,82758 2,72525 

 Icam4 0,935281 0,570237 0,391841 0,548891 

 Icam5 0,420714 0,468928 0,272653 0,572899 

Il1b 0,974882 0,534944 390,257 9,78346 

 Tnf 8,10515 1,55804 7,49432 1,09071 

 Traf1 1,51537 1,3465 9,57717 0,795847 

Traf2 8,73212 8,87655 10,819 8,11274 

 Vcam1 6,86094 4,31381 10,1108 2,56689 

 Mean NFkB target gene expression 
(symptomatic mouse 2) 7,71970475 5,2355333 43,235446 6,9126123 

Normalized mean NFkB target gene 
expression symptomatic mouse 2 (to 

control) 1,19104514 0,9638151 7,053715 1,361524 plotted data 

mean normalized nfkb asymptomatic 1,01595107 0,8832133 1,067549 1,183608 
mean normalized nfkb symptomatic 1,18026114 0,9148946 4,045961 3,443039 
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