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The skin microbiota, particularly coagulase-negative staphylococci (CoNS) such as S. epidermidis,
plays a crucial role in maintaining skin health and immunity. S. epidermidis, a predominant commensal
species, interacts intimately with keratinocytes to regulate immune responses and antimicrobial
defence mechanisms. Metabolic byproducts like short-chain fatty acids (SCFAs) influence
keratinocyte activation, while cell wall components engage Toll-like receptors (TLRs) to modulate
inflammation. These interactions are fundamental for preserving skin homeostasis and combating
pathogenic invaders. Our comprehensive mathematical model, integrating commensal dynamics,
immune responses, and skin microenvironment variables, provides insights into these intricate
interactions. The model delves into the complexities of skin scenarios and perturbations, aiming to
understand the colonization dynamics of S. epidermidis and its influence on skin barrier functions. It
examines how disruptions in key factors such as AMP, growth factor-mediated repair pathways, and
filaggrin mutations influence the behaviour of the system. The study depicts the skin
microenvironment as a highly dynamic one, highlighting the critical role of S. epidermidis and capturing
its role in barrier dysfunction caused by internal and external factors. By offering insights into skin
barrier function and immune responses, the model illuminates key interactions of commensals within
the skin microenvironment which can ultimately benefit skin health.

Skin serves as the outermost barrier against pathogenic invasion and plays
an important role in adapting the systemic responses to changing envir-
onments. Epidermal barrier consists of several specialized cellular con-
structs (desmosomes, tight junctions and structural proteins) which
interconnect and maintain tightly regulated and balanced interface. Epi-
dermal barrier integrity relies on the concerted actions of these components
along with the resident immune cells and microbiota and contributes to its
defense mechanisms'”.

The innate immune response recruit’s neutrophils, phagocytic cells, to
combat skin pathogens through multiple mechanisms such as induction of
proinflammatory cytokines’. Antimicrobial peptides (AMPs) actively
secreted by the keratinocytes such as hBDs and S100A7, fortify the skin
against pathogens, and their expression is modulated by cues from the skin
microbiota’. A constant interaction between host cells and skin microbes
plays a vital role in fostering immune tolerance and shaping the develop-
ment of host immune cells from early life. Commensal skin microbiota
establishes a mutualistic relationship with the skin’s immune system,

enhancing the immune barrier through controlled inflammation’. Among
the diverse population of the resident commensals, S. epidermidis is one of
the abundant skin commensals extensively studied for its beneficial effects
on skin barrier maintenance such as its role in inflammation and wound
healing’. S. epidermidis enhances antimicrobial defense by the upregulation
of specific AMP as well as contributes to skin hydration by enhancing lipid
mediators and tight junctions in keratinocytes®™".

In contrast, studies also indicate S. epidermidis behaving as opportu-
nistic pathogen thereby has been called as “Pathobiont”, often existing along
a spectrum between mutualism and pathogenicity'. The cause and con-
sequences on the factors driving its transition from commensal to patho-
genic state postulates the question on the precise role of S. epidermidis on
skin and the key facilitators of its commensal behaviour.

S. epidermidis is identified as the second most common microbe iso-
lated from lesions affected by Atopic dermatitis (AD)", a prevalent skin
condition characterized by a dysfunctional skin barrier, with filaggrin
mutations serving as key contributing factors. Filaggrin contributes to the
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structural integrity of the skin by forming aggregates with the keratin"’. In
the upper-most layer of the skin, stratum corneum, Filaggrin is broken
down into free amino acids, pyrrolidone carboxylic acid, and urocanic acid
(UCA), which are key components of the skin’s natural moisturizing factors
(NMF)*. These molecules help regulate skin hydration, pH and have
important immunomodulatory effects. Maintaining skin pH is essential for
metabolism and organization of the lipids of the extracellular matrix and
anti-microbial activities'’. In addition, component of NMF also playa role in
photoprotection'. The deficit of Filaggrin in skin causes altered organiza-
tion of the skin barrier resulting in an elevated pH and protease activity,
making skin susceptible to infections. Loss of function variants in Filaggrin
and other critical barrier proteins disrupts the normal epidermal functions
and leads to increased water loss (TEWL)"*™"” making host susceptible to
many skin diseases, including Atopic dermatitis'. The mechanism under-
pinning the AD pathogenesis, particularly in relation to skin barrier dys-
function and filaggrin mutations, is well established", but the interplay
between S. epidermidis and these factors is poorly understood. Gaining a
clearer understanding into the filaggrin mutation and its influence on
commensal could be valuable for designing novel therapeutic strategies
for AD.

Mathematical models have emerged as a significant advancement in
understanding the skin milieu in recent years, offering a valuable tool to
overcome the limitations of traditional in vitro methods'**’. A dearth of
computational models is reported in the study by Elea et al. who has
developed an ODE based model addressing the interaction between two
microbial populations and has well stated the limitation in the number of
models even on addressing the bacterial population and skin
interaction”'. This sets our model unique and stand -alone on having a
deeper look on the commensal S epidermidis dynamics aiming to
understand the aspects that preserve healthy levels of commensals on the

skin and their interactions with skin cells to sustain cutaneous immune
homeostasis under both normal and compromised conditions. The
model also attempts to provide a basis for “pathobiont” state of S. epi-
dermidis, focusing on how the system calibrates a critical threshold of
commensal growth beyond which pathogenicity ensues. This study
investigates the commensal behaviour of S. epidermidis and its rela-
tionship with epidermal barrier responses in conditions such as com-
promised skin immunity or filaggrin mutations, both of which are
associated with the development of skin atopy. More importantly, the
role of S. epidermidis in dysfunctional skin barrier conditions, as
addressed through our in silico approach, underscores its relevance in
exacerbating inflammatory dermatoses and contributing to various
pathological skin conditions. This highlights the potential applications
and translational value of the model in advancing skin health research.
By employing approaches such as phase plane plots, parameter per-
turbation, and sensitivity analysis, we have elucidated key aspects in the
mechanisms driving host-microbe interactions.

The in silico skin model on commensal-host
interactions

Our mathematical model represents the interactions and pathways in the
skin consisting of microbial signaling, immune response, hydration, and
barrier repair. Mechanistic interactions in the skin microenvironment
captured in our meticulously developed network include 21 nodes and 44
edges (Fig. 1). Directed edges emphasize the functional importance of each
interaction, with 12 edges dedicated to commensal bacterial product sig-
naling, 11 to immune signaling, and 8 to hydration-related components,
while 10 are linked to epidermal damage and repair signaling pathways. Our
model has captured the essential features of signaling pathways such as non-
linear interactions and feedback loops.
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Fig. 1| A holistic in silico model of skin: the model illustrates the skin micro-
environment as a complex network of interactions. In the model, commensal
bacteria trigger an immune response via T cells, which activate keratinocytes. These
cells sustain both commensal and damaged keratinocytes by synthesizing growth
factors, neutrophils, and antimicrobial peptides (AMPs). AMPs, while promoting
skin health, also result in damage when the pathogenic community increases.
Growth factors, along with filaggrin and desmoglein, an important desmosomal

protein, help repair this damage. Filaggrin synthesis is influenced by the microbial
population, which in turn regulates Natural Moisturizing Factor. The model visually
represents these interactions and pathways like microbial signaling (Purple),
immune response (Green), hydration (Blue), and barrier repair (Red). Short Chain
Fatty Acids - SCFA, Anti-Microbial Peptides-AMP, Desmoglein- DES, Filaggrin -
FLG, Natural Moisturizing Factor - NMF, Total Water Content - TW, Damaged
Keratinocytes — Dke.
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Fig. 2 | Model benchmarking and validation of S. epidermidis growth dynamics
and AMP, IL1, IL8 responses. a S. epidermidis (B1) growth rate in the presence (red)
and absence of keratinocytes (blue) with respect to the experimental data (red and
purple dot) given at 24" hour and 48th hour b Comparison between the predicted
(Red) fold change and the observed (Blue) fold change in AMP, IL1, and Filaggrin

1L1

ILE

¢ Model Validation for the variables: Comparison between the predicted (Red) fold
change and the observed (Blue) fold change in AMP, IL1 and IL8. Plot Repre-
sentation: (a)Blue- Absence of S. epidermidis, Red -Presence of S. epidermidis. Blue-
Observed, Red -Predicted.

Results

Model Benchmarking and Model Validation

The model development and validation leveraged all relevant published
datasets, along with in-house growth curve experiments with commensal on
keratinocytes (Supplementary Table 1). The model was benchmarked in
stages, wherein the first stage drew upon in vitro experimental data cap-
turing commensal growth in presence and absence of keratinocytes starting
with an initial concentration of 1 x 10°. Note that in such a scenario, only the
variable pertaining to short chain fatty acids (SCFA) and antimicrobial
peptides (AMP) were accounted for. The other variables relating to immune
response, filaggrin, NMF, damaged keratinocytes and growth factors etc. in
the system were not considered. The parameters pertaining to commensal’s
growth curve, AMP levels, neutrophils and SCFA were benchmarked using
dynamic data sets until the saturation of commensal growth. As shown in
Fig. 2a, the blue curve represents the stabilized growth rate of S. epidermidis
without keratinocyte interactions, indicating isolated growth. In contrast,

the red curve demonstrates keratinocyte-mediated interactions, showing a
lag due to the negative feedback from AMP. The model equations were then
simulated to match the immune interactions in keratinocytes, from avail-
able literature data focusing on AMP*. In the second stage, parameters
pertaining to skin microenvironment, such as immune and growth factors
and filaggrin, (equations 6-21, Mathematical model; ODEs, Supplementary
information) were fitted using literature data, while the parameters per-
taining to equation 1-5 were fixed as estimated in stage one). Data from the
literature showed that the presence of S. epidermidis elicits an immune
response in the skin microenvironment. The model recapitulation of the
increase in interleukin-1 (IL-1)"", interleukin-8 (IL-8)* and filaggrin levels™
(Fig. 2b) was achieved by fine-tuning the model parameters. These variables
had two time points while certain variables for e.g,, interleukin-17 (IL-17),
growth factors, desmoglein”® and neutrophils where only the fold changes
were available under two physiological conditions, in such cases, parametric
values were set to match the overall physiological trends.
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Fig. 3 | Heat map showing steady-state responses
of key variables to variations in S. epidermidis
growth rate. A Heat map representing the steady-
state values of variables when only keratinocyte-
induced conditions are present. Varying S. epi-
dermidis growth rate parameter (k1z;) to a fold
change of (B) 0.19 (C) 0.56 (D) 1.48 (E) 1.67. The
growth rate parameter (k1) value for healthy
condition was 0.27 h™". Plot Representation: (Fold
change relative to healthy state, Kera* - Activated
Keratinocytes, Neut* - Activated Neutrophil, GFr -
Growth Factor, DKe - Damaged Keratinocytes, B1 -
S. epidermidis, B1p — Penetrated S. epidermidis, Spr —
S. epidermidis Protease).
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Following this iterative process of benchmarking to converge on the
relevant parametric space accommodating all the above constraints, the
model was refined further by quantitative validation against literature
datasets of key epidermal markers, including IL-1** (3-fold), AMP*® (10-
fold), and IL-8> as seen in Fig. 2c. The model could also capture the trends
like elevated IL-17""*, neutrophil levels'' and growth factors™® along with a
slight decrease in desmoglein™. In addition to quantitative validations, the
model successfully predicted qualitative phenotypic observations. Total
water content (TW) and natural moisturizing factor (NMF) were main-
tained at optimal levels due to the predicted increase in filaggrin, while
desmoglein remained stable. The initial condition and the parametric value
in the model represent the normal (healthy) state of the commensal inter-
action with the keratinocyte. Supplementary Fig. 1 and 2 showcase the
model’s ability to stabilize over time and reach a healthy state, demon-
strating the model’s robustness.

Parameter sensitivity analysis

The certainty of model predictions regarding underlying mechanisms was
quantified using parameter sensitivity analysis, which estimates the relative
change in system outputs based on input parameters. The method section
details the complete metric used for this estimation. Parameters with sen-
sitivity coefficient (S) of 0 indicate thata 100% change in input resulted in no
change in output, suggesting no effect on the system. Conversely, S=1
signifies that the output changed proportionally to the input, indicating a
substantial impact. Parameters with a §> 0.5, regardless of the sign, were
considered sensitive, indicating that a 100% change in the parameter value
resulted in a 50% or greater change in the output. It was observed that for
§>0.5 the physiologically relevant impact on the output variables were
observed, such as in the AMP synthesis, therefore, a threshold value of
§=0.5 was chosen as the sensitivity cut off. The observed results shown in
Supplementary Fig. 3 indicate that the growth of S. epidermidis was seen to
be highly sensitive (S= —1.02) when parameters such as Rate of AMP
synthesis by activated keratinocytes (k64,sp), Rate of IL8 synthesis by acti-
vated keratinocytes (kI4;rs), and Rate of Neutrophil activation by Bl
(k7Neur) were increased which highlighted the antimicrobial activity of AMP
and neutrophils against S. epidermidis. This has further led to a decline in
Growth factors (S=—1.01, S=—1.01, S=—0.88), filaggrin (S=—0.85,
§=—0.74,) and thereby an increase in damaged keratinocytes (S=1.01,

§=1.01,S = 0.91) indicating that these skin immune components associated
parameters are notably sensitive for various outputs through the anti-
microbial and immune activity. However, certain parameters such as Rate of
Desmoglein synthesis by keratinocytes (k20p,s), Rate of IFNy synthesis by
activated keratinocytes (k13;zny) and Rate of CD8 activation by Bland IFNy
(k9cps) did not change the growth of S. epidermidis when increased, but
their decrease significantly reduced the commensal growth (S=1.02;
§=0.94; S = 0.83) indicating the non-linearity of the system. The nonlinear
relationship of the parameters k20p.,, k1315ny, k9cps Was also observed in
neutrophil (S=0.93; $=0.83; $=0.69), AMP (S=0.65 S=0.53) levels
which decreased, while damaged keratinocytes (S=—1.02; S=—-1.01;
§=-1.01) and filaggrin (S=—-0.60; S=—1.02; S=—0.96) showed an
increase. Conversely, the parameters demonstrated linearity with the
growth factor levels (S=0.98; $=1.02). This revealed a crucial effect of
k20pes k131pny> k9cps which influences S. epidermidis growth, growth factor
production via CD8-IFNY cross-talk and filaggrin production through IL17
via CD8-IL17 cross talk. Other sensitive parameters include Rate of FLG
synthesis by keratinocytes (k22 ). It significantly impacts NMF (S = 0.94)
by affecting filaggrin synthesis and therefore hydration of skin. Thus, the
sensitivity analysis revealed that parameters could elicit differential effects in
outputs, demonstrating the robustness of our model in simulating a living
system, wherein several biological functions are maintained in rigidness and
some processes adapt as per the changes. This could be observed in our skin
model where some parameters are very sensitive while others do not change
significantly, which represents a homeostatic state in a healthy skin barrier.

Simulation of Skin microenvironment in response to the com-
mensal S. epidermidis

The healthy state of the model was perturbed by removing the commensal
interactions to examine the commensal role in healthy skin. The observed
changes were given in terms of fold change in comparison to a healthy state
(Fig. 3). In the absence of S. epidermidis, the decrease in the activation of
keratinocytes to 0.46-fold results in a massive increase in damaged keratino-
cytes. Due to the lack of microbial interactions, there is a decline in
CD8 + T cells and IL17 levels, nearly reaching zero, as depicted in Supple-
mentary Fig. 4a. The synthesis of growth factors, mediated by IL17 and
CD8 + T cells, was reduced by 99% relative to the presence of commensal
(Supplementary Fig. 4b). The reduction significantly hampered the repair of
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Fig. 4 | The steady-state values of damaged keratinocytes and S protease in
relation to the corresponding commensal growth rate (k1B1) values. Plot
Representation: (Fold change relative to healthy state, (a) Blue- Damaged kerati-
nocytes, Red - S Protease).

damaged keratinocytes, resulting in a continuous accumulation of damaged
keratinocytes by 1017-fold over time (Fig. 3 column A, Supplementary Fig. 4e).
With the loss of microbial interaction, activated neutrophils decreased and
consequently reduced AMP levels to 0.12-fold. In response to the loss of S
protease interaction, desmoglein synthesis increased by 13% and a slight
increase in filaggrin and subsequent water content, which can be an attempt to
revive the repair process. This disruption underscored the impaired epidermal
homeostasis in the absence of commensal microorganism, highlighting the
crucial role of commensal-keratinocyte interactions, mediated through the
immune response. This demonstrated that S. epidermidis exerts a beneficial
effect on the skin through upregulation of pro inflammatory signals and
antimicrobial peptides respectively. These physiological response in the skin
niche has been captured both quantitatively and qualitatively in our model,

2227

showing the alignment with real world data™*

The impact of S. epidermidis growth rate on skin
microenvironment

As observed in the previous results section, the presence of commensal
microorganisms plays a vital role in maintaining the delicate homeostasis of
the skin environment. This elicits the question on the bacterial load
necessary to sustain this equilibrium and how deviations from these levels
can disrupt homeostasis. To understand this impact, we perturbed the
growth rate parameter (k1B1) within the range of 0.05 - 0.45 h™' (0.19-1.67-
fold), as depicted in the respective columns of Fig. 3. Fig. 3 column B shows a
lowered growth rate (k1B1) of 0.19-fold, reduced the activated keratinocytes
(0.73-fold) thereby decreasing the growth factors (0.14-fold) and increasing
the damaged keratinocytes (4.82-fold). We observed in Fig. 3 column C that
increasing growth rate parameter by 0.56-fold does not significantly differ
from the healthy state, indicating commensal behaviour. But an increased S.
epidermidis proliferation to around 3.85 and 7.43 folds (Fig. 3 column D &
E) heightened the protease activity (5.23 and 13.26 folds) followed by an
increase of 22 and 85 folds in the penetrated population (Fig. 3 column D &
E). This surge in protease activity exacerbated the tissue damage (23-fold).
This indicated that only at a certain range of growth rate, S. epidermidis
exhibits commensal properties. To predict the critical bounds of the range,
the growth rate values against the corresponding steady-state values of
Damaged keratinocytes and S protease were checked as depicted in Fig. 4.
The data shows that when the growth rate falls below 0.1 h™ (0.4-fold),
damage increases even with minimal AMP. This is due to the loss of acti-
vation of keratinocytes via microbial interaction, which is essential for
synthesizing repair components like growth factors. A growth rate above

0.33 h™" (1.2-fold) facilitates higher penetration through excessive protease,
potentially transitioning the S. epidermidis to a pathogen. These overall
observations highlight a key finding of our study: S. epidermidis maintains
its role as a commensal when its growth is kept within a critical window.

The model provides a basis for the dual role as explored in the reviews
by Brown & Horswill, 2020 and Nguyen et al.,, 2017%".

The impact of AMP and immune killing of S. epidermidis on Skin
Microenvironment
Conditions such as immunocompromised states can significantly weaken
the immune response to commensal microorganisms, altering the dynamics
and mechanisms that sustain commensal populations. To investigate the
effects of such conditions on commensal growth, an immunocompromised
condition was simulated in the model by reducing antimicrobial peptide
(AMP) production and immune-mediated killing by 10-fold. Due to the
reduced immune activity, the healthy commensal population is now per-
turbed, surging up to 10°-fold. (Supplementary Fig. 5a). The microbial
protease from the commensal targets desmoglein, decreasing its levels and
resulting in deeper skin infiltration. The increase in IL-8 and IL-1 levels
(Supplementary Fig. 5f, Supplementary Fig. 5¢) further intensifies the skin
inflammation and the epidermal damage (Supplementary Fig. 5e). How-
ever, the system doesn’t settle at these states, indicating absence of mono-
tonic progression from the initial to a steady state instead, exhibits
oscillatory behaviour. Generally, the characteristics and amplitude of
oscillations depend on negative feedback and time delays. The tuning
mechanism for these sustained oscillations involved the neutrophil negative
feedback, yet the key mechanism was unclear. To understand feedback
mechanisms, the phase plane stimulation-response curve (Fig. 5a) was
studied, which represents the steady-state response of neutrophils to the
activated keratinocytes. As shown in Fig. 5a, the system starts at a value of 1
and eventually progresses towards cyclic behavior, indicating that an
increase in activated keratinocytes leads to an increase in neutrophils. The
delay in this feedback from the neutrophil loop prevents the system from
settling into a steady state, causing a cyclic pattern hence maintaining a
continuum of oscillations. As a physiological response this validates the
point that neutrophils play a particularly important role in the immune
response during S. epidermidis associated infection®. Notably, the activation
of keratinocytes is initiated by the commensal, which triggers additional
reinforcement mechanisms, such as growth factor production that gradually
reduces damage. Consequently, the response of the commensal to damaged
keratinocytes, as depicted in Fig. 5b, also exhibits limit cycle characteristics.
This visualization captures the interplay between the skin’s immune system
and the maintenance of commensal populations at optimal levels, mediated
by neutrophils and the innate immune response, alongside the ongoing
damage. Additionally, conditions like immunocompromise, which can lead
to sepsis, further exacerbate this damage. Overall, the delayed negative
feedback is the primary driver of the system’s spikes and sustained oscilla-
tions indicating the delay in immune response is critical to balancing the
transition between sepsis and homeostasis. This approach allowed the
investigation of how the skin’s immune response influences the main-
tenance of commensal populations under impaired immune function.
The oscillatory behaviour exhibited by the immunocompromised sys-
tem when checked for the range of growth rate showed a maximum
amplitude of 107-fold for protease (Fig. 5¢) and the resultant damage to 10
-10’-fold (Fig. 5d) respectively. The lower amplitude of the same is indicated
by dotted lines. Comparing with the healthy condition (Fig. 4), it is evident
that under an immunocompromised condition, even a minimal growth rate
of commensal is sufficient to shift its behaviour to a pathogenic characteristic
causing damage to the skin microenvironment. Conversely, increased
immune sensitivity, such as in autoimmune conditions, results in the killing
of commensal leading to a no- commensal state (Supplementary Fig. 6).
Enhanced immune sensitivity does not bring any oscillations within the
system, as the commensal population drops too low to restore balance,
highlighting the need for homeostasis within the environment. The initial
damage that occurs with the excessive immune condition persists at the 7-fold
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higher state (Supplementary Fig. 6) as with loss in repair mechanism. These
predictions point out that conditions such as reduced immunity (higher
growth rate) or excessive immune reaction (lesser growth rate) can transition
S. epidermidis to either an infectious pathogen and cause loss of balance in
epithelial flora. Thus, through the in silico skin model, we could get insights
into the fine regulation of the commensal and the immune response to
maintain the symbiotic relationship in the skin microenvironment.

A comparative evaluation of epidermal barrier integrity with and
without S. epidermidis

A dysregulated skin barrier marks the onset for the sequelae of pathological
skin conditions. Perturbations to the barrier can range from minor cues to
extensive cutaneous damage. The complex dynamic system of the skin
actively works to restore its integrity. To visualize the cellular interaction
involving the commensal participation in the restoration process, a dis-
rupted barrier scenario was set up in the model by increasing the damaged

keratinocytes of the model (Dke) to a concentration of 10* (Supplementary
Fig. 7a). The increased damage has been done to simulate a physiological
scenario where barrier integrity is compromised as in a mechanical abrasion
which disturbs the barrier integrity triggering a response process, as evi-
denced by multiple studies in vitro®. The damaged barrier disruption
resulted in a temporary rise in the penetrated population (penetrated
population B1) as depicted in Supplementary Fig. 7f, and a subsequent
decline in commensal growth. In the presence of commensal, several
changes occur such as an increase in activated keratinocytes (Kera*) as
shown in Fig. 6, along with filaggrin® (10.47-folds), and AMP* (2.29-folds)
as a response to mitigate the damage levels and eventually bringing it down
to 8.86-fold within 2 h (Fig. 6 column A) ensuring a healthy steady state (Fig.
6 column C, Supplementary Fig. 7a). Supplementary Figs. 7c and g,
demonstrate the dynamics of filaggrin and AMP, both of which rise in
response to the barrier damage and finally attain a steady state along with
other variables. The commensal population eventually stabilizes within 40
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to 60 h (Supplementary Fig. 7b). In contrast, the absence of commensal
causes the AMP and growth factors to decrease by 0.11 and 0.01-folds (Fig. 6
column D), attributed to the loss of CD8-mediated interaction and neu-
trophil activation (Fig. 6 column D). Consequently, restoration of barrier
integrity is significantly delayed (Fig. 6 column B) thereby leaving the
damaged cells 1017-fold higher (Fig. 6 column D, Supplementary Fig. 7a)
than a healthy state. The high epidermal damage is also accompanied by
severe inflammation as seen by an increase in cytokines such as IL1, IL8
(4.76-fold), and the protease target, desmoglein (14.25-fold) in an over-
expressed state (Fig. 6 column D), aggravating the barrier damage. Figs. S8b
and d validate the observed delay in response to varying degrees of barrier
disruption. They demonstrate a 1000-fold difference in the time required for
damaged keratinocytes to reach a steady state, whereas, in the presence of
commensal, the maximum time observed was 9h (Supplementary Fig.
8a, ¢). The growth factor-mediated mechanism of tissue restoration was
seen to be crucial and dominant in this process. Supplementary Fig. 9
provides data for this observation. Thus, the model has captured the ben-
eficial influence of S. epidermidis in maintaining barrier integrity, when the
barrier breach occurs further affirming its strong role in maintaining skin
functionality as evidenced by multiple studies™” and indicated the align-
ment of the model to real world trends.

The effect of filaggrin mutation on epidermal barrier repair

Filaggrin is a well-studied protein that contributes to epidermal barrier
integrity and skin hydration, and its mutation is known to elevate the risk of
epidermal damage'®”. To capture the mechanism by which the filaggrin
mutation influences the commensal dynamics in the skin, a perturbation of
the filaggrin knockout is replicated by making FLG zero in the model.
Filaggrin-deficient skin becomes susceptible to commensal penetration,
increasing it by 43.07- -fold (Fig. 7 column A) and the resultant protease
(3.54-fold), resulting in a 128-fold increase in damaged keratinocytes (Fig. 7
column A, Supplementary Fig. 10e). Furthermore, the commensal popu-
lation in the skin was eliminated by AMP action (Fig. 7 column A, Sup-
plementary Fig. 10c) subsequently reducing the neutrophil levels to 0.28-
fold. (Fig. 7 column A). Loss of microbial interaction with CD8 cells causes
the growth factor decline (Supplementary Fig. 10f), leading to the con-
tinuous accumulation of damaged cells (Supplementary Fig. 10e, Fig. 7
column A). With filaggrin reduction, a significant decline in total water

content to 0.47-fold (Fig. 7 column A, Supplementary Fig. 10a) consistent
with loss of hydration due to the complete deterioration of Natural
Moisturizing Factor (Supplementary Fig. 10b, Fig. 7 column A) within 3-4 h
aligning with the findings from De & Handa, 2012; Jakasa et al.,, 2011; Kezic
et al, 2011'*"***". Overall, it is evident that with filaggrin knockdown,
barrier functionality and skin immune response are severely compromised.
Through model perturbation, we were able to simulate the physiological
effect of filaggrin loss of skin.

The effect of filaggrin mutation on damaged skin (Dke=10) was
evaluated as well. The damaged keratinocytes remained elevated with
filaggrin mutation (Supplementary Fig. 11a, Fig. 7 column B). This is
because of the decline in commensal (Supplementary Fig. 11b, Fig. 7 column
B), leading to a reduction in AMP (0.7-fold) and growth factor (0.09-fold),
through the loss of CD8 (0.01-fold) and IL17 (0.03-fold) (Fig. 7 column B).
This left the damage unresolved and in a heightened state. Additionally,
Supplementary Figs. 11e, f, and Fig. 7 column B indicate reduced natural
moisturizing factors and water content, signifying skin dryness. This
underscores the crucial role of filaggrin in maintaining a healthy, moistur-
ized state of the skin and its impact on commensal dynamics.

Discussion

Epidermal skin barrier is constantly exposed to environmental stress. The
skin microbiome exerts a symbiotic relationship by relaying multiple signals
to maintain barrier integrity. Among a myriad of microbial species inha-
biting the skin, S. epidermidis is one of the extensively studied commensals
for its beneficial effects on the skin microenvironment™*. To understand
the unique role of commensals in the skin, the present study investigated the
effect of commensal growth dynamics on epidermal barrier integrity and
response in immunocompromised and weakened skin barrier with the
filaggrin mutation.

Through the in silico model, S. epidermidis-keratinocytes interactions
and the consequences of commensal growth were simulated. For this, the
model was validated using S. epidermidis population data from growth curve
experiments (Supplementary Table 1) followed by an accurate depiction of
skin immune responses, highlighting S. epidermidis’s pivotal role in priming
the system (Fig. 2a). From the literature data, an increased hBD (human
beta-defensin) expression in keratinocytes in the presence of S. epidermidis
was observed which matched with our in silico model prediction of
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increased antimicrobial peptides (AMPs) as seen in Fig. 2b in the Results
section ‘Advancing Model Accuracy: Model Benchmarking and Model
Validation’. The qualitative observations in the model such as enhanced
inflammatory signals and growth factors, indicate immune activation, while
also upregulating hydration markers like filaggrin, thereby supporting
epidermal homeostasis in the presence of commensals. These align with
observation in recent studies such as Ommori et al., 2024; Williams et al,,
2024 highlighting role of commensal in the skin’s defense against external
insults or injury. These findings further support the model’s ability to
capture the dynamic interplay between the skin, immune responses, and
growth factors in maintaining a healthy epidermal barrier, characterized by
basal levels of growth factors, cytokines, and antimicrobial peptides (AMPs)
in the presence of S. epidermidis.

In a healthy condition, commensals co-exist with the resident immune
cells of the maintaining overall skin health by maintaining the barrier
integrity. These model observations are demonstrated in Results section
‘Simulation of Skin microenvironment in response to the commensal S.
epidermidis’ Figs. 3 and 4. The tolerance towards the commensal coloni-
zation is complexly regulated by regulatory T cells (Treg) within a threshold,
which allows the maintenance of the relative abundance of S. epidermidis in
an optimal level*™*, But certain conditions such as barrier disruption or
genetic mutations such as filaggrin can lower the threshold for commensal
population to overgrow resulting in impaired barrier function'*”. A recent
study by Khadka et al*, confirms that the commensal exacerbates
inflammation in a barrier disruption model thus emphasizing the host
barrier context and the permissive window of commensal growth. Our
model reflects the transitional state beyond which commensal becomes a
pathogen as observed in Fig. 4. Such increased abundance of S. epidermidis
correlates with diseases like Atopic dermatitis, where it can elicit inflam-
matory responses”*”. A greater understanding of this threshold can help in
identifying skin types which are infection prone and can help in designing
tailored skin regimen for sensitive skin conditions.

Further, our skin model investigated the effect of commensal growth
dynamics in an immunocompromised condition, the results of which can be
seen in Results section ‘The impact of AMP and immune killing of S.
epidermidis on Skin Microenvironment’, Fig. S5a—e. As per the findings of
(Natsis & Cohen, 2018), an immunocompromised condition makes skin
vulnerable leading to infections by the commensal S. epidermidis itself **.
The model was able to capture the detrimental effects of S. epidermidis.

Disruption to the intact skin is a conducive environment for the transition of
commensal to pathogen through higher colonization causing damage to the
keratinocytes. In a study by Oh et al., 2013, an increased permissiveness and
microbial alterations is observed in patient immunocompromised skin
leading to greater microbial colonization®. The system tries to counter this
overgrowth by the feedback interactions from the immune cells in the skin
which leads to oscillatory behaviour starting with a transient sudden
increase of immune cells infiltration followed by dampening of the response
(Fig. 5a-d). Immune response is characterized by oscillatory behaviour
starting with a transient sudden increase of immune cells infiltration fol-
lowed by dampening of the response when the pathogen load clears®. The
autoimmune disorders model by Valeyev et al."' demonstrates oscillatory
immune cell behavior, supporting our findings that a compromised skin
barrier triggers pathogenic disruptions and inflammatory responses,
offering valuable insights into the mechanisms driving cutaneous flares. The
increase in neutrophils and the delayed negative feedback towards the rising
commensal level leads to cyclic trends. Studying the aberrant oscillatory
dynamics in immune cells and other skin components can provide greater
diagnostic significance for chronic skin diseases like Atopic dermatitis and
psoriasis where skin immune is derailed.

The model also demonstrated a scenario of heightened immune
response by neutrophils and AMPs on commensal. This parallels with auto-
immune skin diseases such as psoriasis”, characterized by a higher
expression of AMPs which triggers multiple cutaneous inflammatory
pathways resulting in skin barrier damage further exacerbated by the loss of
S. epidermidis interactions that help maintain immune balance. Hence, the
study effectively captures the key cross-talk among the skin components and
the commensal highlighting the dual behavior of S. epidermidis depending
on the skin microenvironmental changes.

In a healthy condition, commensals co-exist with the resident cells of
the immune system maintaining overall skin health by maintaining the
barrier integrity. The mechanisms ensuring the immune tolerance are
exceedingly complex, involving the interplay of diverse regulatory
mechanisms. The threshold represents the level of immunogenic stimula-
tion required to elicit an immune response® which is observed in Fig. 4,
where beyond a critical point, commensal transitions into pathogenic
behavior. An immunocompromised condition makes the skin vulnerable,
reducing the threshold of immunogenic response. For e.g., presence of a
filaggrin mutation disrupts the stratum corneum integrity lowering skin
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inflammatory thresholds leading to higher antigen penetration™. A better
understanding of immune regulatory thresholds may hold greater value in
designing better therapies for skin barrier conditions.

Filaggrin mutations have long been linked to compromised barrier
function and increased susceptibility to various diseases such as Atopic
dermatitis"*****. Our investigation into the impact of filaggrin mutations on
both healthy and barrier-disrupted skin showed that the antimicrobial
activity decreased with filaggrin mutation as reported by Nath et al.”. We
simulated the effect of filaggrin mutation by a virtual knockdown of FLG.
This led to a loss of moisturizing effect as observed in decreased NMF in the
Results section ‘The effect of Filaggrin Mutation on epidermal barrier
repair’, Fig. 7. This led to more penetration due to protease action present in
the skin barrier leading to a barrier breach triggering AMPs for anti-
microbial action against the commensal population. Our model predicts
that a filaggrin deficit skin characterized by a dry skin and higher protease
action becomes hostile for normal commensal colonization, triggering a
higher epidermal damage as seen in Fig. 7 A. The greater penetration and
abnormal commensal -immune response is also seen in an in vivo murine
study where filaggrin null mice exhibit an abnormal early life skin response
in barrier disruption scenario*".

The present work demonstrated the unique features of commensal-
host interrelations and how coordinated regulation of commensal S. epi-
dermidis, and the skin cells such as neutrophils, cytokines and growth factors
cross talks are required for a balanced and functional skin environment. The
model not only effectively captured essential biological responses to com-
mensal colonization, such as AMP production and inflammation, but also
provided key predictive hypotheses which can be studied further experi-
mentally. The impact of filaggrin mutation on commensal behaviour has
not been previously studied, though several studies on the impact of filaggrin
loss on S. aureus colonization exist. Our findings reveal a dysregulated
immune response driven by increased barrier permeability due to filaggrin
loss, underscoring the need for experimental validation. Similarly, though
oscillations in inflammation have been modelled in other diseases like
rheumatoid Arthritis® and psoriasis”, our model predicts that aberrant
oscillations are generated in an immunocompromised skin which can again
be experimentally validated for better understanding of cutaneous inflam-
matory responses. Future experiments focusing on quantifying threshold
dynamics and commensal behavior based on our model predictions can
enhance our understanding the commensal behaviour and interplay along
with other pathogens like Staphylococcus aureus and Cutibacterium acnes in
inflammatory skin conditions like Atopic dermatitis and acne respectively.

While many studies have examined the impact of microbes on skin
health, a systems biology approach such as this may help in deciphering the
complex dynamics within the skin environment. We believe that this model
can be utilized to explore skin dysbiosis which is the basis of many cutaneous
diseases and also in the rational designing of therapeutic strategies for skin.

Methods

Mathematical modelling and simulation

The quantitative description of the model was set by ordinary differential
equations (ODEs) which were formulated using mass balance and Hill’s
equation representing the multiple interactions and the feedback within the
system (detailed in the Supplementary information). It was subsequently
visualized using Ode45 solver in MATLAB. Following parameter optimi-
zation, the model’s suitability was evaluated by achieving a controlled, non-
zero steady state that reflects the healthy condition.

Advancing model accuracy: parameter sensitivity analysis

In our study, we worked with approximately 129 model parameters, some of
which were fitted based on experimental data, while others were assumed
based on known physiological outcomes. Each parameter within the system
was analyzed to understand its distinct role in the overall operation. The
comprehensive list of all parameters and their corresponding values can be
found in the (Supplementary Tables 3 and 4). A defined quantitative metric
to evaluate the change in the system variables, namely, S. epidermidis,

Growth Factor, AMP, Neutrophil, Damaged Keratinocytes, Filaggrin
(termed as outputs, O) with a change in the parameter values (termed as
Input, I) ranging from 10% to 100%, considering both increase and decrease
facilitated the understanding on the sensitive parameters along with the
relationship between input and output. The sensitivity coefficient ‘S’ was
quantified by comparing the relative change in the output (O) to its mean
value with the relative change in the input (I) parameter to its mean value.
This metric measures the system’s responsiveness to variations in the input
parameter. Mathematically ‘S’ is expressed as:

(0] AO Of — 0; 1 Al If_li
0= 9F0 T 0Ee [T I T I
2 2 2 2
L0 1
ol 'O
therefore,
S:of—oi.lf—{—li
o+ o0, Ip—1

The subscript i indicates the initial value, and f represents the final value
obtained after the parameter change.

Cell culture experiments

Culturing of HaCaT. HaCaT cells (Cat No. T0020001, Addexbio) were
grown and maintained in high glucose DMEM (Cat. No. AL219A, Hime-
dia) supplemented with 0.03 mM Calcium chloride (C5670, Sigma), 1 mM
sodium pyruvate, and 10% FBS (Fetal Bovine Serum) at 37 °C with 5%CO2.
80% confluent cells were trypsinized and plated in 24 well plates at a density
of 80,000 cells/well. Post confluency, the cells were differentiated for 72 h by
adding a differentiation medium containing 1.4 mM Calcium chloride.

Culturing of S. epidermidis. S. epidermidis (ATCC 12228) was subcultured
from glycerol stock on a TSA plate and incubated at room temperature at
37°C for 20h, the OD was adjusted accordingly and used for growth
experiments.

Growth of S. epidermidis on HaCaT. After differentiation of HaCaT, OD of
S. epidermidis was adjusted to 0.2 and the cells were further diluted and 10*
CFU was added on to HaCat wells and in wells with no HaCaT cells, the
plates were incubated at 37 °C with 5% CO2 for 24 and 48 h, the growth of S.
epidermidis was enumerated by plating them on TSA (BD Cat log- 236950)
plates. The colonies after 24 h were counted, and number of CFU/ml of S.
epidermidis was plotted against the time of incubation.

Data availability
All data generated or analyzed during this study are included in this pub-
lished article [and its supplementary information files].
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