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ABSTRACT

Several clinical trials of Staphylococcus aureus (S. aureus)-targeted therapies for atopic
dermatitis (AD) have demonstrated conflicting results regarding whether they improve AD
severity scores. This study performs a model-based meta-analysis to investigate possible
causes of these conflicting results and suggests how to improve the efficacies of S. aureus-
targeted therapies.

We developed a mathematical model that describes systems-level AD pathogenesis involving
dynamic interactions between S. aureus and Coagulase Negative Staphylococcus (CoNS).
Our model simulation reproduced the clinically observed detrimental effects of application of
S. hominis A9 (ShA9) and flucloxacillin on AD severity and showed that these effects
disappeared if the bactericidal activity against CoNS was removed. A hypothetical (modelled)
eradication of S. aureus by 3.0 log1o CFU/cm?, without killing CoNS, achieved comparable
EASI-75 to dupilumab. This efficacy was potentiated if dupilumab was administered in
conjunction with S. aureus eradication (EASI-75 at week 16; S. aureus eradication: 66.7%,
dupilumab 61.6% and combination: 87.8%). The improved efficacy was also seen for virtual
dupilumab poor responders.

Our model simulation suggests that kiling CoNS worsens AD severity and that S. aureus-
specific eradication without killing CoNS could be effective for AD patients, including
dupilumab poor responders. This study will contribute to design promising S. aureus-targeted
therapy.

KEYWORDS: atopic dermatitis, clinical efficacy, model-based meta-analysis, quantitative
systems pharmacology, Staphylococcus aureus
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INTRODUCTION

Atopic dermatitis (AD), also called eczema, is the most common inflammatory skin disease
(Deckers et al., 2012). The symptoms of AD involve relapsing pruritus and skin pain, which
impairs patients’ quality of life and work productivity (Simpson et al., 2016a). The
pathogenesis of AD is characterised by skin barrier damage, Th2-dominant inflammation and
skin dysbiosis (Czarnowicki et al., 2019; Langan et al., 2020; Weidinger et al., 2018). The
most well understood skin dysbiosis in AD patients is colonisation by Staphylococcus aureus
(S. aureus) and a decreased relative abundance of commensal bacteria in the skin (Ederveen
et al., 2019). S. aureus skin colonisation is found in 75%-90% of AD patients without clinical
signs of superinfection, whereas it is found in only 0%-25% of healthy subjects (Breuer et al.,
2002; Gong et al., 2006; Park et al., 2013; Higaki et al., 1999; Nath, et al., 2020).

S. aureus colonisation density correlates with AD severity (Callewaert et al., 2020; Cau et al.,
2021), and S. aureus has been considered as a promising target for AD treatment as it
induces both skin barrier damage and inflammation by producing various virulence factors,
such as phenol-soluble modulins (PSMs), staphylococcal enterotoxins and the toxic shock
syndrome toxin-1 (Syed et al., 2015; Geoghegan et al., 2018).

Some clinical trials of S. aureus-targeted therapies for AD have indeed demonstrated a
reduction in S. aureus densities (Tham et al., 2020). They have, however, shown conflicting
results as to whether they improve AD severity scores. For example, in several clinical trials,
oral and topical anti-staphylococcal antibiotics were applied to eradicate S. aureus at least
temporarily on AD skin lesions. These interventions, however, often failed to improve AD
severity: A Cochrane review concluded that antibiotics may make no difference or only slight
improvement in AD severity (George et al., 2019). Oral flucloxacillin, one of the antibiotics,
worsened AD severity compared to placebo despite a significant reduction of S. aureus levels
on skin lesion (Ewing et al., 1998). Currently, the use of antibiotics is recommended for AD
only in case of overt infection (Alexander et al., 2020; Le Poidevin et al., 2019).

As another S. aureus-targeted therapy: transplant of S. hominis A9 (ShA9), a commensal
strain of coagulase-negative staphylococci (CoNS) isolated from healthy human skin, has
been tested (Nakatsuji et al., 2021a). A clinical study showed that ShA9 transplant decreased
the S. aureus levels on skin lesions and improved AD severity scores in the patients (N=21)
whose skin was colonised with S. aureus that is sensitive to the bacteriocins secreted by
ShA9. However, the ShA9 transplant worsened AD severity scores in the patients (N=11)
whose skin was colonised with S. aureus resistant to the bacteriocins secreted by ShA9
(Nakatsuiji et al., 2021a). ShA9 produces bacteriocins with bactericidal activity against S.
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aureus (Nakatsuji et al., 2017) and secretes autoinducing peptides (AlIPs) that inhibit the
accessory gene regulatory (agr) system, which regulates the expression of the virulence
factors in S. aureus (Williams et al., 2019).

Some therapeutics that do not target S. aureus directly can also reduce S. aureus levels.
Dupilumab, an approved biologic for AD, is a monoclonal antibody that inhibits IL-4 and IL-
13 signalling. These Th2 cytokines can facilitate S. aureus colonisation as they damage the
skin barrier by inhibiting epidermal differentiation (Seltmann et al.,, 2015; Howell et al.,
2009);skin barrier damage induces an increase in skin pH (Elias. 2017) that promotes S.
aureus growth (Lambers et al., 2006). In addition, inhibition of IL-4 and IL-13 by dupilumab
canreduce S. aureus levels since IL-4 and IL-13 inhibit the synthesis of antimicrobial peptides
(AMPs) against S. aureus (Howell et al., 2006). Dupilumab has been shown to reduce S.
aureus levels and improve AD severity scores in a clinical trial (Callewaert et al., 2020).

Taken together, flucloxacillin, ShA9 and dupilumab decreased S. aureus levels but showed
contrasting efficacies with respect to improved AD severity scores. Understanding the
underlying mechanism for these contrasting efficacies will help optimise consistently effective
S. aureus-targeted therapies for AD.

To investigate the causes of the conflicting efficacies of S. aureus-targeted therapies, this
study applies a quantitative systems pharmacology (QSP) approach. QSP is a framework to
describe systems-level pathogenesis and treatment effects by integrating data and
knowledge into a mathematical model (Schoeberl et al., 2019). A QSP approach facilitates a
model-based meta-analysis that integrates data from different clinical trials, as well as
knowledge on pathogenesis and mechanism of action (MoA) of treatments, to inform rational
drug development (Gibbs et al.,, 2018). A QSP model-based meta-analysis is especially
suitable for this study which aims to investigate underlying mechanisms for the conflicting
efficacies of S. aureus-targeted therapies observed in different clinical studies.

We have recently applied a QSP model-based meta-analysis of multiple biologics for AD and
identified IL-13 and IL-22 as potential drug targets for dupilumab poor responders (Miyano et
al., 2021). However, the previous QSP model of biologics is not suitable for this study's aim
as it did not describe the mechanism of S. aureus-targeted therapies. This study presents a
new QSP model of S. aureus-targeted therapies that describes the interactions between S.
aureus and CoNS in AD pathogenesis by referring to clinical efficacy data of the three
treatments described above (flucloxacillin, ShA9 and dupilumab. The selection process is
detailed in Supplementary Information (SI) Section 1) to test the following two hypotheses.
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Our first hypothesis is that the bactericidal effects of S. aureus-targeted therapies on CoNS
impair their efficacies on AD severity. Decrease in CoNS levels causes reduction in their AIP
secretion, thereby upregulating agr expression. Upregulated agr expression promotes
production of virulence factors in S. aureus that can worsen AD severity. While such a
hypothesis has already been implied in several studies (Nakatsuji et al., 2021a; Clowry et al.,
2019; Katsuyama et al., 2005), there has been no quantitative evaluation on the possible
dynamic influences of killing CoNS on clinical efficacies to the best of our knowledge.

The second hypothesis is that S. aureus-targeted therapies are effective for dupilumab poor
responders as they have a different MoA from dupilumab. The responder rates for dupilumab
were 44%-69% (Simpson et al., 2016b; Blauvelt et al., 2017) for Eczema Area and Severity
Index (EASI)-75 (75% reduction in the EASI score (Hanifin et al., 2001; Schram et al., 2012)),
leaving a significant proportion of dupilumab poor responders. Therapeutic options for
dupilumab poor responders are limited to increasing topical corticosteroids and adding
additional systemic immunosuppressive agents. However, dupilumab poor responders are
often resistant to these treatments and require monitoring for adverse effects (Hendricks et
al., 2019), leaving unmet medical needs for dupilumab poor responders. This paper proposes
promising S. aureus-targeted therapies for AD patients, especially for dupilumab poor
responders, by conducting model simulations on virtual patients.

RESULTS

QSP model reproduced clinical efficacies of three treatments that decreased S. aureus

levels

We normalised S. aureus levels, EASI scores and EASI-75 using the reported results in
clinical trials to compare efficacies of flucloxacillin, ShA9 and dupilumab (FIGURE 1 and Sl
Section 2). Efficacies of ShA9 were presented for two groups of patients stratified by the
sensitivity of their S. aureus to ShA9 bacteriocins, as in the original clinical study (Nakatsuiji
et al., 2021a). Hereafter, ShA9 applied to patients colonised with S. aureus that is sensitive
to ShA9 bacteriocins is referred as ShA9-sensitive, and those with S. aureus that is resistant
to ShA9 bacteriocins is referred as ShA9-resistant.

The normalised efficacies demonstrated that all the treatments decreased S. aureus levels
and that ShA9-sensitive and dupilumab improved the EASI scores and EASI-75, whereas
ShA9-resistant and flucloxacillin worsened the EASI scores and EASI-75. The results
confirmed that the three treatments demonstrated conflicting efficacies on AD severity scores
while they all reduced S. aureus levels.
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We revised our previously published QSP model of biologics (Miyano et al., 2021) to include
the MoA for the three treatments and interactions between S. aureus and CoNS (FIGURE 2
and S| Section 3). The new QSP model of S. aureus-targeted therapies reproduced the
baseline levels of the biological factors and the clinical efficacies of the treatments on S.
aureus levels, EASI scores and EASI-75 (FIGURE 3a, b and Sl Section 4). The root mean
square errors of the mean and %CV of S. aureus levels, the EASI scores and EASI-75
between the simulated and reference data were 0.3 log1o CFU/cm?, 43%, 1.5 (out of 72 = the
maximal EASI score) and 2.9%, respectively.

Detrimental effects of flucloxacillin and ShA9 on EASI scores disappeared when their

bactericidal activity against CoNS was hypothetically removed

Using the new QSP model, we tested the first hypothesis that the bactericidal effects on
CoNS impair the efficacies of S. aureus-targeted therapies on AD severity.

Our model simulation demonstrated that flucloxacillin and ShA9-resistant decreased CoNS
while increasing the agr expression (FIGURE 3c) and that flucloxacillin and ShA9 could
achieve better EASI scores and EASI-75 than placebo if they had no bactericidal effects on
CoNS (FIGURE 4). In addition, a sensitivity analysis of the model parameters for %improved
EASI demonstrated that lower rates of CoNS killing by flucloxacillin (din) and ShA9 (dan)
result in higher %improved EASI (S| Section 5). These results suggested that a decrease in
CoNS increases agr expression, thereby worsening EASI scores.

While CoNS levels were reduced to similar levels in both the ShA9-sensitive and ShA9-
resistant groups, agr expression was reduced only in the ShA9-sensitive group (FIGURE 3c).
The agr expression decreased due to the stronger decrease of S. aureus levels by ShA9-
sensitive, compared to ShA9-resistant, even though the decrease in CoNS resulted in a slight
increase in the agr expression. These results suggest that the efficacies of S. aureus-targeted
therapies are determined in some part by the balance of their bactericidal strengths against
S. aureus vs. CoNS.

Hypothetical S. aureus-targeted therapies achieved better EASI-75 than dupilumab

The QSP model described antimicrobial effects of S. aureus-targeted therapies by three
parameters: the rate of S. aureus killing, that of CoNS killing and the strength of agr
expression inhibition (FIGURE 2). The antimicrobial effects result in a decrease of S. aureus
levels, that of CONS level and an inhibition of agr expression level, respectively (FIGURE 5a).
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To explore which antimicrobial effects are responsible for improvement in AD severity, we
conducted model simulations for hypothetical S. aureus-targeted therapies with different
values of the three parameters.

Our simulation results demonstrated that lower S. aureus levels, higher CoNS levels and
stronger inhibition of agr expression resulted in higher EASI-75 after 16 weeks (FIGURE 5b
left). The S. aureus-specific eradication (the maximal reduction of S. aureus level without
killing CoNS, yellow arrows in FIGURE 5b) led to comparable EASI-75 to dupilumab (66.7%
vs. dupilumab: 61.6%). The EASI-75 of the S. aureus-specific eradication was improved by
adding 90% inhibition of the agr expression (70.6%, blue arrows in FIGURE 5b).

Simulations for a combinatorial application of dupilumab and hypothetical S. aureus-targeted
therapies elucidated that it can achieve better EASI-75 than an application of either one
(FIGURE 5b right). The S. aureus-specific eradication improved EASI-75 (87.8%) when it
was combined with dupilumab, which was further improved (91.9%) by adding 90% inhibition
of agr expression.

S. aureus-targeted therapies achieved significant responses in virtual dupilumab poor
responders

We also simulated EASI-75 of S. aureus-targeted therapies in dupilumab poor responders
(FIGURE 5c). Similar to the results shown above for all virtual patients (FIGURE 5b), lower
S. aureus levels, higher CoNS levels and higher inhibition of agr expression showed a better

EASI-75 in virtual dupilumab poor responders. The hypothetical S. aureus-specific
eradication achieved a significant EASI-75 in virtual dupilumab poor responders (S. aureus-
specific eradication: 43.2% and that with 90% inhibition of agr expression: 61.1%), which
were potentiated by simultaneous application of dupilumab (S. aureus-specific eradication:
61.5% and that with 90% inhibition of agr expression: 79.6%).
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DISCUSSION

QSP model-based meta-analysis reveals mechanism of conflicting efficacies of S.
aureus-targeted therapies

We developed a QSP model that describes the interactions between S. aureus and CoNS in
AD pathogenesis (FIGURE 2) by integrating data and knowledge from published experiments
using human samples (S| Section 3). The model reproduced published data of clinical efficacy
for flucloxacillin, ShA9 and dupilumab (FIGURE 1) regarding the EASI scores, EASI-75 and
S. aureus levels (FIGURE 3).

The QSP model simulation revealed that S. aureus-targeted therapies can worsen the EASI
scores if they kill CONS. The simulation showed that the application of ShA9 and flucloxacillin
had detrimental effects on AD severity, and those effects disappeared if their bactericidal
activity against CoNS was hypothetically removed (FIGURE 4). A schematic of the QSP
model (FIGURE 2) can explain how a decrease in CoNS impairs the EASI scores. The
decreased CoNS levels diminish secreted AlPs, thereby upregulating the agr expression. The
upregulated agr expression promotes the production of virulence factors that damage the
skin barrier (e.g., by PSMa and enterotoxins) and induce inflammation (e.g., by wall teichoic
acid to activate dendritic cells), which can worsen AD severity. These results and
interpretation indicate an importance of bactericidal specificity on S. aureus in S. aureus-
targeted therapies.

Model simulation quantifies relationships between profiles of antibacterial effects and
responder rates

The QSP model simulation enables quantitative discussion on clinical efficacies of
hypothetical therapies, which cannot be achieved using only qualitative models (FIGURE 2).

Our simulation elucidated quantitative relationships between antibacterial effects of S.
aureus-targeted therapies (decreases in the S. aureus and CoNS levels and in the agr
expression level) and their EASI-75 responder rates (FIGURE 5b left). In addition, our
simulation suggested that the efficacy of S. aureus-targeted therapies can be potentiated by
concomitant use of dupilumab (FIGURE 5b right).

Theoretically, S. aureus-targeted therapies will achieve the best efficacy if they eradicated S.
aureus completely. However, some S. aureus may remain on population average after S.
aureus-targeted therapies, presumably due to resistance to antibiotics and bacteriocins
(Harkins et al., 2019). Hence, it is crucial to inhibit agr expression by keeping the AlPs
produced by CoNS, in addition to killing S. aureus, to minimise the agr-dependent virulence

effects of S. aureus.
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Hypothetical S. aureus-specific eradication (the maximal reduction of S. aureus level without
killing CoNS), especially in combination with dupilumab, showed higher responder rates than
dupilumab alone (Simulated EASI-75 at week 16: placebo 26.6%, dupilumab 61.6%, S.
aureus-specific eradication 66.7% and combination 87.8%. FIGURE 5b right). Recently, JAK
inhibitors have demonstrated promising efficacies in AD patients; abrocitinib showed a
comparable response to dupilumab (EASI-75 at week 16; abrocitinib 71.0% vs. dupilumab
65.5%, not significant) (Bieber et al., 2021)°, and upadacitinib showed the highest responder
rate among Ph3 trials of JAK inhibitors (EASI-75 at week 16. upadacitinib 77.1% vs. placebo
26.4%) (Reich et al., 2021)°. Our simulation implies that S. aureus-specific eradication
combined with dupilumab may achieve higher responder rates than JAK inhibitors. These
quantitative comparison of clinical efficacies between hypothetical and existing therapies is
one of the benefits of model simulation.

S. aureus-specific eradication is potentially effective for dupilumab poor responders

Another benefit of model simulation is that it can compute expected clinical efficacies of
hypothetical therapies in specific subpopulations. This study also suggested the effectiveness
of S. aureus-specific eradication for dupilumab poor responders. Simulation for virtual
dupilumab poor responders showed that S. aureus-specific eradication achieved 43.2%
EASI-75 (FIGURE 5c left), which is much higher than EASI-75 achieved (up to 33.8%) when
we simulated inhibition of all the cytokines considered in the previous QSP model of biologics
(Miyano et al., 2021). These results imply that S. aureus, rather than cytokines, is potentially
a promising therapeutic target for dupilumab poor responders.

The model simulation also demonstrated that the efficacy of S. aureus-targeted therapies is
potentiated by its concomitant use with dupilumab in dupilumab poor responders (FIGURE
5c right). The results suggest that IL-4/IL-13 signalling contributes to the pathogenesis even
for dupilumab poor responders and thus needs to be inhibited. Targeting both S. aureus and
IL-4/1L-13 could be a promising therapeutic approach for AD patients.

Limitation of the QSP model simulation

This study aimed to interpret published clinical data on S. aureus-targeted therapies obtained
under different study conditions using a model-based meta-analysis. We assumed their
efficacies are comparable across clinical trials after normalisation, although the study
conditions (e.g., topical and systemic therapies) may influence the reported efficacies. For
example, one of the clinical trials (Nakatsuiji et al., 2021a) evaluated efficacies of ShA9 for a
short period (10 days), posing uncertainty on its long-term efficacy. Accuracy of the simulated
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efficacies of the hypothetical S. aureus-targeted therapies needs to be verified by future
clinical trials (Cucurull-Sanchez et al., 2019).

We made our model as simple as possible to concisely interpret clinical efficacies of S.
aureus-targeted therapies with reference to AD pathogenesis. There are several factors that
our model omitted as they were not relevant in this study. For example, our model
approximates pharmacokinetics as a switch-like behaviour (treatment effects are ON at the
start of dosing and are OFF at the end of dosing). Modelling of AD pathogenesis considered
the cutaneous compartment of skin lesions (e.g., without considering cytokines in blood),
excluded potential roles of other microbes than S. aureus and CoNS, does not explicitly
describe some biological factors such as AMPs and immune cells, and simplified some
pathways (e.g., IL-4 and IL-13 increase S. aureus and CoNS via decreasing AMPs, where
AMPs were not described as a model variable). Our model could be further expanded when
those omitted factors become relevant for specific investigation.

Our model assumed that CoNS has no detrimental effects on the skin barrier and
inflammation. However, recent studies have suggested that S. epidermidis, one of CoNS,
also has detrimental effects on the skin barrier (Cau et al., 2021). The detrimental effects of
S. epidermidis may explain the worsened EASI scores in ShA9 as it increased the proportion
of S. epidermidis among microbiome in the AD skin lesion (Nakatsuiji et al., 2021a). Explicit
modelling of different CoNS strains may deliver further insights into the roles of CoNS in AD
pathogenesis, although our model assumed the detrimental effects of S. epidermidis are
negligible compared to those of S. aureus because S. aureus has a higher correlation with
AD severity scores than S. epidermidis (Ederveen et al., 2019; Byrd et al., 2017).

Prospect for S. aureus-targeted therapies

The results of this study support the widely accepted idea that S. aureus is a promising drug
target for AD and suggests the potential importance of considering antibacterial activities
against both S. aureus and CoNS when developing S. aureus-targeted therapies. How much
S. aureus killing is required to achieve a set efficacy for any given therapy would depend on
how strongly the therapy kills CoNS and inhibits agr expression.

This study presents an example of how QSP model can contribute to model-informed drug
development (EFPIA MID3 Workgroup et al., 2016) for precision medicine. For example, our
simulation results will contribute to the design of S. aureus-targeted therapies because the
simulated relationship between EASI-75 responder rates and antibacterial effects (i.e.,
decreases in the S. aureus and CoNS levels and inhibition of agr expression) can be used
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as a guide to set a target profile of the antibacterial effects to achieve a desirable efficacy
(e.g., better EASI-75 than dupilumab). Our simulation results also encourage combinatorial
use of S. aureus-targeted therapies and cytokine-targeted therapies such as biologics and
JAK inhibitors for AD.

METHODS

Our QSP model explicitly describes causal relationships between treatments, biological
factors and an AD severity score using a graphical scheme and ordinary differential equations.
The model was developed by 1) selecting treatments and biological factors to be modelled,
2) formulating treatment effects and causal relationships between the biological factors and
3) optimising model parameters that define virtual patients. The developed model was used
to simulate the clinical efficacies of hypothetical S. aureus-targeted therapies in virtual
patients.

Selecting treatments and biological factors

We considered flucloxacillin, ShA9 and dupilumab because they demonstrated a decrease
of S. aureus levels in a placebo-controlled double-blinded clinical study where AD severity
scores were reported (Table 1 and Sl Section 1).

We selected six biological factors as model variables: colony density levels of S. aureus and
CoNS and levels of agr expression, IL-4/IL-13 in the skin and skin barrier integrity and the
EASI score (TABLE S2). S. aureus and CoNS are the core factors in this study. “CoNS” does
not include the ShA9 strain applied in the ShA9 treatment. “Agr expression” corresponds to
the main mechanism for S. aureus to expression virulence factors in S. aureus (Williams et
al., 2019) that induce skin barrier damage and skin inflammation. The IL-4/IL-13 represents
Th2-cytokines that are targeted by dupilumab. “Skin barrier integrity” is a critical factor in AD
pathogenesis as in our previous models (Miyano et al., 2021; Dominguez-Huttinger et al.,
2017). The EASI score represents an endpoint for AD severity. Some biological factors such
as AMPs were not described as model variables but were considered implicitly as a rationale
for the causal relationships (e.g., IL-4 and IL-13 increase S. aureus and CoNS via decreasing
AMPs) to make the model simpler yet interpretable.

Formulating treatment effects and causal relationships between biological factors

We developed a mathematical model consisting of six equations corresponding to the six
biological factors with 26 parameters to simulate the efficacies of the three treatments (SI
Section 3). The effects of flucloxacillin were modelled by increasing the killing rates of both
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S. aureus and CoNS as its antibacterial spectrum covers all Staphylococcus species. The
effects of ShA9 were modelled by increasing the killing rates of S. aureus and CoNS and the
inhibitory strength against the agr expression because ShA9 produces bacteriocins against
both S. aureus and CoNS (Nakatsuji et al., 2017) and AIPs that inhibit the agr expression
(Nakatsuji et al., 2021a). The effects of dupilumab were modelled by decreasing effective
concentrations of IL-4/IL-13 in the skin by 99%. The value of 99% was obtained from a
calculation using the published data on ICso and the mean concentration of drugs in the skin
(Vazquez et al., 2018) that was estimated from their concentration in the serum measured in
clinical trials (S| Section 3.2.3). The causal relationships between biological factors were
described according to published experimental evidence based on human data (S| Section
3.1). The model was implemented in Python 3.7.6 (Python Software Foundation).

Modelling virtual patients and optimising model parameters

We assumed that the model parameter values (e.g., the recovery rate of skin barrier via skin
turnover, k1) vary between AD patients and that a set of 26 parameter values defines
pathophysiological backgrounds of each virtual patient (TABLE S3). Each value of the i-th
parameter, k;, is taken from a log-normal distribution (Limpert et al., 2001) whose probability
function, f(k;), is defined by

1 (Ink;—p)?
flk) = 7 exp (- ), (1)

207

where y; and o; are the distribution parameters that represent the mean and the standard
deviation of In k;, respectively.

We optimised the 52 distribution parameters (y; and g;, i=1, ..., 26) that define distributions
of the 26 model parameters so that the model minimises root mean square errors of both
mean values and standard deviations between simulated data and the reference data derived
from published clinical studies (S| Section 4). The reference data consist of baseline levels
of S. aureus, CoNS, IL-4/IL-13 and the EASI scores (TABLE S2) and time courses of S.
aureus levels, EASI scores and EASI-75 assessed in clinical trials of the selected treatments
(FIGURE 1). The S. aureus levels, EASI scores and EASI-75 were normalised to compare
the clinical efficacies of different clinical trials (S Section 2). agr expression and skin barrier
integrity were regarded as latent state variables that have no reference data to be compared
with simulated values. Simulated baseline levels were obtained by computing steady-state
levels of biological factors (at 1000 weeks without treatment). All the simulations were
conducted on 1000 virtual patients generated by randomly sampling each parameter value
12 /27



from the distribution in Eq. (1).

Simulating efficacies of hypothetical S. aureus-targeted therapies

We simulated EASI-75 of hypothetical therapies with different strengths for killing of S. aureus
and of CoNS and for inhibiting agr expression to explore optimal S. aureus-targeted therapies.
Specifically, we examined the efficacies of hypothetical therapies that achieve a maximal
reduction of S. aureus level from placebo (a reduction of 3.0 logio CFU/cm?; the reported
maximal reduction is 3.1 log1o CFU/cm? by cefuroxime axetil (Boguniewicz et al., 2001) and
neomycin (Leyden and Kligman, 1977) among published clinical trials for S. aureus-targeted
therapies (Ewing et al., 1998; Nakatsuiji et al., 2021a; Boguniewicz et al., 2001; Leyden and
Kligman, 1977; Hung et al. 2007; Korting et al., 1994; Breneman et al., 2000)), the maximal
level of CoNS (no bactericidal effects on CoNS, keeping the baseline level of CoNS), an
example level of inhibition of the agr expression (we used 90% as we have no reliable
evidence to estimate maximal inhibition rates of agr expression) and their combinations.

We also simulated EASI-75 of hypothetical therapies in virtual dupilumab poor responders,
which were defined as the virtual patients who did not achieve the EASI-75 criterion at 16
weeks.
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TABLE and FIGURES

TABLE 1 Treatments considered in this study

Treatments Targets  Dose regimen Reported efficacies #patients in placebo/treatment
(highest dose) group (Phase)
S. hominis A9 Microbes 2 g (to deliver 1x106 %improved local EASIT  17/35 (Ph1). Of 35, 21 and 11
(ShA9) (Nakatsuiji et CFU/cm?) twice/day, S. aureus patients were colonised with S.
al., 2021a) topical, for 1 week (follow- aureus that is sensitive and
up until 10 days). resistant to ShA9 bacteriocin,
respectively. Colonisation
status of the remaining 3
patients were not determined.
Flucloxacillin (Ewing Microbes 250 mg 4 times/day, oral, Surface area scoret 25/25 (Ph2)
et al., 1998) for 4 weeks (follow-up until Erythema score¥
12 weeks). S. aureus
Dupilumab IL-4 400 mg followed by 200 mg EASI-75 27/27 (Ph2)
(anti-IL-4  receptor and weekly, subcutaneous %improved EASI
subunit a antibody) IL-13 S. aureus
(Callewaert et al, 600 mg followed by 300 mg, EASI-75, 264/270 (Ph3)

2020; 34. Blauvelt et
al., 2017; Guttman-
Yassky et al., 2019a)

weekly, subcutaneous, with
concomitant use of topical
corticosteroids

%improved EASI

1: We used %improved local EASI for %improved EASI as ShA9 was applied on the ventral forearms locally,

F: We regarded %improved score of a product of the surface area score and the erythema score as %improved
EASI by assuming that the erythema represents the four signs (erythema, induration, excoriations and
lichenification) for the EASI score, which is calculated as a product of the area score and the severity score of
the four signs. For dupilumab, we adopted S. aureus levels in Ph2 study and %improved EASI and EASI-75 in
Ph3 study (SI Section 1).

FIGURE 1 Three treatments (flucloxacillin, ShA9 and dupilumab) reduced S. aureus
levels but demonstrated conflicting clinical efficacies regarding EASI scores. S. aureus
levels, the EASI score and EASI-75 were normalised using the reported data of each clinical trial (S|
Section 2). For ShA9, we evaluated the efficacies for the patients stratified by whether the colonised
S. aureus is sensitive to ShA9 bacteriocins (ShA9-sensitive) or is resistant to ShA9 bacteriocins
(ShA9-resistant). Horizontal bars on top represent the dosing periods in each clinical trial. Error bars:
standard deviation.

FIGURE 2 Overview of the QSP model that describes the interactions between S.
aureus and CoNS in AD pathogenesis. (a) Schematic diagram. (b) Regulatory pathways
of the QSP model. The model comprises of the EASI score (an efficacy endpoint), skin barrier
integrity, agr expression, S. aureus, CoNS, IL-4/IL-13 and treatments (ShA9, flucloxacillin and
dupilumab). The regulatory pathways between biological factors are described according to published
human data (S| Section 3).
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FIGURE 3 QSP model-based simulation reproduced the reference data. The distributions
of the model parameters were optimised to minimize the difference between simulated and reference
data (Sl Section 4). Simulation was conducted on 1000 virtual patients. (a) Comparison of baseline
levels of biological factors between reference (striped bars) and simulated data (filled bars). Error
bars: standard deviation. (b) Comparison of clinical efficacies of flucloxacillin, ShA9 and dupilumab
between reference (unfilled circles: mean. error bars: standard deviation) and simulated (lines: mean.
shaded area: standard deviation.) data. (¢) Simulated model variables that have no reference data
(lines: mean. shaded area: standard deviation.). The IL-4/IL-13 levels in dupilumab reflect the 99%
inhibition of 1L-4/IL-13 by dupilumab. Green lines represent dosing periods. Effects of ShA9 were
applied in both dosing and follow-up periods in the simulation because the measured amounts of
ShA9 on the skin remained higher than baseline levels during the follow-up periods in the actual
clinical trial (Nakatsuiji et al., 2021a), while effects of flucloxacillin and dupilumab were applied only
during dosing periods.

FIGURE 4 Detrimental effects of flucloxacillin and ShA9 on EASI scores disappeared
if their bactericidal activity against CoONS were hypothetically removed. The EASI
scores and EASI-75 of flucloxacillin and ShA9 (yellow, red and purple solid lines) were
compared with hypothetical situation where flucloxacillin and ShA9 have no bactericidal
effects on CoNS (yellow, red and purple dashed lines). The efficacies of dupilumab (blue solid
line), the effects of which were modelled by inhibiting IL-4/IL-13 by 99%, were shown as a
reference. Simulation was conducted on 1000 virtual patients (The EASI scores: mean values.
EASI-75: responder rates). Without bactericidal effects on CoNS, flucloxacillin and ShA9
achieved better efficacies than placebo (black thin line) in our simulation. The simulation of
efficacies of ShA9 was stopped on day 10 because our model was calibrated to reproduce
the reported efficacies of ShA9 until day 10.

FIGURE 5 Hypothetical S. aureus-targeted therapies achieved better EASI-75 after 16
weeks of treatment than dupilumab in our model simulation. (a) Antimicrobial effects of
hypothetical S. aureus-targeted therapies are represented by the level of S. aureus, that of
CoNS and the inhibition level of agr expression after 16 weeks of treatment. Hypothetical S.
aureus-targeted therapies were represented in our model by varying strengths of S. aureus
killing, CoNS killing and inhibition of agr expression. (b and c) Antimicrobial effects of
hypothetical S. aureus-targeted therapies evaluated by EASI-75 after 16 weeks of treatment
for all virtual patients (b) and for virtual dupilumab poor responders (c). Lower S. aureus levels,
higher CoNS levels and stronger inhibition of agr expression achieved a better EASI-75. The
hypothetical S. aureus-specific eradication (yellow arrows) achieved comparable (b) or better
(c) EASI-75 to dupilumab (dotted line in (b) and 0% in (c)), and its EASI-75 was potentiated
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(triangle) by adding 90% inhibition of agr expression (blue arrows). Their combination
application with dupilumab achieved better EASI-75 than an application of either one. The
effects of dupilumab were modelled by inhibiting IL-4/IL-13 by 99%. Simulation was
conducted on 1000 virtual patients or 1000 virtual dupilumab poor responders (levels of S.
aureus and CoNS and the inhibition level of agr expression: mean values. EASI-75:
responder rates).
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SUPPLEMENTARY INFORMATION

1. Selection of clinical studies for development of the QSP model

We used pre-defined inclusion and exclusion criteria (FIGURE S) to select clinical studies to
be referenced in development of the QSP model. Firstly, we identified 24 clinical trials that
reported both S. aureus levels and AD severity scores in a placebo-controlled study. We then
excluded 18 clinical trials as the treatments have unclear MoA, they failed to decrease S.
aureus levels compared to placebo, or they evaluated only a small number (<10) of patients.
TABLE S3 lists the treatments excluded in this study. As for antibiotics/antiseptics, 23 clinical
trials were investigated in Cochrane review (George et al., 2019), from which we included
only one study (Ewing et al., 1998) with flucloxacillin which met our inclusion criteria.

As for dupilumab, we included the data of S. aureus levels in Ph2 study (Callewaert et al.,
2020) and %improved EASI and EASI-75 in Ph3 study (Blauvelt et al., 2017). Detailed
rationale for this choice is as follows.

1) %improved EASI and EASI-75 were reported in both Ph2 and Ph3 studies. However, S.
aureus levels were reported only in Ph2 study (Callewaert et al., 2020).

2) The measured %improved EASI of placebo treatment in the Ph2 study (Callewaert et al.,
2020) is not deemed to be reliable because the relationship between
measured %improved EASI and EASI-75 at week 16 deviates from those in other clinical
trials (FIGURE S left).

3) The estimated %improved EASI by mixed-effect model repeated measure (MMRM),
which is a popular method to handling missing data (e.g., due to drop-out of patients
during a clinical study) (Lane, 2008), in the Ph2 study (Callewaert et al., 2020) is deemed
to be reliable because the relationship between the estimated %improved EASI and
EASI-75 at week 16 in the Ph2 study (Callewaert et al., 2020) is consistent with those in
other clinical trials (FIGURE S left). However, the estimated value is not time-course data
(reported week 16 only) and cannot be used for our model fitting.

4) We decided to use a Ph3 study (Blauvelt et al., 2017) that reported time-course data
of %improved EASI and EASI-75, because (a) the %improved EASI at week 16 in the
Ph3 study (Blauvelt et al., 2017) is comparable to the estimated %improved EASI by
MMRM at week 16 in the Ph2 study (Callewaert et al., 2020) (FIGURE S right, open and
closed circles) and (b) time-course data of %improved EASI of dupilumab treatment in
Ph2 were comparable to those in Ph3 (FIGURE S right, blue crosses and filled circles)
suggesting that time-course data of %improved EASI of placebo treatment in Ph2, if they
were estimated by MMRM, are comparable to those in Ph3.

5) Among several Ph3 studies for dupilumab (Blauvelt et al., 2017; Simpson et al., 2016b),
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we selected a Ph3 study which used a combination therapy with topical corticosteroids
(Blauvelt et al., 2017), as it is more reflective of the likely clinical use than monotherapy.

2. Data processing

We used clinical efficacies (S. aureus levels, %improved EASI, EASI scores and EASI-75) of
flucloxacillin, ShA9 and dupilumab as the reference data. The clinical efficacies were
normalised to compare data from different clinical trials.

2.1. Normalisation of S. aureus levels

Time courses of S. aureus levels were reported in clinical trials of flucloxacillin (Ewing et al.,
1998), ShA9 (Nakatsuiji et al., 2021a) and dupilumab (Callewaert et al., 2020). We described
the normalised S. aureus level, a;(t), for the j-th treatment at time t by

a;(t) = (Aaj(¢) — Aap, (1)) + Aap, (£) + aghaq(0), (S1)

where the first term corresponds to the net effects of the treatment defined by the difference
of the change in S. aureus levels (logto scale) at time t from baseline, between the j-th
treatment (Aq; (t)) and the corresponding placebo groups (Aa;j(t)). This term adjusts for
different placebo effects across clinical studies that may differ in the study participants’
background, concomitant drugs and the study sites (Wang et al., 2019). The remaining two
terms describe the change in S. aureus levels at time t from baseline, Aap, (t), in the placebo
group in the dupilumab clinical trial that evaluated efficacies for the longest period among the
trials evaluated in this study and the baseline level of S. aureus, ag;x4(0), in the ShA9 clinical
trial that is the only one reporting levels of both S. aureus and CoNS among the trials
evaluated in this study.

2.2. Conversion of reported AD severity scores to %improved EASI

%improved EASI for flucloxacillin and ShA9 were estimated as follows.

For flucloxacillin, we substituted %improved EASI by the %improved score of a product of
the area score and the severity score of erythema (Ewing et al., 1998) (the only disease sign
evaluated in that study) by assuming that the erythema represents the four disease signs
(erythema, induration, excoriations and lichenification) for EASI score, which is calculated as
a product of the area score and the severity score of the four signs.

For ShA9, we substituted %improved EASI by the %improved local EASI of the ventral arms
as ShA9 was applied on the ventral forearms locally (Nakatsuiji et al., 2021a).
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2.3. Normalisation of %improved EASI, EASI score and EASI-75

%improved EASI, EASI score and EASI-75 were normalised in the same way as in the
published paper on the QSP model of biologics (Miyano et al., 2021). We described
normalised %improved EASI, m;(t), for the j-th treatment at ¢ by

m;(t) = (mj(t) —mp (t)) +mp, (1), (S2)

where the first term corresponds to the net effects of the treatment defined by the difference
of the efficacy (%improved EASI) between the j-th treatment (m; (¢)) and the corresponding
placebo groups (mi‘;]_(t)). This term adjusts for different efficacies in the placebo group across
the clinical studies due to differences in study participants’ background, concomitant drugs
and sites of study (Wang et al., 2019). The second term corresponds to the placebo effects
defined by the efficacy in the placebo group in the dupilumab clinical trial (mp, (t)).

Normalised mean EASI score, ¢;(t), of the j-th treatment at t was calculated by

eq(0)(100-m;(t))
100 ’

/(1) = (83)

where e4(0) is the reported baseline (before the trial) mean EASI score in the dupilumab
clinical trial (Blauvelt et al., 2017) and m;(t) is the normalised %improved EASI defined in
(S2).

Normalised EASI-75 was estimated from the normalised %improved EASI using a regression
curve obtained from the relationship between %improved EASI and EASI-75 in clinical trials
of multiple treatments (Blauvelt et al., 2017 Kabashima et al., 2020; Simpson et al., 2019;
Guttman-Yassky et al., 2019a; Guttman-Yassky et al., 2020; Silverberg et al., 2021) (FIGURE
S).

3. Model structure

The QSP model of S. aureus-targeted therapies (FIGURE 2) describes the dynamics of EASI
score, skin barrier integrity, S. aureus, CoNS, IL-4/IL-13 and treatment effects. Those
dynamics were formulated by Eqgs. (S4)-(S22) with six variables (TABLE S1) and 26
parameters (TABLE S2). This section introduces the equations.

tis the time after the start of treatments. The baseline levels of biological factors for our model

(at t=0) were obtained from the simulated steady-state level (after 1000 weeks) without any

intervention. We referred to the reported levels of biological factors without interventions of
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the treatments as the reference values for the baseline levels, assuming that the levels of the
biological factors were stable before the start of treatments.

3.1. Biological factors
(a) Agr expression level

Agr expression level, a,g(t), of S. aureus is described (FIGURE S) by

k1 a(t)
1+b,h(t)’

Aagr(t) = tanh (S4)

where a(t) and h(t) are S. aureus level and CoNS level (log1o CFU/cm?), respectively and
b1 describes the inhibitory strength for the agr expression by AlIPs from CoNS (Williams et
al., 2019).

(b) Skin barrier integrity
The dynamics of the skin barrier integrity, s(t), is described (FIGURE S4 Agr expression
is regulated by S. aureus and CoNS

FIGURE S) by

a5 _ (asO)arka) _ gyfg 4 dy@age (D)}, .

dt 1+bycy(t)

where ¢, (t) is IL-4/IL-13 level, s(t) is skin barrier integrity, k2 and ks describe the recovery
rate of skin barrier integrity via skin turnover and that via placebo effects, respectively, b2
describes the inhibitory strength for recovery of skin barrier via IL-4/IL-13 and d1 and d2
describe the degradation rate of skin barrier via skin turnover and that via S. aureus,
respectively.

The first term represents a recovery of skin barrier integrity by intrinsic skin turnover (with the
recovery rate, k2) and placebo effects (k3). We assumed the maximal value of s(t) =1 as a
healthy state of skin barrier integrity (TABLE S2), and thus modified the recovery rate by 1 —
s(t). The placebo effect was applied to the simulations for both placebo- and drug-treated
groups, as placebo-treated patients improved the EASI score (Callewaert et al., 2020;
Blauvelt et al., 2017; Nakatsuji et al.,2021a), presumably because of the controlled care with
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concomitant drugs such as emollients during the clinical trials. The recovery of skin barrier
integrity was assumed to be compromised by IL-4 and IL-13 (with the strength b2) as they
are shown to decrease filaggrin production (Howell et al., 2009; Seltmann et al., 2015) and
thereby inhibiting epidermal differentiation and as they induce pruritus (Oetjen et al., 2017)
and thus scratching of skin.

The second term corresponds to the degradation of the skin barrier by skin turnover (with the
degradation rate, d1) and by S. aureus, which damages keratinocytes through phenol-soluble
modulin-a (PSMa) and &-toxin (d2) (Syed et al., 2015). The latter (d2) is agr-dependent
because the agr regulates secretion of PSMa and &-toxin from S. aureus (Queck et al., 2008).

(c) S. aureus and CoNS in the skin

The dynamics of S. aureus and CoNS in the skin, a(t) and h(t), are described (FIGURE S)
by

da(t) _ k. _ a(t) _ d

dc 1+b34s(t) (1 amax) {d3h(t) + 1+b4;(t) + ds} and (86)
dh(t) _ @Y d

at ks (1 hmax) {d6a(t) + 1+b4z4(t) + ds}' (87)

where k, and kg are the proliferation rates of S. aureus and CoNS, respectively, b; is the
inhibitory coefficient for S. aureus proliferation via skin barrier, b, is the inhibitory strength for
elimination of Staphylococci via IL-4/IL-13, d; and d, are the Kkilling rate of S. aureus via
bacteriocins secreted from CoNS and that via AMPs, respectively, ds is the elimination rate
of S. aureus via turnover, dy and d, are the killing rate of CoNS via bacteriocins secreted
from S. aureus and that via AMPs, respectively, dg is the elimination rate of CONS via turnover
and an,.x and hy, ., are the maximal levels of S. aureus and CoNS, respectively. Egs. (S6 and
S7) represent logistic growth of a(t) and h(t) in log1o scale. We set [amax, Pmax | = [7,7] t0
cover the reported range of S. aureus levels (reported maximal log1o level of S. aureus was
6) in the dupilumab clinical trial (Callewaert et al., 2020).

The Egs. (S6 and S7) are relative growth rates based on log1o scale (logio CFU/cm?). Their
absolute growth rates can be described as

a*(t) = 10%® (S8)
R (t) = 10M® (S9)
% - d‘;—(:)a*(t) In10
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K (1 — logio a*(t)) a*(t)In10 — {d3 logyo h*(t) + —2—+ ds} a*(t)In10 (S10)

T 1+bss(t) Amax 1+byca(t)

O _ 2O pe (1) In 10
dt dt

= ks (1 - 22O b (£) In 10 — {dg logyo @’ (t) + —"2— + dg} *(£) In 10 (S11)

max 1+bacy(t)

where a*(t) and h*(t) are absolute levels (CFU/cm?) of S. aureus and CoNS in the skin,
respectively. The first terms of Eqgs. (S10 and S11) mean that we assumed that their logistic
growth is based on log1o scale of S. aureus and CoNS levels.

S. aureus and CoNS proliferate (with the rates k4 and ks), where healthy skin barrier integrity
inhibits proliferation of S. aureus by making skin pH acidic (with strength bs) whereas skin pH
does not affect those of CoNS (Lambers et al., 2006; Kwaszewska et al., 2014).

S. aureus and CoNS are killed by bacteriocins (released from Staphylococci) and AMP
(released from keratinocytes) directly (Schréder, 2011). Bacteriocins exert antimicrobial
activity against bacteria closely related to the producer strain but not against the producer
strain itself (Jack et al.,1995); S aureus is killed by bacteriocins from CoNS (with strength ds)
(Nakatsuiji et al., 2017) and AMP (ds), and CoNS is killed by bacteriocins from S. aureus (ds)
(dos Santos Nascimento et al., 2005) and AMP (d7). AMP release from keratinocytes is
inhibited by IL-4 and IL-13 (Howell et al., 2006) (b4). S. aureus and CoNS in the skin decrease
due to their natural death (ds and ds).

We did not consider influence of S. aureus on AMP because the experimental evidence is
controversial: S. aureus increases AMP release from keratinocytes via pathways that are
independent of the cytokines (Menzies and Kenoyer, 2005); S. aureus degrades AMP by
aureolysin, which is a proteinase produced by S. aureus (Sieprawska-Lupa et al., 2004).

(d) IL-4 and IL-13
The dynamics of IL-4 and IL-13, c,(t), is described (FIGURE S) by

288 = Koage(t) + k7 — doca(8), (S12)

where k¢ and k; are the secretion rate of IL-4/IL-13 via agr expression and that via other
pathways, respectively and d, is the elimination rate of IL-4/IL-13.
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IL-4 and IL-13 are secreted from Th2 cells that are primed by dendritic cells (DCs) specifically
activated by S. aureus-derived wall teichoic acid (WTA) (van Dalen et al., 2019) controlled by
agr (Wanner et al., 2017) (with the rate ks). There are other pathways releasing IL-4/IL-13,
which were implicitly described as “other” effects (k7).

(e) EASI score

The EASI score (ranging from 0 to 72) is calculated using the severity and the area scores of
equally-weighted four AD signs (erythema, induration, excoriations and lichenification) on
four body regions (head/neck, trunk, upper limbs and lower limbs) (Hanifin et al., 2001). In
our model, the EASI score, e(t), is described (FIGURE S) by

e(t) = 72 20200 (S13)

where 72 is the maximal EASI score. Scores derived from two AD signs (erythema and
induration) and those from the remaining two signs (excoriations and lichenification) were
surrogated by a,q(t) and 1 — s(t), respectively, as described below. We set e(0) = 29.3, the
baseline EASI score of the AD patients in the dupilumab clinical trial, which was used as a
reference value to normalise the EASI scores in all the clinical trials.

We assumed the scores derived from erythema and induration are governed by a,q(t)
because these two signs can be induced by S. aureus (Leung et al., 2000). We used log1o
level of S. aureus to model a,q(t) in Eq. (S4) as the correlation between EASI score and
log1o level of S. aureus has been reported (Callewaert et al., 2020). Erythema is caused by
inflammatory vasodilation by histamines (Grossmann et al., 1999). Histamine is released
mainly from mast cells and basophils that are activated by detecting antigens, such as d-toxin
(Azimi et al., 2017) and Staphylococcus enterotoxins (Leung et al., 1993), released by S.
aureus but not by CoNS (Becker et al.,, 2001). We associated the released histamine
concentration with the antigen load in this model because the amount of histamine release
depends more on the amount of antigens than that of antigen-specific IgE (Yamaguchi et al.,
1999), although both antigens and antigen-specific IgE play a role in this process (Amin,
2012). A negligible contribution of IgE (compared to that of antigens) on the AD pathogenesis
is also suggested by a lack of clinical efficacy demonstrated for omalizumab (IgE neutralizing
anti-IgE antibody). Our model assumed that the histamine release by S. aureus-induced 6-
toxin and enterotoxins depends on the agr expression level of S. aureus because AlPs from
other strains regulate secretion of &-toxin and enterotoxins from S. aureus (Queck et al.,
2008; Sihto et al., 2017). Scores for the other two AD signs, excoriations and lichenification,
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are surrogated by 1 — s(t), which describes the degree of damage of the skin barrier integrity,
because excoriations and lichenification are caused by scratching (Bohl, 2019), which
damages skin barrier integrity.

3.2. Treatment effects
3.2.1. Flucloxacillin

Flucloxacillin, an antibiotic, kills the Staphylococci (S. aureus and CoNS). We described the
effects of flucloxacillin (FIGURE S) on decreasing the Staphylococci by adding the killing
rates of Staphylococci (dg, and dg,) in Egs. (S6 and S7):

WO - (12O L4 h(e) + B+ dg + d), (S14)

dt  1+bss(t) Amax 1+bacy(t)

dy
1+4+bgcy(t)

= ks (1 - 12) - {dsa®) + +dg + dp,}. (S15)

3.2.2. S. hominis A9 (ShA9)

ShA?9 is a specific strain of S. hominis, which produces bacteriocins against S. aureus
(Nakatsuiji et al.,2021a) and inhibits agr expression of S. aureus (Williams et al., 2019).
Although ShA9 was screened based on selectivity of the bacteriocins against S. aureus, it
still has antimicrobial activity against CONS (Nakatsuji et al., 2017). We describe those
effects (FIGURE S9 Effects of flucloxacillin. Squared and hexagon symbols represent model
variables and a treatment in our model, respectively.

FIGURE S) by adding the killing rates of S. aureus and CoNS (daq, and daqy) in Egs. (S6
and S7) and the inhibitory strength for agr expression (be,) in Eq. (S7):

da(t) _ kg _ a(t) _ ds
T = it (1 29 — {@h(®) + s + de + ), (S16)
dh(t) _ h(t) d
L0 = ks (1- m) — {doa(®) + 5 + da + daan), (S17)
k1a(t)

Qagr(t) = tanh (S18)

(1+b1h(®))(1+baga)’
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The clinical trial of ShA9 stratified the patients according to the sensitivity of S. aureus isolated
from each patient to the bacteriocins of ShA9. The colonised S. aureus was categorised as
“sensitive” when minimal inhibitory concentration (MIC) of ShA9 conditioned medium against
S. aureus is less than 100% (% of original conditioned medium) and as “resistant” when the
MIC is more than 200% (Nakatsuji et al., 2021a). Hereafter, ShA9 applied to patients
colonised with S. aureus that is sensitive to ShA9 bacteriocins is referred as ShA9-sensitive
and those with S. aureus that is resistant to ShA9 bacteriocins is referred as ShA9-resistant.
We modelled the different sensitivity of S. aureus to the bacteriocins of ShA9 as

Ay, = {dAga_S, if ShA9 — sensitive ($19)

"~ |dpoar if ShA9 — resistant.

Effects of ShA9 were applied in both dosing and follow-up periods in the simulation because
the measured amount of ShA9 remained higher than baseline levels during the follow-up
periods in the clinical trial (Nakatsuiji et al., 2021a).

3.2.3. Dupilumab

We described the effects of dupilumab (FIGURE S9 Effects of flucloxacillin. Squared and
hexagon symbols represent model variables and a treatment in our model, respectively.

FIGURE S10 Effects of S. hominis A9. Squared and hexagon symbols represent model
variables and a treatment in our model, respectively.

FIGURE S) that inhibit the signalling of IL-4 and IL-13 by scaling the concentrations of IL-4
and IL-13. Effective concentrations of the IL-4 and IL-13 in the skin at £, c,(t), was modelled
by

c4(t) = (1 — Ninnibie) c2 (0, (S20)
_ dskin

Tinhibit = 7o q (S21)

dskin = 7"skin/serumdseruma (522)

where c;(t) is the concentration of IL-4 and IL-13 in the skin at {, ri,phipic IS the rate of the IL-
4 and IL-13 inhibition in the dupilumab treatment, d;, is the concentration of dupilumab in
the skin, ICs, is the half-maximal inhibitory concentration of dupilumab against IL-4 and IL-

13, Tskin/serum 1S the ratio of dupilumab concentration in the skin to that in serum and dgerym
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is the mean concentration of the dupilumab in serum. We adopted 7yin/serum = 0.157 for
dupilumab based on the estimated ratio of antibody concentration in the skin to that in the
plasma (Shah et al., 2013). Values of ICg, (IL-4: <0.01 and IL-13: 0.01 mcg/mL) and dserum
(183 mcg/mL) were obtained from reported results of in vitro assay and the reported
pharmacokinetic data of the adopted dose regimen (TABLE 1) in clinical trials (D'lppolito and
Pisano, 2018; Le Floc'h et al., 2020). With these values, i hinic Was calculated as 0.99.

4. Optimising model parameters to reproduce clinical data

We optimised 52 parameters (u; and o;) that define the distributions of the 26 model
parameters (TABLE S2) so that the model reproduces the following clinical data consisting
of 108 reference values;

- mean values and %CV of 4 biological factors (IL-4/IL-13, S. aureus, CoNS and the
EASI score) without interventions of the treatments (TABLE S1; 2 indices x 4 factors
= 8 reference values),

- the EASI score and EASI-75 in the clinical trials (FIGURE 1; 2 indices x 5 interventions
x 4-7 time points/intervention = 56 reference values) and

- mean values and %CV of S. aureus levels in the clinical trials (FIGURE 1; 2 indices x
5 interventions x 4-5 time points/intervention = 44 reference values).

We searched the parameters that minimize the cost function, J, defined by

J = wiJi + Wy, + wsfs + Wyuf, + wsfs + wefe, (823)

where
1 4 N 2

1= Zzlzl(bmean,l - bmean,l) ) (824)

~ 2

2= \/iZ?n(bcv,z — beyy), (S25)
1 1 Miast,j ~ 2

Js = J; Ll I () — 8w ) (526)
1 1 Myast,j A 2

Ja= J; b Tt (ers (o) = 75w | (s27)
1 1 Miast,j ~ 2

Js = J; Y T CTCO LGS B (528)
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Mast,j

Jo = J Y el (T COEN ) (529)

The terms, J; and J,, are root mean squared errors (RMSE) of mean values and %CV of
baseline levels of biological factors, respectively, /; and J, are RMSE of the EASI score and
EASI-75, respectively, Js and J, are RMSE of mean values and %CV of S. aureus levels,
respectively. w; to wg are the weighting coefficients. byean; and by, are the reference
values for the mean value and the %CV of baseline levels of the [-th biological factor
(1=1,2,3,4). Bmean‘l and Bcw are the corresponding simulated values at the steady state (after
1000 weeks, among 1000 virtual patients). e;(ty,), e;sj(tn), a;(t,) and acy ;(t,,) are the
reference values of the EASI score, EASI-75, mean S. aureus levels and %CV of S. aureus
levels using the j-th intervention (j=1,2,3,4,5) at time t,,, (m=1,..., Mjaq ;). € (tn), €75 j(tn),
aj(tn,) and dacy;(t,) are the corresponding simulated values. We used
[wi, wy,ws,wy, ws, we] = [50,10,50,50,1000, 1] with larger weights on some terms (e.g., Js)
that tended to have smaller fitting errors.

The parameters were optimised using differential evolution (Storn and Price, 1997), which is

an effective method for global optimisation of a large number of parameters. The conditions
for differential evolution were set as follows based on manual trial-and-error.

Mutation constant (F) :0.5
Crossover constant (CR) : 0.7
Strategy : DE/best/1/bin

Number of population vectors (NP) : 52
Number of function evaluations (nfe) : 15652
Number of evaluated generations : 300

Ranges of parameters searched : TABLE S2

The J reached a plateau value, 569, after the iterative evaluations (FIGURE S). The model
fithess was confirmed visually by comparing the reference and simulated data (FIGURE 3).

5. Sensitivity analysis

We conducted a global sensitivity analysis of the model parameters with respect
to %improved EASI. We produced 1000 virtual patients by varying the 26 parameters that
represent their pathophysiological backgrounds using Latin hypercube sampling (LHS) and
computed partial rank correlation coefficient (PRCC) (Marino et al., 2008) between each
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parameter and %improved EASI of each treatment. LHS is a sampling method to explore the
entire space of multidimensional parameters efficiently, and PRCC represents a rank
correlation coefficient that is controlled for confounding effects that could lead to detecting
pseudo-correlations. The evaluated ranges of In k; were [u; — a;,u; + 0;]. The p-values for the
PRCC were adjusted for multiple testing with the Bonferroni procedure, where a significance
level of adjusted p < 0.05 with an absolute value >0.1 was used.

5.1. Influence of model parameters on efficacy of placebo

Eight model parameters had a significant PRCC with the %improved EASI by placebo
(FIGURE S).

Two out of the eight parameters were skin barrier-related (ks and bz). A higher ks results in
stronger recovery of skin barrier via placebo effects, thereby achieving a higher %improve
EASI. A higher b2 inhibits recovery of skin barrier more strongly, weakening the recovery of
the skin barrier by placebo effects, thereby showing lower %improve EASI.

The remaining six parameters were agr-related (k1, k4, ks, b1, ds and ds). Higher b1, ks and ds
and lower k1, k4 and ds result in a lower baseline level of agr expression via decreasing agr
expression levels (k1 and b1) and S. aureus levels (ks and ds) or increasing CoNS levels (ks
and ds). A lower level of agr expression means that the % improved EASI score is more
sensitive to the changes in the skin barrier integrity that is achieved by placebo effects
because we modelled an EASI score as a weighted mean of agr expression and skin barrier
integrity (Eq. S13).

These influences were observed in not only placebo groups but also drug-treated groups as
the placebo effects were considered in both placebo- and drug-treated groups in the
simulation.

5.2. Influence of model parameters on efficacy of dupilumab

Six model parameters had a significant PRCC with the %improved EASI by dupilumab
(FIGURE S).

All the six parameters were agr-related (k1, ka, ks, da, ds and ds). Higher ks, d4 and ds and the
lower ki1, ka and ds result in a lower baseline level of agr expression due to a decrease in agr
expression (k1) and in S. aureus levels (ka, d4sand ds) or an increase in CoNS levels (ks and
ds). A lower level of agr expression means that the % improved EASI score is more sensitive
to the changes in the skin barrier integrity that is achieved by placebo effects and dupilumab
(inhibiting skin barrier damage from IL-4/IL-13) because we modelled an EASI score as a
weighted mean of agr expression and skin barrier integrity (Eq. S13).
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Two skin barrier-related parameters (ks and b2) had a significant PRCC with the %improved
EASI by placebo, but not by dupilumab, which includes placebo effects in our simulation. It
may be because the recovery of the skin barrier by dupilumab overweighted that by placebo
effects, and thereby the placebo effects became negligible in dupilumab treatment.

5.3. Influence of model parameters on efficacy of ShA9-sensitive

Seven model parameters had a significant PRCC with the %improved EASI by ShA9-
sensitive (FIGURE S).

Two out of the seven parameters were skin barrier-related (ks and bz2) and correspond to
placebo effects because they had a significant PRCC with the %improved EASI by placebo
(Sl section 1.1). Other two parameters were bactericidal strengths of ShA9 (dasa s and daon).
A higher dasa_s and a lower daon result in stronger killing of S. aureus and weaker killing of
CoNS, thereby achieving a higher %improve EASI.

The remaining three parameters were agr-related (ks, ks, ds). As described in Sl section 1.1,
a lower k4 showed a higher %improve EASI in placebo treatment. A higher ds and a lower ks
result in a lower baseline level of CoNS. The lower level of CONS lessens the impact of killing
CoNS by ShA9 on the increase of agr expression. The smaller increase in agr expression
results in the weaker detrimental effects of ShA9 on EASI scores, thereby showing a
higher %improve EASI.

The influences of ds and ks (i.e., a baseline level of CoONS) on %improve EASI were in
opposite directions, depending on whether the drugs kill CoNS (e.g., ShA9 and flucloxacillin)
or not (e.g., placebo and dupilumab). A higher baseline level of CoNS makes a lower baseline
level of agr expression. The lower level of agr expression means that the %improved EASI
score is more sensitive to the changes in the skin barrier integrity that is achieved by placebo
and dupilumab because we modelled an EASI score as a weighted mean of agr expression
and skin barrier integrity (Eq. S13). On the other hand, a lower level of CoNS lessens the
impact of killing CoNS by ShA9 on the increase of agr expression. The smaller increase in
agr expression results in the weaker detrimental effects of ShA9 and flucloxacillin on EASI
scores, thereby showing a higher %improve EASI.

baes (inhibitory strength for agr expression of S. aureus via ShA9) had no significant influence
on %improve EASI (FIGURE S) because the inhibitory strength of ShA9 for agr expression
of S. aureus is so weak in this model (i.e., a small y; of bags) that the sensitivity analysis
evaluated a narrow range of inhibition levels of agr expression (The evaluated range of b
was 0.25-0.43, 20%-30% around the nominal value). On the other hand, the inhibitory level
of agr expression via hypothetical S. aureus-targeted therapy had a significant influence on
EASI-75 (FIGURE 5) because it evaluated a whole range of inhibition levels of agr expression
(0%-100%).
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5.4. Influence of model parameters on efficacy of ShA9-resistant

Six model parameters had a significant PRCC with the %improved EASI by ShA9-resistant
(FIGURE S).

Two out of the six parameters were skin barrier-related (ks and b2) and correspond to placebo
effects because they had a significant PRCC with the %improved EASI by placebo (S| section
1.1). A parameter, dagn, is the bactericidal strength of ShA9 on CoNS. A lower dagh results in
weaker killing of CoNS, thereby achieving a higher %improve EASI.

The remaining three parameters were agr-related (k4, ds and ds). As described in Sl section
1.1, a higher ds and a lower k4 result in stronger skin barrier recovery by placebo effects, and
thereby showed a higher %improve EASI. A higher ds result in a lower baseline level of CONS.
The lower level of CoNS lessens the impact of CoNS killing by ShA9 on the increase of agr
expression. The smaller increase in agr expression results in weaker detrimental effects of
ShA9 on EASI scores, thereby showing a higher %improve EASI.

ShA9-resistant and ShA9-sensitive showed similar results except for ks, ds, dasa s/daga r; the
discrepancy stems from the difference in bactericidal strengths on S. aureus.

5.5. Influence of model parameters on efficacy of flucloxacillin

Eight model parameters had a significant PRCC with the %improved EASI by flucloxacillin
(FIGURE S).

Two out of the eight parameters were skin barrier-related (ks and b2) and correspond to
placebo effects (SI Section 1.1). Other two parameters were bactericidal strengths of
flucloxacillin (dra and dm). A higher dra and a lower dm result in stronger killing of S. aureus and
weaker killing of CoNS, thereby achieving a higher %improve EASI.

The remaining four parameters were agr-related (ks, ks, ds and ds). As described in S| section
1.1, a higher ds and a lower ks result in stronger recovery of skin barrier via placebo effects,
thereby showing a higher %improve EASI. A higher ds and a lower ks have a lower baseline
level of CoNS. The lower level of CoNS lessens the impact of killing CoNS by flucloxacillin
on the increase of agr expression. The smaller increase in agr expression results in weaker
detrimental effects of ShA9 on EASI scores, thereby showing a higher %improve EASI.
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SUPPLEMENTARY TABLES and FIGURES

TABLE S1 Treatments excluded in this study (except for antibiotics/antiseptics)

Treatments MoA Clinical efficacies Reasons for exclusion

(compared to placebo)
Bleach bath Unclear Decreased S. aureus levels Unclear MoA; hypochlorite 0.005%
(hypochlorite 0.005%) (inhibiting NF-kB?) and improved EASI score  inhibited NF-kB signaling in human
(Wong et al., 2013) keratinocytes, but was not antimicrobial

against S. aureus (Leung et al., 2013;
Sawada et al., 2019).

Vitreoscilla filiformis Unclear Decreased S. aureus levels Unclear MoA: target molecules are
Lysate (anti-inflammatory?) and improved SCORAD unknown

(Gueniche et al., 2008)

Staphefekt Killing S. aureus Failed to decrease S. aureus Failed to decrease S. aureus levels
(Bacteriophage lysin) levels and EASI score compared with placebo control

(de Wit et al., 2019) compared with placebo

Roseomonas Producing sphingolipid Not a placebo-controlled Not a placebo-controlled study
mucosagError! Reference source study

not found.

(Myles et al., 2018)

Autologous CoNS Killing S. aureus via Decreased S. aureus levels The number of subjects (5-6
(Nakatsuiji et al., 2021b) bacteriocins and improved EASI score  subjects/arm) was too small
SRD441 Inhibiting Slightly improved SCORAD Not reported S. aureus levels
(protease inhibitor) Staphylococcal-derived without statistical
(Foelster et al., 2010) aureolysin and matrix significance. S. aureus

metalloproteinases levels were not reported

TABLE S$1 Biological factors as model variables

Model variables Reported baseline levels in AD lesion, Mean (%CV) Range
c,(t) IL-4/IL-13 level att  39.2 (55) (Koppes et al., 2016)2¢  Fold change against -
healthy skin
a(t) S.aureuslevelatt 3.4 (43) (Nakatsuji et al., 2021a)> Log1o CFU/cm? 0 ~ amax
h(t) CoNS level at ¢ 2.0 (84) (Nakatsuiji et al., 2021a)® Logio CFU/cm? 0 ~ Amax
Aagr () Agr expression level -°© - 0 (no effect)
att ~ 1 (maximal effect)
s(t) Skin barrier integrity -© - 0 (complete destruction)
att ~ 1 (healthy state)
e(t) EASI score att 29.3 (49)(Blauvelt et al., 2017)bed - 0~72

a: mild-to-moderate AD patients. Values are average of IL-4 (mean 38.0, %CV 53) and IL-13 (mean 40.5, %CV 56). b: moderate-to-severe
AD patients. c: %CV was estimated from IQR. e: no reference data to be compared with simulated values. d: mean baseline value of 29.0

for dupilumab treatment and 29.6 for placebo treatment in dupilumab clinical trial.

TABLE S2 Model parameters

Parameters Equations Explored range Selected values
Hi 0i Hi Oi
Ky Strength of agr expression S5 [-2,-1 [0, 1] -1.06 0.50
ky Recovery rate of skin barrier integrity via skin turnover S6 [-8,-71 [0, 1] -7.71 0.33
ks Recovery rate of skin barrier integrity via placebo effects S6 [-1, 0] [1,2] -0.46 1.58
ks Proliferation rate of S. aureus S7 [1,2] [0, 1] 1.37 0.20
ks Proliferation rate of CoNS S8 [-2,-1] [0, 1] -1.26 0.25
ks Secretion rate of IL-4/IL-13 via agr expression S9 [-9,-8] [2,3] -8.10 2.72
ks Secretion rate of IL-4/IL-13 via other pathways S9 [-6,-5] [0, 1] -5.02 0.70
b4 Inhibitory strength for agr expression via CoNS S5 [1,2] [0, 1] 1.37 0.04
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b, Inhibitory strength for recovery of skin barrier via IL-4/IL-13 S6 [-3,-2] [0, 1] -2.67 0.98

bs Inhibitory strength for S. aureus proliferation via skin barrier S7 [-7,-6] [0, 1] -6.11 0.60
ba Inhibitory strength for elimination of Staphylococci via IL-4/IL-13 S7, S8 [[3,-2] [1,2] -2.71 1.51
ds Degradation rate of skin barrier via skin turnover S6 [-10,-9]1 [1, 2] -9.86 1.41
d, Degradation rate of skin barrier via S. aureus S6 [-9,-8] [2,3] -8.33 2.32
d; Killing rate of S. aureus via bacteriocins secreted from CoNS S7 [-5,-4] [2,3] -4.65 2.61
ds Killing rate of S. aureus via AMPs S7 [0, 1] [0, 1] 0.55 0.39
ds Elimination rate of S. aureus via turnover S7 [0, 1] [0, 1] 0.23 0.19
ds Killing rate of CoNS via bacteriocins secreted from S. aureus S8 [-9,-8] [0, 1] -8.14 0.59
d7 Killing rate of CoNS via AMPs S8 [4,-3] [1,2] -3.44 1.88
ds Elimination rate of CoNS via turnover S8 [-2,-1] [0, 1] -1.73 0.40
do Elimination rate of IL-4/IL-13 S9 [9,-8] [1,2] -8.62 1.19
dasa s Killing rate of S. aureus via ShA9 in bacteriocin-sensitive S. aureus S13 [1,2] [0, 1] 1.09 0.90
dasar Killing rate of S. aureus via ShA9 in bacteriocin-resistant S. aureus S13 [-1,0] [0, 1] -0.83 0.85
dasn  Killing rate of CoNS via ShA9 S11 [0, 1] [0, 1] 0.55 0.90
bags  Inhibitory strength for agr expression via ShA9 S12 [-2,-11 [0, 1] -1.11 0.27
s Killing rate of S. aureus via flucloxacillin S14 [0, 1] [0, 1] 0.13 0.27
dn Killing rate of CoNS via flucloxacillin S15 [0, 1] [0, 1] 0.35 0.12

FIGURE S$1 Clinical studies selection process

FIGURE S2 %improved EASI reported in different clinical trials. (left) The relationship
between %improved EASI and EASI-75. The placebo data measured at week 16 in a
dupilumab Ph2 study (Callewaert et al., 2020) (a black cross) deviates from the data from
other clinical trials (all available time points of both drug- and placebo-treated groups in
dupilumab Ph3 (Blauvelt et al., 2017), nemolizumab (Kabashima et al., 2020), Tezepelumab
(Simpson et al.,2019), GBR 830 (Guttman-Yassky et al., 2019b), lebrikizumab (Guttman-
Yassky et al., 2020b) and tralokinumab (Silverberg et al., 2021) studies) and the relationship
between the %improved EASI estimated by mixed-effect model repeated measure (MMRM)
and EASI-75 measured at week 16 in a dupilumab Ph2 study (Callewaert et al., 2020) (a blue
open circle for dupilumab-treated and a black open circle for placebo-treated groups).
(right) %improved EASI in dupilumab Ph2 and Ph3 studies. The estimated %improved EASI
by MMRM at week 16 in Ph2 (Callewaert et al., 2020) (open circles) is comparable
to %improved EASI in Ph3 (Blauvelt et al., 2017) (filled circles) for both dupilumab- and
placebo-treated groups.

FIGURE S3 EASI-75 was estimated from %improved EASI using a regression curve. The
regression curve was obtained using the reported %improved EASI and EASI-75 in clinical
trials of multiple treatments (all available time points of both drug- and placebo-treated groups
in dupilumab (Blauvelt et al., 2017), nemolizumab (Kabashima et al., 2020), tezepelumab
(Simpson et al., 2019), GBR 830 (Guttman-Yassky et al., 2019b), lebrikizumab (Guttman-
Yassky et al., 2020) and tralokinumab (Silverberg et al., 2021)).
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FIGURE S4 Agr expression is regulated by S. aureus and CoNS

FIGURE S5 Skin barrier integrity is regulated by skin turnover, placebo effects, IL-4/13 and
agr expression. Squared and oval symbols represent model variables and implicit factors in
our model, respectively.

FIGURE S6 S. aureus and CoNS levels regulate each other. Squared and oval symbols
represent model variables and implicit factors in our model, respectively.

FIGURE S7 IL-4/IL-13 level is regulated by agr expression and other factors. Squared and
oval symbols represent model variables and implicit factors in our model, respectively.

FIGURE S8 EASI score was calculated from agr expression and skin barrier integrity

FIGURE S9 Effects of flucloxacillin. Squared and hexagon symbols represent model
variables and a treatment in our model, respectively.

FIGURE S$S10 Effects of S. hominis A9. Squared and hexagon symbols represent model
variables and a treatment in our model, respectively.

FIGURE S11 Effects of dupilumab. Squared, oval and hexagon symbols represent model
variables, implicit factors and a treatment in our model, respectively.

FIGURE $12 The cost function (J) reached a plateau value, 569, in the optimisation process
using differential evolution.

FIGURE S13 Partial rank correlation coefficient (PRCC) between model parameters
and %improved EASI by each treatment. Open and crossed cells are statistically significant
and non-significant PRCC (absolute value >0.1 with adjusted p-values <0.05), respectively.
Positive PRCC means that virtual patients with a higher value of the parameter achieve a
higher %improve EASI by the treatment (e.g., k3). Negative PRCC means that virtual patients
with a lower value of the parameter achieve a higher %improve EASI by the treatment (e.g.,
b2).
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