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Abstract
Background: Atopic dermatitis (AD) patients display an altered skin microbiome which

may not only be an indicator but also a driver of inflammation. We aimed to investi-
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systemic therapy in patients of the TREATgermany registry.
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Methods: Skin swabs of 157 patients were profiled with 16S rRNA gene amplicon
sequencing before and after 3 months of treatment with dupilumab or cyclosporine.
For comparison, 16s microbiome data from 258 population-based healthy controls
were used. Disease severity was assessed using established instruments such as the
Eczema Area and Severity Index (EASI).

Results: We confirmed the previously shown correlation of Staphylococcus aureus
abundance and bacterial alpha diversity with AD severity as measured by EASI.
Therapy with Dupilumab shifted the bacterial community toward the pattern seen in
healthy controls. The relative abundance of Staphylococci and in particular S. aureus
significantly decreased on both lesional and non-lesional skin, whereas the abundance
of Staphylococcus hominis increased. These changes were largely independent from
the degree of clinical improvement and were not observed for cyclosporine.
Conclusions: Systemic treatment with dupilumab but not cyclosporine tends to re-
store a healthy skin microbiome largely independent of the clinical response indicat-

ing potential effects of IL-4RA blockade on the microbiome.
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GRAPHICAL ABSTRACT

One hundred fifty-seven atopic dermatitis patients were microbiome profiled before and after 3 months of systemic therapy with either
dupilumab or cyclosporine. Dupilumab but not cyclosporine therapy largely restored a healthy skin microbiome by reducing Staphylococcus
aureus abundance and increasing diversity. The microbiome after 3months of dupilumab therapy resembled healthy controls.
Abbreviations: AD, atopic dermatitis; S. aureus, Staphylococcus aureus
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1 | INTRODUCTION

The bidirectional crosstalk between bacterial commensals and
host immunity is crucial for skin homeostasis, and many chronic
inflammatory skin disorders are associated with shifts in the resi-
dent microbiota composition.! In particular, atopic dermatitis (AD)
is characterized by a profound dysbiosis with a reduction of micro-
bial diversity, an overgrowth of Staphylococcus aureus, and a rela-
tive reduction of commensal species.2 Although it is yet unclear
whether this imbalance is a cause or rather consequence of the
disease, there is growing evidence that the microbiome harbors at
least a proportion of causality in skin inflammation, as shown by mi-
crobiome transfer experiments in mouse models.®™® Furthermore,
the microbiome is reciprocally associated with both epidermal bar-
rier dysfunction“"7 and T-cell-driven inflammation,g'10 which are
key pathophysiological features. In established disease, the altered
skin microbiome appears to be an important mediator and trigger
factor.? Thus, modulation of the skin microbiome is an attractive
approach for improving AD or enhancing response to immuno-
modulating therapies.!?™*

The currently most widely used targeted immunomodulating
drug for moderate-to-severe AD is the anti-IL-4RA-antibody dup-
ilumab.'® Multiple studies have shown that dupilumab treatment
leads to clinical improvements'” along with reductions of inflamma-
tory cell infiltrates and proinflammatory cytokine and chemokine
expression in lesions*® and an enhanced skin barrier function with
decreased transepidermal water loss (TEWL) and normalized epider-
mal lipid composition.?"2* Likewise, an increased microbial diversity
and decrease of S. aureus abundance during dupilumab treatment
was reported.?’> Moreover, clinical signs of skin infections (mostly
caused by S. aureus) were less frequent in dupilumab treated pa-
tients as compared to controls in prospective placebo-controlled
studies.?¢%’ However, it remains unclear if and to which extent there
might be a direct impact of IL-4RA-blockade on the skin microbiome
beyond indirect effects through clinical improvements and resolu-
tion of lesions.

Here, we set out to characterize the microbiome of patients with
AD on non-lesional and lesional skin and its dynamics over time

under systemic therapy with dupilumab and cyclosporine.

2 | PATIENTS AND METHODS
2.1 | Study design and participants

Adult patients with moderate-to-severe AD from the TREATgermany
registry were recruited between August 2017 and March 2019 and
agreed to participate in an optional bioanalytics part. The bioanalyt-
ics module was approved by the Medical Faculty of the Christian-
Albrechts-University, Kiel, Germany (B 261/16), as well as the
responsible local ethics committees at participating sites. Details on
the study design, clinical assessments, and biosampling were pro-
vided elsewhere.?® For the current analysis, skin swabs were taken

from n=157 patients before and 3months after the initiation of
systemic therapy. A total of 130 and 27 patients received therapy
with dupilumab and cyclosporine, respectively. About 95% of the
dupilumab-treated patients reported having received any systemic
treatment for AD (including systemic steroids) in the past, and 25%
reported previous treatment with cyclosporine. Disease sever-
ity (as measured by the Eczema Area and Severity Index, EASI and
Objective SCORing of Atopic Dermatitis, oSCORAD) was evaluated
using established assessment instruments.?? Response to ther-
apy was defined as achieving at least a 75% improvement in EASI
(EASI75-responder) 3months after therapy initiation, while nonre-
sponse was defined as not achieving at least a 50% improvement
in EASI (EASI50-nonresponder) 3months after therapy initiation.
Details on patients are given in Table 1. For comparison, we used
16S rRNA gene sequencing data from antecubital skin swabs of 258
adults without skin or allergic diseases from the population-based
PopGen cohort.*°

2.2 | Sampling collection and microbial profiling

Participants were asked to avoid bathing/showering and application
of any topical agents 24 h prior to the sampling visit. A 4cm? area
from the antecubital fossa, volar forearm, and lower back was firmly
swabbed for at least 30s. Immediately prior to collection, swabs
(BD BBL Culture Swab EZ [Becton, Dickinson and Company]) were
soaked in specimen collection fluid. Sampling negative controls were
swabs exposed to ambient air for 5s. DNA was isolated from sam-
ples with QlAamp UCP Pathogen Mini Kit on an automated QlAcube
system (QIAGEN). The V1 and V2 variable regions of the 16S rRNA
gene were amplified by polymerase chain reaction (PCR) with the
universal primer pair 27F and 338R. Sequencing was performed with
MiSeq Reagent Kit v3 on the lllumina MiSeq (lllumina Inc.). For sam-
ple processing, FastQC (version 0.11.9%Y) was used for quality evalu-
ation, DADA2 (version 1.10%?) to dereplicate, remove bimeras and
infer amplicon sequence variants (ASVs). For ASV classification the
RDP classifier algorithm (version 16) was used.>® For comparison,
similarly sampled, extracted, and processed 16S rRNA sequence
data from antecubital fossa skin swabs of 258 healthy participants
of the PopGen cohort, with no history of atopic or chronic inflamma-
tory disease, were included in this study (sampling, extraction, and
processing are described in detail in Moitinho-Silva et al.*%. Given
the specific association between S. aureus and AD, we classified the
Staphylococcus sequences to the species level using manual blast
analysis to resolve unclassified Staphylococcus species with high

confidence (see Table S1).
2.3 | Statistical analysis and microbiome
diversity parameters

Given that the lesional status of skin areas has a considerably
stronger impact on the skin microbiome in AD than the body site
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TABLE 1 Baseline characteristics of
included patients.

Dupilumab-treated Cyclosporine-treated Controls

Characteristic patients (n=130) patients (n=27) (n=258)
Female sex, no. (%) 50 (38%) 10 (37%) 108 (42%)
Age, mean +SD 43+16 41+14 65+11
BMI, mean+SD 26+5 24+4 27+4
0oSCORAD, mean+SD at baseline 43+15 41+9 -
EASI, mean+SD at baseline 20+13 15+7.6 -
Responder/nonresponder 70/28 12/7 -
Physician-diagnosed asthma (%) 61% 49% -
Physician-diagnosed rhinitis (%) 60% 62% -
Total IgE, mean+SD? 5247 +7203 2689 +1622 -
Allergen-specific IgE (% positive)® 86% 100% -
Dustmite-specific (% positive) 70% 80% -
Pollen-specific IgE (% positive) 80% 100% -
Food-specific IgE (% positive) 34% 20% -

Abbreviations: BMI, body mass index; EASI, Eczema Area and Severity Index; IgE, immunoglobin E;
0SCORAD, objective SCORing of Atopic Dermatitis; SD, standard deviation.

#Physician-reported results from IgE testing in the past 12 months prior to inclusion into the
registry, available from a subgroup of patients only.

and that we were interested to examine skin microbiome changes
overall, for analysis within the TREATgermany study we com-
bined all three sites on the patient level, and only differentiated
between lesional and non-lesional skin.®®> For comparisons of pa-
tients to healthy population-based PopGen controls we restricted
analyses to the antecubital fossa which overlapped between the
studies.

Analyses used boxplots for visualization and the Wilcoxon
rank-sum test, as well as PERMANOVA for significance testing. All
statistical analyses were performed using R (R version 4.1.3 [2022-
03-10]%). The following general packages were used for data organi-
zation and visualization: tidyverse, phyloseq, MicroViz, microbiome,
and vegan.®”"*? Shannon index and Bray-Curtis dissimilarities were
calculated based on non-rarefied data.*3

Differential ASV abundances were inferred from centered log
ratio transformed data with linear models using the LinDA func-
tion implemented in the MicrobiomeStat R package.** Benjamini-
Hochberg correction for multiple testing was employed where
appropriate. If not indicated otherwise, data was presented as
mean+SD and an alpha cutoff of .05 was used to determine statisti-
cal significance for all tests.

3 | RESULTS

After quality control, skin microbiome data were available from
157 AD patients at baseline and Month 3. A total of 130 and
27 patients had received treatment with dupilumab and cyclo-
sporine, respectively. The clinical characteristics of the patients
are shown in Table 1. Response rates in the patient cohort ex-
amined here for EASI50, EASI75, and EASI90 at Month 3 were
78.5%, 53.9%, and 10% for dupilumab, and 77.8%, 44.4%, and

11.1% for cyclosporine, respectively. Samples from patients
that used topical or systemic antibiotics 3weeks prior to sam-
pling were excluded, resulting in 833 samples with an average
sequencing depth of ~25,000 reads.

3.1 | AD skin microbiome is characterized by
higher Staphylococcus genus abundance, S. aureus
presence and lower diversity than healthy control
skin microbiome

The baseline bacterial genus composition of the antecubital fossa
microbiome of AD patients in our study showed significantly el-
evated levels of Staphylococcus (64.7+31.3% vs. 36.2+25.5%,
p<.001), Enhydrobacter (5.6 +12.7% vs. 4.8+9.0%, p<.001), and
Acinetobacter (5.3+16.1% vs. 3.4+8.4%, p<.001) compared to
healthy controls (Figure S1A). Significantly lower abundances were
found for Corynebacterium (6.1+9.2% vs. 15.6+12.8%, p<.001),
Propionibacterium (3.5+8.2% vs. 20.6 + 18.8%, p <.001), and other
low abundant genera (total of 14.9 +24.4% vs. 19.5+17.3%, p<.001)
in AD skin microbiomes compared to healthy control skin microbi-
omes. Furthermore, we observed a higher proportion of S. aureus
positive samples in AD patients (98% in lesional, 87% in non-lesional
skin) compared to healthy controls (28%), respectively (Figure S1B).
In addition, we observed a significantly lower (p <.001) alpha diver-
sity, which describes the diversity within a given microbiome sample,
in AD skin microbiomes compared to healthy control microbiomes
(Figure S1C). Comparing beta diversity, which describes the diver-
sity between different microbiome samples, we found significantly
different (p<.001) bacterial community structure with a distinct
clustering between AD patients and healthy controls using PCoA
(Figure S1D).
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3.2 | Alphadiversity and S. aureus abundance
correlate significantly with severity at baseline

At baseline, spearman correlation analysis between the most com-
mon clinical severity measurements included in this study and alpha
diversity as well as S. aureus abundance resulted in significant, yet
weak correlations with oSCORAD (-.18 and .22, respectively) and
EASI (-.18 and .17, respectively, see Table S2).

3.3 | S.aureus abundance and alpha diversity
do not show relevant differences between
sampling sites

For our study three distinct skin sites of AD patients were sampled:
antecubital fossa, volar forearm, and lower back. Comparing S. au-
reus abundance (see Figure S2A) and alpha diversity between the
skin sites at baseline (see Figure S2B) we found no significant dif-
ferences. Hence for our analysis focusing on only AD patients we
pooled the skin samples regardless of skin site and corrected for skin

site as a confounder in linear models.

3.4 | Skin lesional status has a major impact on the
skin microbiome of AD patients

At baseline, we found a significantly lower abundance of S. aureus
on non-lesional skin (11% median abundance, p <.001) compared
to lesional skin (40% median abundance, Figure S3A). Interestingly,
the median alpha diversity of non-lesional skin was higher, yet
not significantly elevated compared to lesional skin (p=.11,
Figure S3B). Bray-Curtis dissimilarity values differed significantly
between non-lesional and lesional skin (p <.001), and visualization
via PCoA revealed differences in clustering despite a substantial
overlap (Figure S3C). Using linear models, we found significantly
lower abundances of S. aureus (ASV1, p<.001, Log2FoldChange
[LFC] -2.2, Figure S3D) and significantly higher abundances of
Staphylococcus hominis (ASV17, p=.03, LFC 1.5) in non-lesional skin
as compared to lesions. Comparing mean bacterial genus composi-
tion, we found lower abundances of Staphylococcus (62.3+32.0%
vs. 49.7+33.8%) and Paracoccus (1.5+4.6% vs. 1.3+4.2%), and
higher abundances of Acinetobacter (8.4 +20.5% vs. 10.4+23.8%),
Corynebacterium (4.6 +7.0% vs. 7.1+10.8%), Propionibacterium
(3.8+8.2% vs. 5.1+10.9%), Bacillus (5.7 + 16.2% vs. 13.9 +28.2%),
Enhydrobacter (6.0+12.7% vs. 7.1+ 16.0%) genera in non-
lesional skin as compared to lesional skin, yet only the reduced
Staphylococcus genus abundance reached statistical significance
(p<.001, Figure S3E). Non-lesional skin displayed higher pro-
portions of Staphylococcus epidermidis (+9.3%, p<.001), S. homi-
nis (+4.8%, p=.003), and Staphylococcus capitis/Staphylococcus
caprae (+2.7%, p=.72) compared to lesional skin, whereas S. aureus
(-16.4%, p<.001) and S. saprophyticus (-2%, p=.24) showed lower
proportions in non-lesional compared to lesional skin (Figure S3F).

3.5 | Dupilumab but not cyclosporine therapy
shifts bacterial diversity toward a healthy state
independent of clinical response

Patients who received dupilumab and cyclosporine did not show
significant differences at baseline regarding alpha diversity (see
Figure S4A), beta diversity (see Figure S4B), Staphylococcus genus
abundance (see Figure S4C) or S. aureus abundance (see Figure S4D).

Alpha diversity (Shannon index) of lesional skin of responders,
but not nonresponders to dupilumab was significantly increased
compared to baseline (p<.001). Non-lesional skin overall did not
show significant changes in alpha diversity. Cyclosporine treatment
did not result in a significant change to alpha diversity regardless of
skin lesional status or clinical response (Figure 1A).

Beta diversity indicated by Bray-Curtis dissimilarities showed
significant changes on lesional skin in patients treated with dup-
ilumab regardless of clinical response (p<.001), whereas only in
responders a significant change was seen also for non-lesional skin
(p<.001). In cyclosporine-treated patients beta diversity had shifted
significantly in lesional skin, but in contrast to dupilumab-treated pa-
tients, PCoA did not reveal a clear direction of change (Figure 1B).

Compared to healthy controls, we observed a significant shift in
the skin microbiome of responders to dupilumab therapy (p <.001),
which was not observed in responders to cyclosporine therapy
(p=.94). The shift resulted in a beta diversity closer to that of healthy
controls compared to baseline (Figure 2A).

To identify therapy-specific signatures at the same clinical re-
sponse we used linear models to find differentially abundant ASVs
after 3months of therapy. Comparing responders to dupilumab
against responders to cyclosporine at 3months we found signifi-
cantly reduced abundances of S. aureus (ASV1, p<.001, LFC -5.5),
Paracoccus yeei (ASV25, p=.04, LFC -3.1), and Corynebacterium sim-
ulans (ASV86, p=.04, LFC -1.5), whereas S. hominis (ASV28, p=.04,
LFC 2.6 and ASV40, p=.04, LFC 2.4) was significantly increased
in dupilumab responders compared to cyclosporine responders
(Figure 2B).

3.6 | Dupilumab but not cyclosporine therapy
decreases S. aureus abundance largely independent of
clinical response

At Month 3 of therapy, Staphylococcus genus abundance had de-
creased significantly in responders to dupilumab both on non-lesional
(-27%, p<.001) and lesional skin (-46%, p<.001). Nonresponders
showed no significant reduction in overall Staphylococcus genus
abundance (lesional: -15%, p=.14, non-lesional: -4%, p=.24,
Figure 3A).

Compared to baseline, lesional skin showed a significantly re-
duced S. aureus abundance in both responders (-44.9%, p<.001)
and nonresponders (-38.2%, p <.001) to dupilumab (Figure 3B). The
change of S. aureus abundance did not correlate significantly with
the decrease of EASI (p<0.2). S. aureus abundance was also reduced
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FIGURE 1 Effect of therapy on microbial diversity. Samples at baseline and Month 3 of therapy from responders (>EASI75, blue)
and nonresponders (<EASI50, red) patients to either cyclosporine or dupilumab were split between lesional and non-lesional skin
samples. All three sampled skin sites were pooled for this analysis. (A) Alpha diversity. Shannon index was used as a measurement of
alpha diversity and Wilcoxon rank-sum test was used to infer significant differences between timepoints. (B) PCoA of beta diversity.
Bray-Curtis dissimilarity was used to infer a distance matrix indicating beta diversity, using a PCoA for visual evaluation. PCoA axis
indicated the proportion of variance explained by said axis. Ellipses indicate t-test 95% confidence interval. EASI, Eczema Area and
Severity Index.

on non-lesional skin in both responders (-17.1%) and nonresponders 3.7 | EASI90 responders to dupilumab therapy
(- 5.6%); however, this reduction was statistically significant only in display a limited residual microbial signature
responders (p<.001, Figure 3B). Cyclosporine treatment did not re-

sult in a significant reduction of Staphylococcus genus abundance Patients that achieved an EASI90 response to dupilumab therapy
neither S. aureus abundance regardless of skin lesional status or clin- showed very little differences in microbial composition to healthy
ical response (Figure 3A,B). controls after 3months. Alpha diversity did not show significant
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FIGURE 2 Comparative effect of therapy in context of drug specific changes and healthy skin microbiome. Samples of responders at
Month 3 were compared to healthy controls and also between therapies. (A) PCoA of beta diversity. Bray-Curtis dissimilarity was used to
infer a distance matrix indicating beta diversity, using a PCoA for visual evaluation. PCoA axis indicated the proportion of variance explained
by said axis. Ellipses indicate t-test 95% confidence interval. (B) Differentially abundant ASVs. Differential ASV abundance was inferred
form linear models and plotted as volcano plot with negative Log10 of Benjamini-Hochberg adjusted p-value over Log2FoldChange (LFC).
Significantly differential ASVs with a |LFC|> 1 were indicated in blue and species level classification was indicated. Negative LFC indicated
significantly decreased ASV abundance in the microbiome after 3months of patients that received dupilumab compared to patient under
cyclosporine (left side of the volcano plot), whereas positive LFC indicated significantly increased ASV abundance in the microbiome after
3months of patients that received dupilumab compared to patients under cyclosporine (right side of the volcano plot). ASV, amplicon

sequence variant; EASI, Eczema Area and Severity Index.

differences and using PCoA all samples from EASI-90-Responder
patients after 3months fell into the range of healthy patients
(Figure 4A). Species significantly increased at baseline included S.
aureus (ASV1, LFC 12.7, p<.001), S. epidermidis (ASV49, LFC 3.37,
p<.001 and ASV80, LFC 3.38, p<.001) and S. hominis (ASV106, LFC
3.19, p<.001), whereas Propionibacterium acnes (ASV4, LFC -5.22,
p<.001) and Propionibacterium granulosum (ASV199, LFC -3.03,
p <.001) were significantly decreased (Figure 4B, left, see Table S3).
At Month 3, only 36.4% of these ASVs still showed differential abun-
dances (Figure 4B, right, see Table S4). The most pronounced change
was observed for S. aureus abundance (ASV1, LFC decrease of 9.43).
The differential abundance of S. epidermidis (ASV49, LFC decrease
of 0.22) and P. granulosum (ASV199, LFC decrease of 0.68) remained

largely unchanged.

4 | DISCUSSION

AD is a multifactorial disease that involves abnormalities in the im-
mune and epidermal barrier of the skin and a microbial dysbiosis
which is characterized by a reduction of microbial diversity and an
overrepresentation of pathogenic S. aureus, the colonization with
which drives skin inflammation through multiple pathways.>*
Blockade of IL-4RA with the monoclonal antibody dupilumab, in ad-
dition to improving AD severity, has been shown to suppress mo-
lecular markers of skin inflammation and to improve skin barrier
function.®?° In a small phase 2 placebo-controlled trial, the micro-
bial diversity increased, and the abundance of S. aureus decreased
both in lesional and non-lesional skin of 26 patients treated with

dupilumab.?® More recent analyses showed lower rates of severe
infections and non-herpetic skin infections in dupilumab-treated
patients, suggesting that these microbiome changes may be protec-
tive against pathogenic species.?**¢ However, it remains unclear
whether these observations are a secondary effect of clinical im-
provement or a direct effect of IL-4RA blockade.*

In our analysis of skin swabs collected from AD patients of the
TREATgermany registry before and at 3months after initiation of
systemic treatment with either dupilumab or cyclosporine the base-
line skin microbiome was consistent with findings from other studies
and characterized by higher presence and abundance of S. aureus,
reduced alpha diversity and a significantly different bacterial beta
diversity compared to healthy skin.>¢'° Alpha diversity as well as
S. aureus abundance showed a weak but significant correlation with
measures of disease severity. Likewise, our findings confirmed an
increase of the microbial diversity, a decrease of the abundance of
S. aureus, and a higher abundance of S. hominis both in lesional and
to a lesser degree also in non-lesional skin under treatment with
dupilumab.?® Interestingly, although these changes were more pro-
nounced in patients showing a good clinical response (> EASI75 at
Month 3), they were also seen in poor responders (<EASI50), that
is, they were at least partially independent from the overall clini-
cal response, and no corresponding changes were seen in patients
treated with cyclosporine, including those with a good response
to cyclosporine. This indirectly indicates potential direct effects of
IL-4R blockade on skin microbiota. There are many potential mech-
anisms through which blockade of type-2-cytokine signaling apart
from indirect effects could also directly impact skin microbiome
composition, in particular, through direct effects on skin barrier
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sum test. EASI, Eczema Area and Severity Index.

function such as upregulation of skin barrier protein expression,
normalization of epidermal lipid composition, increased levels of
natural moisturizing peptides, and increased production of antimi-

244849 op skewing

crobial peptides with reduced S. aureus uptake,
toward Th17 with enhanced S. aureus clearance.”*° However, the

experimental setup employed here does not allow to draw robust

conclusions on direct interactions, and the changes in microbiome
composition observed under treatment with dupilumab may well be
the consequence of both direct drug-specific effects and indirect
effects of reduced cutaneous inflammation. In line with this, we
observed the most pronounced restoration of bacterial diversity in
patients with a strong clinical response (>EASI90). The diversity was
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controls. ASV, amplicon sequence variant; EASI, Eczema Area and Severity Index.

restored to levels found in healthy controls with a residual microbial
signature which was characterized by only few AD-associated ASVs
remaining differentially abundant.

Limitations of this analysis were the non-randomized non-
controlled real-world setting with relatively small numbers of pa-
tients in both the dupilumab- and cyclosporine-treated groups who
were allowed to use topicals as needed. However, efforts were
made to minimize potential bias: skin swabs were requested from
all registry patients before and 3 months after the start of systemic
treatment, patients were asked to avoid application of topical agents
at least 12h before the examination visit and all samples were pro-
cessed and evaluated in a blinded fashion. The use of a global EASI
score for analysis rather than a target lesion score is a potential meth-
odological limitation of this study; however, the swabbed lesional
areas were representative of overall disease severity as quantified by

EASI score, and we were particularly interested in associations with
overall disease severity. 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.'® These observations suggest that
healthy skin is more effective at killing S. aureus than AD skin. Indeed,
type 2 cytokines have been shown to suppress antimicrobial peptide
production from keratinocytes.”® Future studies should examine the
metabolic activity of bacteria and the host antimicrobial response
of AD patients treated with dupilumab to assess the mechanism re-
sponsible for the improvement in the microbiome with treatment.

In conclusion, our observations from this large real-world ob-

servational study confirm and extend previous findings on skin
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microbiome restoration associated with targeted type-2 cytokine
blockade, which appears to be at least in part caused by direct drug
effects beyond improvements of inflammation and clinical scores.
Future studies should examine the overlapping and individual effects
of IL-4 and IL-13 signaling as well as their blockade on cutaneous mi-
crobiota and the host antimicrobial response to assess the mechanism

responsible for the improvement in the microbiome with treatment.

ACKNOWLEDGMENTS

JH led the data analysation, data interpretation and drafted the
original manuscript. LMS contributed to conceptualization, data
analysation, data acquisition, data interpretation, and contributed to
drafting the original manuscript. NS contributed to data analysation
and interpretation. IH contributed to data acquisition and interpre-
tation. RH contributed to conceptualization, data analysation, data
interpretation, and contributed to drafting the original manuscript.
ER contributed to conceptualization and data interpretation. EH, AK,
SA, AH, EW, KS, CH, MA, AW, PSR, KE, MS, BS, SQ, FW, FS, JW,
LT, and WL contributed to patient recruitment and data acquisition.
JS contributed to conceptualization, data acquisition, and drafting
the original manuscript. TW contributed to conceptualization, data
acquisition, and drafting the original manuscript. SW contributed to
conceptualization, data acquisition, analysation, interpretation, and
drafting the original manuscript. We would like to thank all of the
participating patients, study physicians, and study staff at the par-
ticipating clinics and practices for their support of the German at-
opic dermatitis registry TREATgermany. We also thank Lena Moébus
for support in data processing. Open Access funding enabled and
organized by Projekt DEAL.

FUNDING INFORMATION

TREATgermany is an academic, investigator-initiated clinical registry
that is financially supported by AbbVie Deutschland GmbH & Co.
KG, Galderma S.A., LEO Pharma GmbH, Lilly Deutschland GmbH,
Pfizer Inc., and Sanofi Deutschland GmbH. This project has received
support from the Innovative Medicines Initiative Joint Undertaking
(JU) under Grant Agreement No. 821511. The JU receives support
from the European Union's Horizon 2020 research and innovation
program and EFPIA. This document reflects only the authors' views,
and the JU is not responsible for any use that may be made of the
information it contains.

CONFLICT OF INTEREST STATEMENT

The authors declare the following conflicts of interest: Thomas Werfel
has received honoraria for lectures or scientific advice on atopic der-
matitis from AbbVie, Almirall, Galderma, Janssen/JNJ, LEO Pharma,
Leti, Lilly, Novartis, Pfizer, and Regeneron/Sanofi. Stephan Weidinger
has received institutional research grants from LEO, Pfizer, and
Sanofi; and has performed consulting work and lectures for AbbVie,
Almirall, Boehringer, Eli Lilly, Galderma, Kymab, LEO Pharma, Pfizer,
Regeneron, and Sanofi. Jochen Schmitt has received institutional
grants from Novartis and Pfizer for scientifically initiated research;
and has received honoraria for consulting from Sanofi, Lilly, Novartis,

and ALK. Susanne Abraham has received lecture and/or consultancy
fees from Novartis, LEO Pharma, Amgen, Lilly, Sanofi, Beiersdorf,
Janssen, UCB, and AbbVie. Annice Heratizadeh has received lecture
fees, advisory fees and/or travel grants from AbbVie, Karrer, Leo,
Meda, Novartis, Sanofi-Genzyme, Ziarco, Beiersdorf, Pierre Fabre,
Nutricia, Lilly, Sanofi, Almirall, Klinge Pharma, and Janssen. All of the

other authors declare they have no conflicts of interest.

ORCID

Jan Hartmann "= https://orcid.org/0000-0003-1842-8219

Nicole Sander "= https://orcid.org/0000-0001-9084-7069

REFERENCES

1. Chen YE, Fischbach MA, Belkaid Y. Skin microbiota-host interac-
tions. Nature. 2018;553:427-436.

2. Paller AS, Kong HH, Seed P, et al. The microbiome in patients with
atopic dermatitis. J Allergy Clin Immunol. 2019;143:26-35.

3. Rosshart SP, Vassallo BG, Angeletti D, et al. Wild mouse gut micro-
biota promotes host fitness and improves disease resistance. Cell.
2017;171:1015-1028.e13.

4. Couturier-Maillard A, Secher T, Rehman A, et al. NOD2-mediated
dysbiosis predisposes mice to transmissible colitis and colorectal
cancer. J Clin Invest. 2013;123:700-711.

5. Xing C, Wang M, Ajibade AA, et al. Microbiota regulate innate im-
mune signaling and protective immunity against cancer. Cell Host
Microbe. 2021;29:959-974.e7.

6. Darlenski R, Kozyrskyj AL, Fluhr JW, Caraballo L. Association be-
tween barrier impairment and skin microbiota in atopic dermati-
tis from a global perspective: unmet needs and open questions. J
Allergy Clin Immunol. 2021;148:1387-1393.

7. Uberoi A, Bartow-McKenney C, Zheng Q, et al. Commensal micro-
biota regulates skin barrier function and repair via signaling through
the aryl hydrocarbon receptor. Cell Host Microbe. 2021;29:1235-
1248.e8.

8. Kindi AA, Williams H, Matsuda K, et al. Staphylococcus aureus sec-
ond immunoglobulin-binding protein drives atopic dermatitis via IL-
33. J Allergy Clin Immunol. 2021;147:1354-1368.e3.

9. Nakatsuji T, Cheng JY, Gallo RL. Mechanisms for control of
skin immune function by the microbiome. Curr Opin Immunol.
2021,72:324-330.

10. KobayashiT, Glatz M, HoriuchiK, et al. Dysbiosis and Staphylococcus
aureus colonization drives inflammation in atopic dermatitis.
Immunity. 2015;42:756-766.

11. Kong HH, Oh J, Deming C, et al. Temporal shifts in the skin micro-
biome associated with disease flares and treatment in children with
atopic dermatitis. Genome Res. 2012;22:850-859.

12. Caul,Williams MR, Butcher AM, et al. Staphylococcus epidermidis pro-
tease EcpA can be a deleterious component of the skin microbiome in
atopic dermatitis. J Allergy Clin Immunol. 2021;147:955-966.e16.

13. Nakatsuji T, Chen TH, Narala S, et al. Antimicrobials from human
skin commensal bacteria protect against Staphylococcus aureus and
are deficient in atopic dermatitis. Sci Transl Med. 2017;9:eaah4680.
doi:10.1126/SCITRANSLMED.AAH4680

14. Myles IA, Williams KW, Reckhow JD, et al. Transplantation of
human skin microbiota in models of atopic dermatitis. JCI Insight.
2016;1. doi:10.1172/JCLINSIGHT.86955

15. GopalakrishnanV, Spencer CN, Nezi L, et al. Gut microbiome modu-
lates response to anti-PD-1 immunotherapy in melanoma patients.
Science (New York, NY). 2018;359:97-103.

16. Stolzl D, Sander N, Heratizadeh A, et al. Real-world data on the ef-
fectiveness, safety and drug survival of dupilumab: an analysis from
the TREATgermany registry. Br J Dermatol. 2022;187:1022-1024.

85U8017 SUOWILLOD 3ATe810 3(dealdde ay) Aq peusenob ae Sapoie YO ‘88N JO S9InJ o} Akeid1T8UlUQ A8]IM UO (SUOTIPUOO-pUe-SWISI WD A8 | ImAeIq Ul |uo//SdnL) SUORIPUOD PUe SWB | 841 88S *[£202/TT/0zZ] Uo AriqiTauljuo A1 ‘Avewss sueiydoD Aq zy/ST'I/TTTT 0T/I0p/w0d A8 |m Al 1jeuljuo//Sdiy Wwolj pepeojumod ‘g ‘€202 ‘G66686ET


https://orcid.org/0000-0003-1842-8219
https://orcid.org/0000-0003-1842-8219
https://orcid.org/0000-0001-9084-7069
https://orcid.org/0000-0001-9084-7069
https://doi.org//10.1126/SCITRANSLMED.AAH4680
https://doi.org//10.1172/JCI.INSIGHT.86955

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

HARTMANN ET AL.

Agache |, Song Y, Posso M, et al. Efficacy and safety of dupilumab
for moderate-to-severe atopic dermatitis: a systematic review for
the EAACI biologicals guidelines. Allergy. 2021;76:45-58.

Mébus L, Rodriguez E, Harder |, et al. Blood transcriptome profiling
identifies 2 candidate endotypes of atopic dermatitis. J Allergy Clin
Immunol. 2022;150:385-395.

Mobus L, Rodriguez E, Harder |, et al. Atopic dermatitis displays
stable and dynamic skin transcriptome signatures. J Allergy Clin
Immunol. 2021;147:213-223.

Guttman-Yassky E, Bissonnette R, Ungar B, et al. Dupilumab
progressively improves systemic and cutaneous abnormali-
ties in patients with atopic dermatitis. J Allergy Clin Immunol.
2019;143:155-172.

Mobus L, Rodriguez E, Harder |, et al. Elevated NK-cell transcrip-
tional signature and dysbalance of resting and activated NK cells in
atopic dermatitis. J Allergy Clin Immunol. 2021;147:1959-1965.e2.
Trichot C, Faucheux L, Karpf L, et al. TH cell diversity and response
to dupilumab in patients with atopic dermatitis. J Allergy Clin
Immunol. 2021;147:756-759.

Berdyshev E, Goleva E, Bissonnette R, et al. Dupilumab significantly
improves skin barrier function in patients with moderate-to-severe
atopic dermatitis. Allergy. 2022;77:3388-3397.

Rohner MH, Thormann K, Cazzaniga S, et al. Dupilumab reduces
inflammation and restores the skin barrier in patients with atopic
dermatitis. Allergy. 2021,76:1268-1270.

Callewaert C, Nakatsuji T, Knight R, et al. IL-4Ra blockade by
dupilumab decreases Staphylococcus aureus colonization and in-
creases microbial diversity in atopic dermatitis. J Invest Dermatol.
2020;140:191-202.€7.

Eichenfield LF, Bieber T, Beck LA, et al. Infections in dupilumab clin-
ical trials in atopic dermatitis: a comprehensive pooled analysis. Am
J Clin Dermatol. 2019;20:443-456.

Fleming P, Drucker AM. Risk of infection in patients with atopic
dermatitis treated with dupilumab: a meta-analysis of randomized
controlled trials. J Am Acad Dermatol. 2018;78:62-69.e1.
Heratizadeh A, Haufe E, St6lzl D, et al. Baseline characteristics, dis-
ease severity and treatment history of patients with atopic derma-
titis included in the German AD Registry TREATgermany. J Eur Acad
Dermatol Venereol. 2020;34:1263-1272.

Williams HC, Schmitt J, Thomas KS, et al. The HOME Core outcome
set for clinical trials of atopic dermatitis. J Allergy Clin Immunol.
2022;149:1899-1911.

Moitinho-Silva L, Degenhardt F, Rodriguez E, et al. Host genetic
factors related to innate immunity, environmental sensing and
cellular functions are associated with human skin microbiota. Nat
Commun. 2022;13:6204. doi:10.1038/541467-022-33906-5
Andrews S. FastQC: A quality control tool for high throughput se-
quence data [Online]. 2010. http://www.bioinformatics.babraham.
ac.uk/projects/fastqc/

Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA,
Holmes SP. DADA2: high-resolution sample inference from Illumina
amplicon data. Nat Methods. 2016;13:581-583.

Wang Q, Garrity GM, Tiedje JM, Cole JR. Naive Bayesian classifier
for rapid assignment of rRNA sequences into the new bacterial tax-
onomy. Appl Environ Microbiol. 2007;73:5261-5267.

Moitinho-Silva L, Boraczynski N, Emmert H, et al. Host traits, life-
style and environment are associated with human skin bacteria. Br
J Dermatol. 2021;185:573-584.

Baurecht H, Rihlemann MC, Rodriguez E, et al. Epidermal lipid
composition, barrier integrity, and eczematous inflammation are as-
sociated with skin microbiome configuration. J Allergy Clin Immunol.
2018;141:1668-1676.e16.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

R Core Team. R: A Language and Environment for Statistical
Computing. R Foundation for Statistical Computing; 2022 https://
www.R-project.org/

Wickham H, Averick M, Bryan J, et al. Welcome to the tidyverse. J
Open Source Softw. 2019;4:1686.

McMurdie PJ, Holmes S. phyloseq: an R package for reproducible
interactive analysis and graphics of microbiome census data. PLoS
ONE. 2013;8:€61217. doi:10.1371/JOURNAL.PONE.0061217
Barnett DJM, Arts ICW, Penders J. microViz: an R package for
microbiome data visualization and statistics. J Open Source Softw.
2021;6:3201.

Lahti L, Shetty S. microbiome R Package. Published online first. 2017.
doi:10.18129/B9.BIOC.MICROBIOME

Oksanen J, Simpson G, Blanchet F, et al. vegan: Community Ecology
Package—R Package Version 2.6-4. 2022.

Kassambara A. Package ‘ggpubr’ Type Package Title ‘ggplot2’ Based
Publication Ready Plots. Published online first. 2016 http://www.
sthda.com/english/rpkgs/ggpubr

Willis AD. Rarefaction, alpha diversity, and statistics. Front
Microbiol. 2019;10:2407. doi:10.3389/FMICB.2019.02407

Zhou H, He K, Chen J, Zhang X. LinDA: linear models for differen-
tial abundance analysis of microbiome compositional data. Genome
Biol. 2022;23:1-23. doi:10.1186/513059-022-02655-5

Geoghegan JA, Irvine AD, Foster TJ. Staphylococcus aureus and
atopic dermatitis: a complex and evolving relationship. Trends
Microbiol. 2018;26:484-497.

Paller AS, Beck LA, Blauvelt A, et al. Infections in children and
adolescents treated with dupilumab in pediatric clinical trials for
atopic dermatitis—a pooled analysis of trial data. Pediatr Dermatol.
2022;39:187-196.

Bieber T. Targeting T2 inflammation by dupilumab impacts on the
microbiomic ‘Ménage a Trois’ of atopic dermatitis. J Invest Dermatol.
2020;140:15-17.

Miyake R, lwamoto K, Sakai N, et al. Uptake of Staphylococcus au-
reus by keratinocytes is reduced by interferon-fibronectin pathway
and filaggrin expression. J Dermatol. 2022;49:1148-1157.

Honzke S, Wallmeyer L, Ostrowski A, et al. Influence of Th2 cy-
tokines on the cornified envelope, tight junction proteins, and -
defensins in filaggrin-deficient skin equivalents. J Invest Dermatol.
2016;136:631-639.

Ferraro A, Buonocore SM, Auquier P, et al. Role and plasticity of
Th1 and Th17 responses in immunity to Staphylococcus aureus. Hum
Vaccin Immunother. 2019;15:2980-2992.

Ong PY, Ohtake T, Brandt C, et al. Endogenous antimicrobial
peptides and skin infections in atopic dermatitis. N Engl J Med.
2002;347:1151-1160.

SUPPORTING INFORMATION
Additional supporting information can be found online in the

Supporting Information section at the end of this article.

How to cite this article: Hartmann J, Moitinho-Silva L,
Sander N, et al. Dupilumab but not cyclosporine treatment
shifts the microbiome toward a healthy skin flora in patients
with moderate-to-severe atopic dermatitis. Allergy.
2023;78:2290-2300. doi:10.1111/all.15742

85U8017 SUOWILLOD 3ATe810 3(dealdde ay) Aq peusenob ae Sapoie YO ‘88N JO S9InJ o} Akeid1T8UlUQ A8]IM UO (SUOTIPUOO-pUe-SWISI WD A8 | ImAeIq Ul |uo//SdnL) SUORIPUOD PUe SWB | 841 88S *[£202/TT/0zZ] Uo AriqiTauljuo A1 ‘Avewss sueiydoD Aq zy/ST'I/TTTT 0T/I0p/w0d A8 |m Al 1jeuljuo//Sdiy Wwolj pepeojumod ‘g ‘€202 ‘G66686ET


https://doi.org//10.1038/S41467-022-33906-5
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.r-project.org/
https://www.r-project.org/
https://doi.org//10.1371/JOURNAL.PONE.0061217
https://doi.org//10.18129/B9.BIOC.MICROBIOME
http://www.sthda.com/english/rpkgs/ggpubr
http://www.sthda.com/english/rpkgs/ggpubr
https://doi.org//10.3389/FMICB.2019.02407
https://doi.org//10.1186/S13059-022-02655-5
https://doi.org/10.1111/all.15742

	Dupilumab but not cyclosporine treatment shifts the microbiome toward a healthy skin flora in patients with moderate-­to-­severe atopic dermatitis
	Abstract
	1|INTRODUCTION
	2|PATIENTS AND METHODS
	2.1|Study design and participants
	2.2|Sampling collection and microbial profiling
	2.3|Statistical analysis and microbiome diversity parameters

	3|RESULTS
	3.1|AD skin microbiome is characterized by higher Staphylococcus genus abundance, S. aureus presence and lower diversity than healthy control skin microbiome
	3.2|Alpha diversity and S. aureus abundance correlate significantly with severity at baseline
	3.3|S. aureus abundance and alpha diversity do not show relevant differences between sampling sites
	3.4|Skin lesional status has a major impact on the skin microbiome of AD patients
	3.5|Dupilumab but not cyclosporine therapy shifts bacterial diversity toward a healthy state independent of clinical response
	3.6|Dupilumab but not cyclosporine therapy decreases S. aureus abundance largely independent of clinical response
	3.7|EASI90 responders to dupilumab therapy display a limited residual microbial signature

	4|DISCUSSION
	ACKNOWLEDGMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	REFERENCES


