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Abstract

Dupilumab is a fully human antibody to interleukin-4 receptor a that improves the signs and
symptoms of moderate to severe atopic dermatitis (AD). To determine the effects of dupilumab on
Staphylococcus aureus colonization and microbial diversity on the skin, bacterial DNA was
analyzed from swabs collected from lesional and nonlesional skin in a double-blind, placebo-
controlled study of 54 patients with moderate to severe AD randomized (1:1) and treated with
either dupilumab (200 mg weekly) or placebo for 16 weeks. Microbial diversity and relative
abundance of Staphylococcus were assessed by DNA sequencing of 16S ribosomal RNA, and
absolute S. aureus abundance was measured by quantitative PCR. Before treatment, lesional skin
had lower microbial diversity and higher overall abundance of S. aureus than nonlesional skin.
During dupilumab treatment, microbial diversity increased and the abundance of S. aureus
decreased. Pronounced changes were seen in nonlesional and lesional skin. Decreased S. aureus
abundance during dupilumab treatment correlated with clinical improvement of AD and
biomarkers of type 2 immunity. We conclude that clinical improvement of AD that is mediated by
interleukin-4 receptor a. inhibition and the subsequent suppression of type 2 inflammation is
correlated with increased microbial diversity and reduced abundance of S. aureus.

INTRODUCTION

Atopic dermatitis (AD) is a complex disease characterized by chronic inflammation, barrier
dysfunction, and microbial dysbiosis in the skin (Brunner et al., 2018; Brunner et al., 2017a;
Werfel et al., 2016; Eichenfield et al., 2014; Cork et al., 2009; Bieber, 2008). Inflammation
is driven predominantly by the type 2-T helper type 2 cytokine pathway (Brandt and
Sivaprasad, 2011), in which the cytokines IL-4 and IL-13 play a major role (Brunner et al.,
2017a). Type 2-T helper type 2 cytokines can inhibit key components of skin barrier
function, such as filaggrin and loricrin (Leung and Guttman-Yassky, 2014; Howell et al.,
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2009; Kim et al., 2008), alter skin lipid metabolism (Berdyshev et al., 2018), and inhibit
antimicrobial peptide synthesis (Guttman-Yassky et al., 2008; Nomura et al., 2003; Kisich et
al., 2007; Ong et al., 2002). These conditions facilitate binding and colonization by S. aureus
(Cho et al., 2001), which is associated with increased inflammation and disease severity
(Kobayashi et al., 2015; Bjerre et al., 2017; Hepburn et al., 2017; Gong et al., 2006; Leyden
etal., 1974).

Dupilumab is a fully human VelocImmune-derived mAb (MacDonald et al., 2014; Murphy
et al., 2014) that blocks the shared receptor subunit for IL-4 and I1L-13, thus inhibiting
signaling of IL-4 and IL-13 (Gandhi et al., 2015). It is approved for the treatment of adults
with inadequately controlled moderate to severe AD and for asthma. In early phase and
phase 3 clinical trials, dupilumab administered as monotherapy for up to 16 weeks, or with
concomitant topical corticosteroids for 4 or 52 weeks, significantly improved signs and
symptoms of AD in adults with moderate to severe AD, with an acceptable safety profile
(Beck et al., 2014; Thagi et al., 2016; Simpson et al., 2016; Blauvelt et al., 2017). Additional
studies further characterized the impact of dupilumab-mediated IL-4Ra blockade on the
molecular and cellular features of lesional and nonlesional skin in patients with moderate to
severe AD (Hamilton et al., 2014; Guttman-Yassky et al., 2019). In a randomized 16-week,
phase 2 trial (AD-1307 EXPLORE, registered with ClinicalTrials.gov NCT01979016 on
November 1, 2013), dupilumab treatment significantly improved epidermal differentiation in
lesional skin (Guttman-Yassky et al., 2019), suggesting normalization of skin barrier
function. Here, we report additional findings from AD-1307 EXPLORE regarding microbial
diversity, S. aureus abundance, and the impact of dupilumab treatment on these factors. The
relation between S. aureus abundance and clinical and molecular markers of AD severity
was also assessed.

A total of 54 patients were randomized to dupilumab 200 mg weekly (n = 27) or placebo (n
= 27). Most patients completed the treatment phase: 26 of 27 (96.3%) in the dupilumab
group and 25 of 27 (92.6%) in the placebo group. The number of patients completing both
the treatment and follow-up phases (up to week 32) was 17 of 27 (63.0%) in the dupilumab
group and 13 of 27 (48.1%) in the placebo group (additional information is available from
Guttman-Yassky et al., 2019). Skin swabs were available from all 26 patients in the
dupilumab group and from 27 patients in the placebo group at prespecified times.

Pretreatment characterization of lesional and nonlesional skin

At screening and baseline, lesional skin contained significantly higher quantities of bacteria
than did nonlesional skin, based on absolute quantification of 16S ribosomal RNA (rRNA)
using quantitative PCR (gPCR) (£ < 0.05) (Figure 1a). Lesional skin also contained
significantly higher quantities of S. aureus compared with nonlesional skin (P < 0.05)
(Figure 1b). Shannon diversity results from 16S rRNA sequencing indicated that lesional
skin had significantly lower microbial diversity than did nonlesional skin (Figure 1c). Alpha
diversity scores for lesional and nonlesional skin were consistent in the two treatment

J Invest Dermatol. Author manuscript; available in PMC 2020 April 17.


http://www.ClinicalTrials.gov
https://clinicaltrials.gov/ct2/show/NCT01979016

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Callewaert et al.

Page 4

groups, confirming that both groups were similar in terms of bacterial diversity at baseline
(Figure 1d) and were consistent in male and female patients at baseline (Figure 1e). Figure
1f shows baseline Eczema Area and Severity Index (EASI) scores for male and female
patients in each treatment group.

Relative microbial abundance

Figure 2 shows relative microbial abundance in lesional and nonlesional skin according to
treatment group. The most abundant bacterial phyla were Firmicutes (mostly
Staphylococcus), Actinobacteria (mostly Corynebacterium), and Proteobacteria (mostly
Acinetobacter). The relative abundance of Staphylococcus decreased during dupilumab
treatment in both lesional (£ < 0.001) and nonlesional (P< 0.01) skin (Supplementary
Figure S1), but the most pronounced reduction was seen in lesional skin samples
(Supplementary Figure S2). This decrease in Staphylococcus abundance was observed as
early as week 4 and was sustained until week 16. A relative abundance of bacterial taxa in
lesional skin for individual dupilumab-treated patients over time is shown in Supplementary
Figure S3.

Microbial diversity

Shannon microbial a-diversity over time is shown in Figures 3a—d. In the placebo group,
microbial diversity was relatively consistent throughout the study for both lesional (Figure
3a) and nonlesional skin (Figure 3c); the only time point at which a-diversity was
significantly different from baseline was at week 32 for lesional skin (16 weeks after
treatment). In contrast, in the dupilumab-treated group, a-diversity in lesional skin increased
significantly from week 0 (includes screening and baseline) to week 4 and at all time points
through week 16 (during treatment; £ < 0.001). The effect was lost at week 32 (i.e., 18
weeks after the last injection) (Figure 3b); similarly, in nonlesional skin, there was a
significant increase (P < 0.05) in a-diversity from baseline at weeks 4, 8, 12, and 16 (Figure
3d). Higher microbial a-diversity is associated with a lower relative abundance of
Staphylococcus (P < 0.001, Spearman correlation; results not shown).

Figures 3e—g summarizes weighted UniFrac microbial p-diversity. In the dupilumab-treated
group, samples taken from lesional skin during periods when no treatment was given (weeks
0 and 32) cluster to the left of the plot and are highlighted in red, indicating low Shannon
diversity and a return to pretreatment conditions (Figure 3e). During treatment, however,
lesional skin samples from the dupilumab-treated group are shifted to the right and are
highlighted in blue, indicating high Shannon diversity (Figure 3f). This shift in Shannon
diversity can also be observed in plots color-coded according to treatment week; lesional
skin samples from the dupilumab-treated group are shifted to the right after 4-16 weeks of
dupilumab treatment compared with samples that received no dupilumab treatment (weeks
-2, 0, or 32) which are clustered to the left (Supplementary Figure S4a). This distinction is
not observed for nonlesional skin samples or placebo-treated skin samples (Supplementary
Figures S4b—d). The principal coordinates analysis plot for all samples (placebo and
dupilumab, lesional and nonlesional) at all time points showed a separation between lesional
and nonlesional skin samples with significant separation between low and high Shannon
diversity (P< 0.001) (Figure 3g).
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Absolute bacterial abundance over time

Absolute abundance of total bacteria and S. aureus in lesional skin samples is shown in
Figure 4 and Supplementary Figure S1. Absolute abundance of total bacteria as measured by
gPCR of 16S rRNA decreased during treatment with dupilumab (P < 0.01) (Supplementary
Figure S1a) but not with placebo (Supplementary Figure S1b). The decreased abundance of
total bacteria during dupilumab treatment was observed as early as week 4 and was
sustained through week 32. Absolute abundance of S. aureus measured by gPCR also
decreased during treatment with dupilumab (P < 0.001) (Figure 4a). This decrease was
observed as early as week 4 (the first post-treatment time point tested) and continued
through the end of treatment (week 16). By week 32 (16 weeks after treatment), S. aureus
abundance had returned to baseline levels. In the placebo group, absolute abundance of S.
aureus did not change consistently or significantly during dupilumab treatment (Figure 4b).
Similar results were observed in nonlesional skin (Figures 4c—d); however, the only time
point at which there was a significant decrease in absolute abundance of S. aureusin the
placebo-treated group was at week 32, 16 weeks after treatment. Upon comparing the
absolute abundance of S. aureus in lesional skin between the dupilumab and placebo
treatment groups over time, the differences were statistically significant at weeks 4, 8, 12,
and 16 (Supplementary Figure S5). Relative abundance of Staphylococcus also decreased
with dupilumab treatment compared with placebo (Supplementary Figures S1c—f). There
was a strong positive and significant correlation between relative abundance of
Staphylococcus assessed using 16S rRNA gene sequencing and absolute S. aureus
abundance determined using gPCR (P < 0.001) (Supplementary Figure S6), which
demonstrated that although it is semi-quantitative, relative abundance of Staphylococcusis
at least predictive for the abundance of S. aureus.

Staphylococcus aureus and clinical score

There was a significant correlation between both EASI and SCORAD scores and the relative
abundance of Staphylococcus (P < 0.001, Spearman correlation) (Figure 5a and
Supplementary Figure S7a) and absolute abundance of S. aureus (P< 0.001, Spearman
correlation) (Figure 5b and Supplementary Figure S7b) in both lesional and nonlesional
samples before treatment (weeks —2 and 0). The correlation between total bacterial
abundance and SCORAD scores was significant (P < 0.001) in both lesional and nonlesional
samples (Supplementary Figure S7c). In the dupilumab-treated group, samples clustered in
the lower left corner of the plot at week 16, suggesting a reduction in both EASI scores and
S. aureus abundance (Figure 5c¢), whereas samples from the placebo-treated group did not
show this trend (Figure 5d). Furthermore, in lesional skin samples of the dupilumab-treated
group, absolute abundance of S. aureus and EASI scores demonstrated similar dupilumab-
mediated reductions over time in both females and males (Supplementary Figure S8a—d),
although the overall absolute abundance was higher in males than females.

Staphylococcus aureus and serum biomarkers

Pulmonary and activation-regulated chemokine (PARC/CCL18) and serum thymus and
activation-regulated chemokine (TARC/CCL17), markers of type 2 inflammation, were
shown to be associated with AD (Thijs et al., 2015; Pivarcsi et al., 2004). There was a
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significant correlation between absolute abundance of S. aureus in both lesional and
nonlesional samples before treatment (weeks —2 and 0) and serum concentrations of TARC
(Figure 6a) and PARC (Figure 6b) in both lesional and nonlesional samples (£ < 0.001,
Spearman correlation). In the dupilumab-treated group, samples clustered in the lower left
corner of the TARC plot at week 16, suggesting a reduction in both TARC score and S.
aureus abundance with dupilumab treatment (Figure 6c¢), whereas samples from the placebo-
treated group did not show this trend (Figure 6d). A similar pattern was observed for PARC
(Figure 6e-f).

DISCUSSION

Previous findings from this AD-1307 EXPLORE study of the impact of dupilumab
treatment on skin in patients with moderate to severe AD indicated that dupilumab treatment
reduces clinical signs and symptoms of AD and inflammatory cell infiltrates in lesional skin,
inhibits type 2/T helper type 2 polarizing chemokines including PARC and TARC, and
induces a progressive shift from a lesional to nonlesional molecular phenotype (Hamilton et
al., 2014; Guttman-Yassky et al., 2019). This analysis of skin surface microbial DNA
measurements confirmed that before treatment, the skin microbiome of AD is characterized
by low microbial diversity and an increased abundance of S. aureus. Treatment with
dupilumab for 16 weeks significantly changed the composition of the microbiome and
increased microbial diversity while reducing the abundance of S. aureus. Increased diversity
was observed as early as week 4 (the earliest time point tested); although this was more
pronounced in lesional skin, clinically normal appearing (nonlesional) skin also showed a
reduced amount of S. aureus. In contrast, no significant change in microbial diversity or S.
aureus abundance was seen in the placebo-treated group. These findings suggest that
targeting 1L-4/IL-13 signaling via IL-4Ra blockade potentially enables the reduction of S.
aureus colonization, a factor known to be associated with more severe AD in humans
(Williams and Gallo, 2015) and with an AD-like phenotype in mice (Kobayashi et al., 2015;
Nakatsuji et al., 2016).

Our characterization of the baseline skin microbiome in patients with AD is consistent with
findings from other studies. A recent systematic review of studies assessing the skin
microbiome found that AD is associated with frequent S. aureus colonization and low
microbial diversity (Bjerre et al., 2017). Conventional culture-based studies showed that
70% of lesional and 30-40% of nonlesional skin sites are predominantly colonized by S.
aureus (Totte et al., 2016; Gong et al., 2006), which is associated with increased numbers of
inflammatory cells in the skin (Boguniewicz and Leung, 2011) and more severe forms of
AD (Bjerre et al., 2017). Previous studies also indicated that absolute levels of S. aureus
correlate with EASI score and other markers of disease severity, including PARC and TARC
(Thijs et al., 2015; Pivarcsi et al., 2004). Finally, Kong et al. (Kong et al., 2012) showed that
AD flares are associated with increased S. aureus and decreased microbial diversity.
Therefore, microbial diversity may be a useful biomarker in AD. However, AD remains a
multifactorial disease, and the role of the skin microbiome in AD pathogenesis is still being
studied (Bjerre et al., 2017; Williams and Gallo, 2015). Studies in animal models of AD
investigating the response to topical S. aureus (Kobayashi et al., 2015; Nakatsuji et al., 2016)
and observations that S. aureus colonization or microbiome dysbiosis can precede AD in
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early childhood (Lebon et al., 2009; Meylan et al., 2017) support a role for the microbiome
in exacerbation underlying inflammation that drives early AD pathogenesis.

Most currently available treatment options for AD do not address changes in the skin
microbiome (Williams and Gallo, 2015; Hepburn et al., 2017). Topical antibiotic therapy
may not reduce bacteria counts (Francis et al., 2017) and theoretically would not protect the
normal skin microbiome (Williams and Gallo, 2015). Furthermore, frequent use of
pharmaceutical antibiotics may promote antibiotic resistance (Hepburn et al., 2017; Salah
and Faergemann, 2015). Several novel strategies are in development that target the skin
microbiome, including the use of probiotics and transplantation of microbiota from healthy
volunteers; further investigation of these strategies is needed (Nakatsuji et al., 2017; Myles
et al., 2016). A promising treatment approach for AD will prevent dysbiosis by promoting or
reestablishing a normal skin microbial flora (Williams and Gallo, 2015; Hepburn et al.,
2017).

Limitations of this exploratory analysis were the relatively small numbers of patients in both
the dupilumab- and placebo-treated groups. However, efforts were made to minimize
potential bias: skin swabs were collected from all patients participating in the clinical study
(rather than being optional) and all samples were processed and evaluated in a blinded
fashion. The use of a global EASI score compared with a target lesion score of the area of
microbiome sampling is a potential methodological limitation of this study; however, the
lesional area selected for skin swabbing was representative of overall disease severity as
quantified by EASI score. Finally, analysis of DNA from skin surface microbial swabs does
not assess bacterial survival or whether the microbes are metabolically active. Indeed,
comparisons of S. aureus abundance measurements from lesional atopic to normal skin have
shown that DNA assessments overestimate the capacity to culture S. aureus from healthy
normal skin (Nakatsuji et al., 2017). These observations suggest that healthy skin can kill S.
aureus more effectively than can skin from AD. Indeed, type 2 cytokines have been shown to
suppress antimicrobial peptide production from keratinocytes (Ong et al., 2002). Future
studies should examine the metabolic activity of bacteria and the host antimicrobial response
of AD patients treated with dupilumab to assess the mechanism responsible for the
improvement in the microbiome with treatment.

16S rRNA analysis of skin in adults with moderate to severe AD demonstrates decreased
microbial a-diversity and a relative increase in the proportion of S. aureus. These changes
are more pronounced in lesional than nonlesional areas. Dupilumab treatment reversed the
AD-associated microbial (dysbiotic) signature for as long as patients were receiving
treatment. Normalization of the microbial signature correlated with decreased concentration
of serum biomarkers (TARC/PARC) and improvement in clinical signs and symptoms of
AD. These results reveal strong links between the skin microbial community, type 2
inflammation, and AD severity. To our knowledge, this characterization of the effect of a
targeted treatment on the skin microbiome and type 2 inflammation has not been previously
reported. An improvement of host defense against S. aureus colonization after inhibition of
type 2 inflammation is consistent with the effects of type 2 cytokines to inhibit host
antimicrobial peptide expression and impair barrier function (Guttman-Yassky et al., 2008;
Nomura et al., 2003; Kisich et al., 2007; Ong et al., 2002). Future studies, including whole
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metagenomic sequencing, will better define the role of S. aureus colonization in the
initiation of AD pathogenesis and determine whether prolonged suppression of excessive
type 2 immunity facilitates the reestablishment of a functional normobiotic shield in patients
with AD.

MATERIALS AND METHODS

Trial design

AD-LIBERTY EXPLORE was a randomized, placebo-controlled, double-blind phase 2 trial
(NCT01979016) conducted at five medical centers in the United States and Canada
(Guttman-Yassky et al., 2019). Eligible patients were aged =18 years and had moderate to
severe AD, defined as EASI =16; Investigator’s Global Assessment =3 (on the 0-4
Investigator’s Global Assessment scale); body surface area >10%; AD present for >3 years;
and inadequate response to topical medications within 6 months of screening. More detailed
information on study patients is provided in Guttman-Yassky et al. (2019).

Fifty-four patients were randomized (1:1) to weekly subcutaneous injections of dupilumab
or placebo. Patients received a loading dose of 400 mg (or placebo) followed by 200 mg (or
placebo) every week for 16 weeks. Thereafter, patients entered a 16-week safety follow-up
until week 32. The primary end point was percent change in EASI score from baseline to
week 16 (continuous variable). Exploratory analyses included correlations between clinical
severity (AD phenotype) and the host AD transcriptome, defined by lesional versus
nonlesional skin gene expression differences, as well as changes from baseline to week 16 in
S. aureus abundance and skin microbial diversity. This study was conducted in accordance
with the Declaration of Helsinki International Conference on Harmonization, Good Clinical
Practice guidelines, and applicable regulatory requirements. All study documents and
procedures were approved by the appropriate institutional review boards and ethics
committees at each study site; all participants provided written informed consent under
institutional review board—approved protocols (Guttman-Yassky et al., 2019).

Pretreatment characterization of lesional and nonlesional skin

Abundance and diversity of bacterial colonization were characterized at weeks 0, 2, 4, 8, 12,
16, and 32. Bacteria were collected from premeasured areas (10 x 10 cm) of lesional skin on
the antecubital fossa and nonlesional skin of the upper arm at least 2 cm separated from the
lesional site. Bacterial collection was performed by rubbing 50 strokes with a Catch-All
nylon swab (Illumina, San Diego, CA) premoistened with Tris-EDTA buffer containing
0.1% TritonX-100 and 0.05% Tween-20 (w/v) (Millepore-Sigma, St. Louis, MO). The swab
was stored at —80°C until DNA extraction. Bacterial cells in the swab were lysed and total
genomic DNA was purified. To characterize lesional and nonlesional skin before treatment,
absolute quantification of bacterial abundance was performed using gPCR for skin samples
collected at screening (week —2) and baseline (week 0). The abundance of S. aureus was
performed using qPCR of the femA gene. Overall bacterial abundance was quantified using
gPCR of the 16S rRNA. Shannon diversity results were also assessed based on 16S rRNA
sequencing of skin samples collected at screening and baseline; diversity results were
compared according to sex and treatment group.
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DNA extraction and 16S rRNA amplicon sequencing

16S rRNA sequencing was performed following the Earth Microbiome Project protocols
(Gilbert et al., 2014; Caporaso et al., 2012). Briefly, DNA was extracted using the MO BIO
PowerMag Soil DNA Isolation Kit (Qiagen, Carlsbad, CA) and the V4 region of the 16S
rRNA gene was amplified using barcoded primers (Walters et al., 2016). The primers were
shown to identify Staphylococcus genus sufficiently in mock communities (Gohl et al.,
2016). PCR was performed in triplicate for each sample, and V4 paired-end sequencing was
performed using the lllumina MiSeq platform (San Diego, CA). Raw sequence reads were
demultiplexed and quality controlled using the defaults, as provided by QIIME (San Diego,
CA) (version 1.9.1) (Caporaso et al., 2010). The primary OTU table was generated using
Qiita (San Diego, CA) (giita.ucsd.edu), using Sort-MeRNA (Villeneuve d’Ascq, France)
(Kopylova et al., 2012) and closed-reference OTU picking method against the GreenGenes
database (San Francisco, CA version 13.8) (McDonald et al., 2012). OTU tables can be
found in Qiita (giita.ucsd.edu) as study ID 10403. Resulting OTU tables were then rarefied
to 10,000 sequences/sample for downstream analyses.

Assessment of bacterial diversity

a- and p-diversity were assessed on the basis of 16S rRNA V4 amplicon DNA sequencing
results from lesional and nonlesional skin samples collected at weeks -2, 0, 4, 8, 12, 16, and
32. Microbial a-diversity was assessed using the Shannon index. Change in diversity from
baseline was measured using the nonparametric Mann-Whitney U test. Microbial p-
diversity was measured using the weighted UniFrac distance metric and results are presented
using multivariate analysis (principal coordinates analysis). Statistical significance was
tested using nonparametric permutational multivariate analysis of variance using the Adonis
function in R.

Quantitative PCR

Bacterial DNA was extracted from a 10 x 10-cm skin area by swabbing and eluted in 50 pl
elution buffer. The abundance of total bacterial DNA in 1 pl elution was estimated by gPCR
using a universal 16S rRNA primer set (1048-F: GTGSTGCAYGGYTGTCGTCA and
1175-R: ACGTCRTCCMCACCTTCCTC) with Power SYBR green master mix (Applied
Biosystems, Foster City, CA). The universal primer set covers 79% of Proteobacteria, 85%
of Actinobacteria, 72% of Firmicutes, and 61% of Bacteroidetes (Horz et al., 2005). Because
of a lack of standard bacteria that can be used as an external control of absolute
quantification for universal 16S rRNA gene abundance, the abundance of 16S rRNA gene
was calculated with a ACt method and then normalized to the swabbed area. The abundance
of S. aureus DNA was quantified using a species-specific primer set targeting femA (S.
aureus femA-qPCR-2F: AACTGTTGGCCACTATGAGT; S. aureus femA-qPCR-2R:
CCAG-CATTACCTGTAATCTCG) (Paule et al., 2004). The specificity of all primer pairs
was confirmed by melting curve analysis and comparison with standard curves. To
determine relative colony-forming unit of S. aureusespecific DNA, a standard curve was
generated with genomic DNA extracted from standards derived from known amounts of
colony-forming units of S. aureus (ATCC35556), and then the quantity was normalized to
the swabbed area.
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Assessment of microbial abundance

Relative microbial abundance was assessed based on DNA sequencing of 16S rRNA isolated
from lesional and nonlesional skin at weeks -2, 0, 4, 8, 12, 16, and 32; assessment of
relative S. aureusabundance using 16S rRNA region V4 sequencing was semi-quantitative
and is therefore described according to the genus level Staphylococcus. Change in the
relative abundance of all bacteria was calculated. Absolute bacterial abundance over time
was assessed using gPCR and primers for all bacteria. Absolute abundance of S. aureus was
assessed as relative colony-forming units per square centimeter using gPCR and primers
specific to S. aureus as described earlier. Statistical significance compared with baseline
absolute abundance or between treatment groups was assessed using the nonparametric
Mann-Whitney U test. No corrections on statistical tests were performed.

To assess bacterial abundance and microbial diversity, some samples were excluded due to
rarefaction (i.e., sequence count was too low, not enough DNA was amplified). Also, in later
weeks, not all patients provided a sample, with a decrease from week 4 to week 32.

Staphylococcus aureus and markers of disease severity

Correlation of EASI score with relative and absolute abundance of S. aureuswas assessed.
Relative abundance was measured using 16S rRNA amplicon sequencing, and absolute
abundance was measured using gPCR and a primer specific to S. aureus. Correlation was
also assessed between the absolute abundance of S. aureus and biomarkers of disease
severity TARC and PARC (Ungar et al., 2017; Brunner et al., 2017b; Thijs et al., 2015;
Pivarcsi et al., 2004). Serum TARC and PARC were measured using Quantikine ELISA kits
(R&D Systems, Minneapolis, MN). Statistical significance was assessed using
nonparametric Spearman rank correlation coefficient.

Data availability statement

Qualified researchers may request access to study documents (including the clinical study
report, study protocol with any amendments, blank case report form, and statistical analysis
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regulatory body;, if there is legal authority to share the data and there is not a reasonable
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PRJEB32646, hosted at EBI.
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Abbreviations:

AD atopic dermatitis

EASI Eczema Area and Severity Index

PARC pulmonary and activation-regulated chemokine

gPCR quantitative PCR

rRNA ribosomal RNA

TARC thymus and activation-regulated chemokine
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Figure 1. Pretreatment status of lesional and nonlesional skin.
(a) Absolute quantification of 16S rRNA using gPCR of skin samples at screening (week

-2) and baseline (week 0). (b) Absolute quantification of Staphylococcus aureus using
gPCR of skin samples at screening and baseline. (c) Shannon diversity results from 16S
rRNA sequencing of skin samples at screening and baseline. (d) Shannon diversity results
from 16S rRNA sequencing of skin samples at baseline (week 0) from the placebo and
dupilumab-treated groups. (€) Shannon diversity results from 16S rRNA sequencing of skin
samples at baseline of male and female patients. (f) EASI score at baseline for the placebo
group and the dupilumab-treated group for male and female patients. Statistical differences
between lesional and nonlesional skin, between treatment groups, and between males and
females were assessed using the nonparametric Mann-Whitney U test, with Bonferroni
correction for multiple comparison. EASI, Eczema Area and Severity Index; gPCR,
guantitative PCR; rCFU, relative colony-forming units; rRNA, ribosomal RNA.
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Figure 2. Relative abundance of the most dominant phyla and genera over time in lesional and
nonlesional skin according to treatment group.

The most abundant operational taxonomic units are presented. (a) Microbial variability over
time of placebo group in lesional skin. (b) Microbial variability over time of dupilumab-
treated group in lesional skin. (c) Microbial variability over time of dupilumab-treated group
in nonlesional skin. (d) Microbial variability over time of placebo group in nonlesional skin.
During treatment (weeks 4-16), an overall decrease in relative abundance of Staphylococcus
is noted mainly in the dupilumab-treated patients in lesional skin.
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Figure 3. Shannon microbial a-diversity and B-diversity.
(a—d) a-diversity: (a) Lesional skin, placebo group; (b) Lesional skin, dupilumab-treated
group; (c) Nonlesional skin, placebo group; (d) Nonlesional skin, dupilumab-treated group.
(e—g) p-diversity: PCoA plots showing Shannon diversity of skin samples; red indicates low
diversity and blue indicates high diversity. (e) Large dots depict lesional skin samples from
the dupilumab-treated group in periods without treatment (weeks -2, 0, and 32) and small
dots represent other samples (nonlesional skin during periods of treatment), showing that
without dupilumab treatment, samples are mainly located on the left side with a low
Shannon diversity (red circle). (f) Large dots depict lesional skin samples from the
dupilumab-treated group taken during the treatment period (weeks 4, 8, 12, and 16); small
dots represent other samples (nonlesional skin, no treatment) showing that with dupilumab
treatment, samples shift to the right with higher Shannon diversity (blue circle). (g) All
samples (placebo and dupilumab, lesional and nonlesional skin) at all time points, indicating
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a clear separation between lesional skin (left, low Shannon diversity [red]) and nonlesional
skin (right, high Shannon diversity [blue]) and significant separation between low and high
Shannon diversity (P< 0.001, Adonis test). Each dot represents an individual sample; the
color of the dot reflects the bacterial Shannon diversity index on a continuous scale (red
indicates low diversity and blue indicates high diversity). *£< 0.05, **P< 0.01, ***P<
0.001; Mann-Whitney U test, with Bonferroni correction for multiple comparison. PCoA,
Principal coordinates analysis.
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Figure 4. Absolute abundance Staphylococcus aureus over time.
(a) Lesional skin samples, placebo group. (b) Lesional skin, dupilumab-treated group. (c)

Nonlesional skin samples, placebo group. (d) Nonlesional skin samples, dupilumab-treated
group. *P<0.05, **P< 0.01, ***P < 0.001; Mann-Whitney U test, with Bonferroni
correction for multiple comparison. gPCR, quantitative PCR; rCFU, relative colony-forming
units.
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Figure 5. Correlation of EASI score and relative and absolute abundance of Staphylococcus

aureus.

At screening (week —2) and baseline (week 0): correlation of EASI score and (a) relative
and (b) absolute abundance of S. aureus. Shaded areas around the regression line indicate
confidence intervals. (c) Correlation of EASI scores and relative abundance of S. aureus at
baseline and week 16 for both treatment groups and both lesional and nonlesional samples,
with values from the placebo group at week 0 in yellow and week 16 in green. (d) Same as
(c), with values from the dupilumab-treated group at week 0 in yellow and week 16 in green.
Values for the same patient from weeks 0 and 16 are connected with a line. EASI, Eczema
Area and Severity Index; gPCR, quantitative PCR; rCFU, relative colony-forming units;

rRNA, ribosomal RNA.
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Figure 6. Correlation of absolute abundance of Staphylococcus aureus with biomarkers TARC
and PARC.

(a) Correlation of TARC score and absolute abundance of S. aureus at screening (week —2)
and baseline (week 0). (b) Correlation of PARC score and absolute abundance of S. aureus
at screening (week —2) and baseline (week 0). Shaded areas around the regression line
indicate confidence intervals. Correlation of TARC score and absolute abundance of S.
aureus at baseline (yellow) and week 16 (green) in the (c) placebo group and the (d)
dupilumab-treated group. Correlation of PARC score and absolute abundance of S. aureus at
baseline (yellow) and week 16 (green) in the (e) placebo group and (f) dupilumab-treated
group. Values for the same patient from weeks 0 and 16 are connected with a line. PARC,
pulmonary and activation-regulated chemokine; gPCR, quantitative PCR; rCFU, relative
colony-forming units; TARC, thymus and activation-regulated chemokine.
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