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ABBREVIATIONS  48 

Ac (antecubital fossae), AD (atopic dermatitis), AMP (antimicrobial peptide), BCAA 49 

(branched chain amino acid), CCL (chemokine (C-C motif) ligand), CoNS (coagulase-negative 50 

Staphyloccocus), FLG (filaggrin), IgE (immunoglobulin E), IL (interleukin), KLK (kallikrein), 51 

MCP (monocyte chemotactic protein), MDC (macrophage-derived chemokine), NMF 52 

(natural moisturizing factor), PCA (2-pyrrolidone-5-carboxylic acid), SC (stratum corneum), 53 

SCORAD (SCORing Atopic Dermatitis) TARC (thymus and activation regulated chemokine), 54 

TEWL (transepidermal water loss), Th2 (T helper type 2), UCA (urocanic acid (or 4-55 

imidazoleacrylic acid)) 56 
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ABSTRACT 59 

Background: Atopic dermatitis (AD) is a common skin disease affecting up to 20% of the 60 

global population, with significant clinical heterogeneity and limited information about 61 

molecular subtypes and actionable biomarkers. While alterations in the skin microbiome 62 

have been described in AD subjects during progression to flare state, the prognostic value of 63 

baseline microbiome configurations has not been explored.  64 

Objective: To identify microbial signatures on AD skin that are predictive of disease fate. 65 

Methods: Nonlesional skin of AD patients and healthy control subjects were sampled at 2-66 

timepoints separated by at least 4 weeks. Using whole metagenome analysis of skin 67 

microbiomes for AD and control subjects (n=49, 189 samples), we identified distinct 68 

microbiome configurations (dermotypes A and B). Blood was collected for 69 

immunophenotyping and skin surface sampling was analyzed for correlations with natural 70 

moisturizing factors and anti-microbial peptides. 71 

Results: Dermotypes were robust and validated across two additional cohorts (63 72 

individuals), with strong enrichment of AD subjects in dermotype B. Dermotype B was 73 

characterized by reduced microbial richness, depletion of Cutibacterium acnes, 74 

Dermacoccus and Methylobacterium species, individual-specific outlier abundance of 75 

Staphylococcus species (e.g. S. epidermidis, S. capitis, S. aureus), and enrichment in 76 

metabolic pathways (e.g. BCAA and arginine biosynthesis) and virulence genes (e.g. β-toxin, 77 

δ-toxin) that defined a pathogenic ecology. Skin surface and circulating host biomarkers 78 

exhibited a distinct microbial-associated signature, that was further reflected in more 79 

severe itching, frequent flares and increased disease severity in patients harboring the 80 

dermotype B microbiome.  81 

Conclusion: We report distinct clusters of microbial profiles that delineate the role of 82 

microbiome configurations in AD heterogeneity, highlight a mechanism for ongoing 83 

inflammation, and provide prognostic utility towards microbiome-based disease 84 

stratification.  85 

 86 
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Key Messages 87 

• Distinct skin microbiome signatures at baseline stratify AD patients and help identify 88 

a group with more severe itching, frequent flares and increased disease severity. 89 

• Differences in host skin response and circulating immune profiles highlight a 90 

mechanism for ongoing systemic inflammation driven by altered microbial ecology in 91 

dermotype B patients. 92 

• Microbiome-associated disease exacerbations can be monitored and serve as a basis 93 

for stratified treatment. 94 

 95 

Capsule Summary 96 

Distinct microbiome dermotype signatures on nonlesional AD skin provide unique insights 97 

into altered ecological conditions that facilitate microbial virulence and could be predictive 98 

of AD disease outcomes. 99 

 100 
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INTRODUCTION 101 

Atopic dermatitis (AD; OMIM 603165) is a chronic inflammatory skin disease that is 102 

impacted by complex interactions between barrier function, the immune system and 103 

environmental factors
1
. Affecting approximately 1 in 5 people globally, AD is usually a 104 

lifelong disease, with relapsing-remitting periods more prevalent in childhood but often 105 

persisting into adulthood
2
. Clinical management with topical and systemic medications can 106 

alleviate acute flare symptoms to maintain long periods of latency
3, 4

. However, adequate 107 

disease control is often complicated by heterogeneity of the condition, owing to its 108 

multifactorial aetiology and currently unknown mechanisms that drive disease flares. 109 

 Molecular signatures associated with AD have been explored extensively from a 110 

genetic and immunological perspective, but their application to disease stratification and 111 

management has been limited
5
. To date, more than 30 genetic loci have been identified for 112 

susceptibility to AD, mostly encoding epidermal barrier and immune response genes6
. 113 

Immunological studies based on epidemiological data and serum biomarker profiles have 114 

demonstrated that AD is highly heterogeneous, implicating several immune pathways and 115 

highlighting that molecular stratification is necessary to understand the complex underlying 116 

endotypes and phenotypes
7-12

. Microbial markers and stratification studies have been 117 

limited, primarily investigating the association between Staphylococcus aureus and AD
13

, 118 

and establishing that profound microbiome alterations are seen during flares
14

 and more 119 

subtle changes in non-lesional skin
15, 16

.  120 

Microbe-host interactions at the skin interface are known to influence skin immune 121 

responses, thus likely contributing to AD disease pathogenesis
17

. In particular, shifts in skin 122 

microbiome configurations could serve as a trigger for the initiation of flares
14, 18

, 123 

highlighting the potential value of the baseline, non-lesional skin microbiome for providing 124 

vital information about skin homeostasis
15, 19

. The analysis of microbial DNA from skin can 125 

characterize the metabolic and virulence potential of resident species, in addition to their 126 

identities, thus serving to capture information about microbial ecology, skin surface 127 

metabolites and microbe-host interplay by proxy. Skin microbiomes can thus serve as a 128 

readily sampled and assayed source of biomarkers with predictive utility to track skin health 129 

and disease progression, that currently remains underexploited. 130 

 A potential challenge for the use of skin microbiome biomarkers is the natural 131 
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variability in species compositions, that can result in part from ready exposure to 132 

environmental perturbations. To circumvent this limitation, we conducted a two-timepoint 133 

sampling study separated by >4 weeks of standard-of-care treatment to identify stable 134 

signatures. Based on analysis of 189 metagenomic profiles from 49 subjects we identified 135 

two distinct microbial configurations (dermotypes A and B) that were stable across time, 136 

validated across multiple cohorts, and with marked enrichment of AD subjects in dermotype 137 

B. The microbial ecology of dermotype B subjects was characterized by reduced richness 138 

and individual-specific outlier abundance of Staphylococcus species, which in conjunction 139 

with increased abundance of specific metabolic and virulence genes indicates greater 140 

pathogenic potential for the skin microbiome. These differences were further reflected in 141 

host responses on skin (antimicrobial peptide and protease expression), circulating immune 142 

profiles (cytokine, chemokine and IgE levels), and patient phenotypes (itch and frequency of 143 

flares), highlighting a mechanism for microbiome-driven disease exacerbation that can be 144 

readily monitored and serve as a basis for stratified treatment.  145 

  146 
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MATERIALS AND METHODS 147 

Study subjects 148 

We recruited 50 subjects from the National Skin Centre (NSC), Singapore between March 149 

2015 and July 2017. This included 34 AD patients, 15 healthy controls (and 1 patient with 150 

ichthyosis vulgaris who was excluded from the analysis). The study protocol was approved 151 

by the National Healthcare Group Domain Specific Review Board (DSRB, Reference 152 

2013/01212) and in compliance with the Helsinki declaration. All study subjects gave written 153 

informed consent before participation. The inclusion criteria for AD patients were an 154 

unequivocal diagnosis of AD based on the UK Working Party criteria
20

, age above 18 years 155 

old, with mild-to-severe AD as defined by objective SCORing Atopic Dermatitis (SCORAD) 156 

scores of <15 for mild AD, 15–40 for moderate AD, >40 for severe AD
21

 and with stable 157 

disease as defined by usual and stable disease state and the ability to tolerate at least 7 days 158 

without topical AD treatment to the intended sampling sites and at least 4 weeks off both 159 

oral corticosteroids and systemic treatment prior to the first recruitment visit. Exclusion 160 

criteria were a recent disease flare in the past 2 weeks, the use of any ultraviolet light 161 

therapy, systemic therapy, including corticosteroids or immunosuppressants within the past 162 

4 weeks, the use of systemic antibiotics within the past 2 weeks, or the use of any creams, 163 

washes, soaps and personal care products that contain antiseptics or antibiotics over the 164 

intended sampling sites for the preceding 7 days. Controls were recruited with no reported 165 

personal history of atopic diseases (AD, asthma or allergic rhinitis). 166 

Study design 167 

Recruited subjects were assessed and sampled at two study visits, namely “visit 1” and “visit 168 

2” that were between 4 to 6 weeks apart dependent on recall availability and clinical status 169 

of the subjects. Subjects were instructed not to use any soap over the intended sampling 170 

sites for 12 hours prior to each study visit. At each visit, study subjects underwent a clinical 171 

examination, skin physiological measurements and completed a full questionnaire related to 172 

medical and medication history. In between visits 1 and 2, patients resumed standard AD 173 

treatments prescribed by their physician. This included maintenance topical therapy such as 174 

topical steroids, antimicrobials and emollients but not systemic AD therapy including oral 175 

corticosteroids or phototherapy. In the event of a disease flare between visits 1 and 2, as 176 

defined by an episode requiring escalated treatment at the site of sampling, patients were 177 
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recalled at least 4 weeks after the flare episode to ensure that this study was focused on 178 

non-flare skin. 179 

Skin physiological measurements 180 

At each study visit, measurements of transepidermal water loss (TEWL), pH and stratum 181 

corneum (SC) hydration were performed over a fixed point, defined as 10 cm distal to the 182 

antecubital crease on uninvolved flexor volar forearm skin. Transepidermal water loss was 183 

measured using the VapoMeter (Delfin Technologies), pH was measured using the 184 

Seven2Go™ pH/mV Meter (Mettler-Toledo) and SC hydration was measured using a 185 

MoistureMeterSC Compact (Delfin Technologies). Three consecutive readings were taken 186 

and averaged. Measurements were performed in the same room under controlled 187 

temperature of 25 °C and after 15 min acclimatization.     188 

Skin prick tests and serum total IgE 189 

At the first visit, subjects were assessed for house dust mite (HDM) allergen sensitization 190 

using skin prick tests (SPT) to Dermatophagoides pteronyssinus and Blomia tropicalis. A 191 

positive SPT response is defined as a wheal diameter ≥3 mm. A positive control with 192 

histamine and negative control with saline was included in the panel. Atopy is defined as a 193 

positive SPT response to either of the HDM allergens, the major allergens in Singapore
22

. 194 

Serum total IgE was determined using a solid-phase, chemiluminescence immunometric 195 

assay on an Immunlite 2000 analyzer (Siemens Healthcare). In this study, we defined 196 

elevated total IgE as >501 IU/mL. No controls had elevated total IgE but some had 197 

sensitization to HDM due to the high rates in the general population in Singapore (Table 198 

E1)
22

. 199 

Sample collection 200 

At visits 1 and 2, skin tape stripping of the antecubital fossae (Ac) of subjects was done using 201 

adhesive D-Squame tape discs (CuDerm Corporation) by repeated sticking and peeling 202 

actions for a period of 2 minutes, until the tapes were saturated with skin surface material 203 

as previously described
15

. Four tape strips were collected from the Ac of each arm at both 204 

timepoints, giving a total of 196 sampling sites (49 subjects at two Ac sites, across two visits) 205 

and a collective total of 784 tape strips for analysis. All samples were immediately placed on 206 

ice and transferred to the laboratory on the same day where they were stored at −20 °C 207 

before further processing. Peripheral blood samples were collected in EDTA-treated 208 
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Vacutainer™ tubes (lavender top; Becton Dickinson), inverted to mix to prevent clotting and 209 

transferred to the laboratory where they were processed for DNA extraction and isolation 210 

of peripheral blood mononuclear cells (PBMCs) on the same day.  211 

Quantification of natural moisturizing factors on D-Squame tapes 212 

Natural moisturizing factors (NMF) on D-Squame tape discs (2 discs per subject; bilaterally 213 

sampled at visit 1) were extracted in 175 µL of acetonitrile containing 15 ng/ml internal 214 

standards, vortexed for 2 min and 200 µL of water was added. An aliquot of 50 µL was used 215 

for protein quantification using the Micro BCA™ Protein Assay Kit (Pierce, Thermo Scientific) 216 

according to the manufacturer’s instructions. Analysis of NMFs was done using ultrahigh-217 

performance liquid chromatography-tandem mass spectrometry (UPLC–MS/MS) by 218 

combining the ACQUITY UPLC I-Class system (Waters Corporation) with the Xevo TQ-S triple 219 

quadrupole mass spectrometer (Waters Corporation).  220 

To separate the four amino acids (L-Arginine, L-Histidine, 4-imidazoleacrylic acid or urocanic 221 

acid, UCA), 2-pyrrolidone-5-carboxylic acid (PCA) and internal standard (imipramine 15 222 

ng/ml), chromatography was performed with UPLC–Kinetex Evo C18 column (100 × 2.1 mm 223 

i.d.; 1.7µm) joined to an UPLC guard column (Phenomenex Inc). A gradient method was 224 

used for chromatographic separation with mobile phase A (10mM ammonium acetate with 225 

0.1% formic acid) and mobile phase B (methanol with 0.1% formic acid). The following 226 

gradient was used to separate L-Arginine, L-Histidine, UCA, PCA and internal standard: 0–0.2 227 

min (25% A), 0.2–4.85 min (70% A), 4.85-4.86 min (25% A), 4.86-5 min (25% A). The mobile 228 

phase flow rate was 0.4 mL/min till 0.2 mins and increased to 0.5 mL/min till 4.85 mins and 229 

reduced back to 0.4 ml/min from 4.86 mins till 5 mins. The total run time was 5 min and the 230 

injection volume was 3 µL. The column temperature was set to 40 °C. The UPLC flow was 231 

introduced into the Xevo TQ-S. Electro-spray ionization (ESI+) was used as ionization source, 232 

and detection was obtained by multiple reaction monitoring (MRM) with the following 233 

transitions for L-Arginine, L-Histidine, UCA, PCA and internal standard: m/z 175.2→70, 234 

156.1→110, 139.12→120.96, 130→84 and 281.16→58.11 respecXvely. The ESI–MS/MS 235 

parameters settings were as follows: capillary voltage, 3.9 kV; cone voltage, 90V; source 236 

temperature, 150 ◦C; desolvation temperature, 250 
0
C; gas flow to cone, 150 L/hr; 237 

desolvation gas flow, 1250 L/h (nitrogen). Argon was introduced as the collision gas into the 238 

collision cell at a flow rate of 0.15 mL/min. Data acquisition was done by Masslynx 4.1 239 
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software and processed by TargetLynx (Waters Corporation). The levels of L-Arginine, L-240 

Histidine, UCA and PCA were normalized for the protein value of each tape. 241 

Serum biomarker measurements 242 

With the peripheral blood collected at visits 1 and 2, the levels of 50 serum cytokines and 243 

chemokines were assayed using the MILLIPLEX® MAP Human Cytokine/Chemokine Magnetic 244 

Bead Panel 1, 41-plex (Merck) and a Human Customized Panel (Merck): sCD40L, EGF, FGF-2, 245 

Flt-3 ligand, Fractalkine, G-CSF, GM-CSF, GRO, IFN-α2, IFN-γ, IL-1α, IL-1β, IL-1RA, IL-2, IL-3, 246 

IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-12 (p40), IL-12 (p70), IL-13, IL-15, IL-17A, IP-10, MCP-1, 247 

MCP-3 (CCL7), MDC (CCL22), MIP-1α, MIP-1β, PDGF-AB/BB, RANTES, TGF-α, TNF-α, TNF-β, 248 

VEGF, Eotaxin (CCL11), PDGF-AA, Eotaxin-3 (CCL26), TARC (CCL17), MCP-4 (CCL13), MIG 249 

(CXCL9), MIP-3α (CCL20), S100A9, MMP-12, IL-19 and IL-4Rα. Samples and standards were 250 

incubated with fluorescent-coded magnetic beads, which had been pre-coated with the 251 

respective capture antibodies. After an overnight incubation at 4°C, plates were washed 252 

twice. Biotinylated detection antibodies were incubated with the complex for an hour and 253 

subsequently Streptavidin-PE was added and incubated for another 30 mins. Plates were 254 

washed twice again, then beads were re-suspended with sheath fluid before imaging on the 255 

FLEXMAP® 3D (Luminex) using xPONENT® 4.0 (Luminex) acquisition software. Data analysis 256 

was done on Bio-Plex Manager™ 6.1.1 (Bio-Rad). Standard curves were generated with a 5-257 

PL (5-parameter logistic) algorithm, reporting values for both median fluorescence intensity 258 

(MFI) and concentration data. Hierarchical clustering (Euclidean distance, complete linkage) 259 

was done using 19 AD-associated biomarkers from published studies
8, 9, 23-25

 and ANOVA 260 

analysis (p-value<0.05).  261 

Dot blot assay 262 

Proteins collected on D-Squame tape discs (2 discs per subject; bilaterally sampled at visit 1) 263 

were extracted in 1 mL of 0.1× phosphate buffered saline (PBS) and frozen in a −80 °C 264 

freezer overnight and thawed in a 37 °C water bath for 3 min. The freeze-thaw cycle was 265 

repeated two more times to release keratinocytes from the tapes. Samples were then 266 

sonicated for 2 cycles of 15 min on ice to lyse the cells. Samples were centrifuged at 16,000 267 

×g for 5 min and concentrated by lyophilization. Lyophilized protein samples from both 268 

arms of a subject were pooled in 100 µL of Tris-HCl buffer and transferred into a 384 well 269 

plate. A standard curve was generated with two-fold serial dilutions of a protein sample 270 
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pooled from 12 random individuals. A 384 solid pin Multi-Blot™ replicator (V&P Scientific, 271 

Inc.) was used to blot 0.2 µL of samples onto a nitrocellulose membrane for 5 times and the 272 

membranes were completely dried.  273 

The nitrocellulose membrane was blocked in 4% non-fat milk in 1×PBS-T (0.1% Tween-20) 274 

for 1 hr, followed by 4 washes in 1×PBS-T. Primary antibody incubation was performed at 4 275 

°C for 16 to 22 hr, followed by 4 washes in 1×PBS-T and secondary antibody incubation for 2 276 

hr and 4 more washes in 1×PBS-T. Detection was performed with enhanced 277 

chemiluminescence and visualized with GeneSys software. Relative concentrations of each 278 

sample were calculated using the pooled sample as relative standards, and results were 279 

expressed in percent arbitrary units (%AU). 280 

DNA extraction from blood and filaggrin genotyping 281 

DNA was extracted from blood samples using standard protocols (Nucleon Illustra™ BACC2, 282 

GE Healthcare). Filaggrin (FLG) genotyping was carried out on all study subjects using a PCR-283 

based tiled amplicon assay using 48.48 Access Array microfluidic technology (Fluidigm) and 284 

next generation sequencing (MiSeq, Illumina), as previously described
26

. 285 

DNA extraction for shotgun metagenomics 286 

D-Squame tape discs (CuDerm Corporation) were transferred into Lysing Matrix E tubes (MP 287 

Biomedicals). 500 µL of ATL Buffer (Qiagen) was added and samples were subjected to 288 

bead-beating in a FastPrep-24 Instrument (MP Biomedicals) at 6.0 m/s for 40 s. Samples 289 

were centrifuged at 16,000 ×g for 5 min. 200 µL of the supernatant was treated with 290 

Proteinase K (Qiagen) and incubated at 56 °C for 15 min. DNA was extracted using the EZ1 291 

Advanced XL Instrument (Qiagen) and EZ1 DNA Tissue Kit (Qiagen), and quantified using the 292 

Qubit dsDNA HS Assay Kit (Life Technologies) and stored at −20 °C.  293 

Library construction and read preprocessing for metagenomics 294 

50 µL of extracted DNA was fragmented using a Covaris LE220 Focused-ultrasonicator 295 

(Covaris). DNA libraries were constructed using GeneRead DNA Library I Core Kit (Qiagen) 296 

according to the manufacturer’s protocol with the use of barcode adaptors. Custom index 297 

primers with 14 PCR cycles were used for enrichment of DNA libraries and libraries were 298 

quantified using the Agilent DNA 1000 Kit (Agilent Technologies) on an Agilent 2100 299 

Bioanalyzer (Agilent Technologies). Samples were then normalized and pooled, followed by 300 
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paired-end sequencing (2 × 101 bp reads) on an Illumina HiSeq 2000 Instrument at the Next 301 

Generation Sequencing Platform (Genome Institute of Singapore). Sequenced bases with 302 

quality score <3 were trimmed, and reads <30 bp in length were removed from the analysis. 303 

Human reads were filtered out by aligning to the human reference genome (GRCh38) using 304 

BWA-MEM
27

 (version 0.7.10-r789). An average of 18.6% of the reads were found to be 305 

usable after filtering for human contamination (Table E2).  306 

Taxonomic and statistical analysis  307 

To profile the relative abundance of bacteria, eukaryotes and viruses, we used MetaPhlAn
28

 308 

with default parameters. Data from all cohorts was normalized using Cumulative Sum 309 

Scaling (CSS; cumNormMat function in metagenomeSeq 1.18.0) and control samples were 310 

compared across cohorts to confirm that no differentially abundant taxa were detected 311 

(genus-level; Wilcoxon test p-value >0.5). Differentially abundant species (mean relative 312 

abundance >0.1%) were detected using Wilcoxon test and False Discovery Rate (FDR) 313 

adjusted p-values were reported. Alpha diversity and beta diversity analysis was performed 314 

using the vegan package (version 2.4–3). Principal coordinate analysis was performed based 315 

on Bray–Curtis dissimilarity using the ‘phyloseq’ package and the “ordinate” function to 316 

visualize relationships between case and control samples. Hierarchical clustering was 317 

performed on the first three principal coordinates to identify stable clusters with pvclust
29

 318 

using Euclidean distance and the 'average' clustering method with 1,000 bootstrap 319 

replicates.  320 

Ecological modelling 321 

To learn generalized Lotka-Volterra models (gLVM) for the two dermotypes
30

, species with 322 

low relative abundances (<0.1%) were treated as absent in a sample, and rare species 323 

(present in <100 samples) were excluded from model fitting (samples with >50% of their 324 

relative abundance in rare species were also ignored). The dataset for dermotype A was 325 

subsampled to match the number of samples in dermotype B. Models were learned 326 

separately for the two dermotypes using the BEEM-Static R package (commit: 07fbe4e; 327 

alpha=0.5).  328 

Staphylococcus virulence gene and strains 329 

Metagenomic reads were mapped using BWA (version 0.7.10-r789) to a curated set of 330 

Staphylococcus virulence genes including cytolytic toxin genes (beta-hemolysin and delta-331 
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toxin), enterotoxin genes (seA, seB and seC) and exfoliative toxin genes (etA and etB; 332 

GenBank accession numbers S72497.1, AF288215.1, M18970.1, M11118.1, X05815.1, 333 

M17347.1 and M17348.1). Mapped read counts were used to determine the presence or 334 

absence of a gene and test for enrichment between dermotypes in R. Strain analysis for 335 

Staphylococcus aureus was performed using StrainPhlAn (version 2.7.7) with the “--336 

relaxed_parameters3” option. 337 

Pathway and correlation analysis 338 

Analysis of differential functional pathways between groups was performed with LEfSe
31

 339 

using relative abundance tables from metaCyC pathways produced with HUMAnN2
32

 340 

(version 0.9.2). Pearson correlation test was used to examine the correlation between pairs 341 

of continuous variables. For all box plots, centre lines represent the median and the 342 

whiskers represent 1.5× inter-quartile range. Differences between groups were tested using 343 

the Wilcoxon rank-sum test and FDR corrected p-values were reported where applicable. 344 

For functional experiments, statistical significance was first determined by analysis of 345 

variance (ANOVA) followed by pairwise t-test comparisons (p-value <0.05). 346 

Data availability 347 

All sequencing reads are available from the NCBI sequence read archive (SRA) under 348 

accession number SRP160100. 349 

  350 
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RESULTS 351 

Skin microbiome configurations stratify AD patients into distinct dermotypes 352 

A clinically well-characterized cohort of adult AD patients (n=34) and controls (n=15) was 353 

recruited from the National Skin Centre in Singapore (NSC), and sampled during two study 354 

visits separated by at least 4 weeks of standard of care treatment (no treatment for 355 

controls), to capture stable skin microbiome signatures in a natural history setting (no flare 356 

in past two weeks; Table 1, Table E1). Tape strips were collected at each visit from clinically 357 

intact skin of the left and right antecubital fossae (Ac, 196 samples), a site of disease 358 

predilection, and extracted DNA was analyzed with Illumina whole metagenome shotgun 359 

sequencing (189 successful libraries; 2×101bp, >10 million reads on average; Table E2; 360 

Methods) to study the skin microbiome (Fig. E1)
15

. Disease severity was assessed 361 

quantitatively using SCORAD
21

, along with physiological clinical parameters, trans-epidermal 362 

water loss (TEWL), skin hydration and pH during both visits. Taxonomic analysis based on 363 

metagenomic data across timepoints showed that the skin microbiome in AD subjects did 364 

not change significantly compared to healthy controls in this cohort, despite being 365 

maintained on their baseline routine topical anti-inflammatory therapies and emollients 366 

(Wilcoxon test p-value=0.38; Bray-Curtis index; Table E1, E3; Methods). This was 367 

accompanied by median objective SCORAD being unchanged (23.0) for the patient group at 368 

both visits (Table 1). Correspondingly, principal coordinates analysis (PCoA, with Bray-Curtis 369 

index) revealed two distinct microbiome configurations represented by a high density of 370 

samples, that were bilaterally consistent (Fig. 1A), and temporally stable across study visits 371 

compared to differences between the configurations (Wilcoxon test p-value<0.001, Fig. 1B). 372 

These microbial community types have not been observed previously in microbiomes for 373 

specific skin sites and are hence referred to as “dermotypes” here.  374 

 To assess the robustness of this analysis, we included metagenomic data (n=44) from 375 

a previously sequenced cohort
15

 and observed that hierarchical clustering consistently 376 

revealed the same two high confidence (>90%) clusters (Fig. 1C; Methods). While one of the 377 

community types was well-represented in both control and AD subjects (dermotype A), the 378 

second community type was found to predominantly have AD subjects (dermotype B; 379 

Fisher’s exact test p-value<0.05). A similar distribution of subjects in dermotypes was also 380 

seen when metagenomic data for this body site was included from another cohort
33

 (n=19; 381 
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Fig. E2). Furthermore, modelling of microbial interactions based on generalized Lotka-382 

Volterra equations confirmed that the dermotypes represent distinct community types in 383 

terms of carrying capacities and interaction hubs (Fig. E3; Methods). Together, these results 384 

highlight the presence of a distinct skin microbiome dermotype in the clinically intact skin of 385 

a large fraction of AD patients (~30%) whose structure and function has not been previously 386 

explored.  387 

Dermotype B represents a configuration with reduced microbial richness and a niche 388 

favoring specific Staphylococcus species 389 

By comparing the taxonomic profiles at the species level between healthy controls (n=15; all 390 

dermotype A) and AD patients from dermotypes A (n=18) and B (n=16), we observed that 391 

while community richness was preserved in AD patients from dermotype A compared to 392 

controls, there was a significant loss of species in dermotype B subjects (Fig. 2A). This was 393 

accompanied and contributed to by reduced abundances of key commensal species such as 394 

Cutibacterium acnes, Dermacoccus and Methylobacterium species, some of which have 395 

previously been associated with AD
15

 (FDR-corrected Wilcoxon p-value <0.05; abundances 396 

normalized to account for compositionality, Methods; Table 2; Fig. 2B). In addition, several 397 

species that have previously been reported to inhibit the growth of Staphylococcus aureus 398 

(e.g. Staphylococcus hominis
34

, Streptococcus mitis
15

) were found to be specifically or more 399 

markedly depleted in dermotype B, compared to controls and AD patients from dermotype 400 

A (Fig. 2C). Among enriched genera in dermotype B, Staphylococcus, Micrococcus and 401 

Enhydrobacter were notable, though not statistically significant (FDR-corrected Wilcoxon p-402 

value>0.05). Specific Staphylococcus species including S. epidermidis, S. capitis and S. aureus 403 

were seen in high abundance in several dermotype B patients (>3 standard deviations away 404 

from mean for controls) and enriched in frequency compared to dermotype A AD patients 405 

(Fisher’s exact test p-value<0.05), though the median abundance was not significantly 406 

different for any species between dermotype A and B microbiomes (FDR-corrected 407 

Wilcoxon p-value>0.05; Fig. 2D).  Overall, these findings point to an altered microbiome 408 

configuration in dermotype B characterized by reduced richness, depletion of several 409 

commensals and sporadic individual-specific enrichment of Staphylococcus species. 410 
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Metabolic and virulence factors have distinct microbial pathogenicity across dermotypes 412 

Leveraging shotgun metagenomic data, we compared the genetic potential for various 413 

metabolic and virulence pathways between controls and AD patients belonging to 414 

dermotypes A and B (Table E4; Methods). As expected, pathway abundance profiles of 415 

samples from the two dermotypes exhibited broadly distinct patterns (Fig. E4). Overall, 416 

several pathways related to branched chain amino acids (BCAA) biosynthesis were over-417 

represented in dermotype B subjects (Fig. 3A). BCAAs are known to enhance signalling 418 

pathways key to immune cell function
35, 36

 and over-supplementation may contribute to 419 

hypersensitive immune systems characterized by an increase in Th2 cytokines. Additionally, 420 

enrichment in arginine biosynthesis pathways was noted specifically in dermotype B, while 421 

genes for arginine conversion to ammonia were shown previously to be enriched across AD 422 

patients
15

 (Fig. 3A). The production of ammonia can raise skin pH and adversely affect anti-423 

microbial acid stress
37

, and furthermore, reduce the availability of arginine for urea 424 

production via the arginase pathway and thus contribute to dry skin
38

. In agreement with its 425 

higher arginine conversion (but not microbial biosynthesis) potential, arginine levels on the 426 

skin of dermotype A AD patients were lower than controls (UPLC–MS/MS data; t-test p-427 

value <0.008; Fig 3B). In contrast, dermotype B patients with enriched microbial 428 

biosynthesis and conversion pathways maintain arginine levels closer to controls (Fig 3B). 429 

These results underline the distinct metabolic functions enriched across dermotypes and 430 

their potential to contribute to skin chemistry and physiological differences seen in AD.  431 

 We further investigated the abundance of virulence genes in the skin microbiomes 432 

of dermotype A and B patients compared to controls to study the pathogenic potential of 433 

these communities. Normalizing by species abundance, several Staphylococcus virulence 434 

genes
13

 including β-toxin , δ-toxin and enterotoxin genes (SEA and SEB) were found to be 435 

significantly enriched for detection in dermotype B compared to dermotype A AD patients 436 

and controls (FDR corrected χ2
 test p-value<0.1; Fig. 3C). This was despite the absence of 437 

any significant differences in S. aureus strain type distribution across dermotypes (Fig. E5). 438 

  439 

Jo
urn

al 
Pre-

pro
of



Host responses on skin have a pronounced microbial signature in Dermotype B patients  440 

Skin physiology measurements (hydration, TEWL) were found to be significantly different 441 

between controls and AD patient groups, though differences between dermotype A and B 442 

patients were less defined (Fig. 4A). As loss-of-function mutations in the FLG gene causing 443 

skin barrier defects are the strongest known genetic risk factor for AD and may impact the 444 

skin microbiome
40-42

, we genotyped all patients by whole gene sequencing
26

 and measured 445 

filaggrin specific natural moisturizing factors (NMF) (2-pyrrolidone-5-carboxylic acid - PCA, 446 

urocanic acid - UCA and histidine by UPLC–MS/MS). The frequency of FLG mutations did not 447 

differ significantly between dermotype A and B patients (Fisher’s exact test p-value=0.43), 448 

and while surface levels of corresponding NMF components were significantly lower in AD 449 

patients compared to controls, this did not differ between dermotypes (Fig. 4B).  450 

 To investigate host response at the stratum corneum (SC), we extracted proteins 451 

from tape strips and performed dot blot assays for a subset of severity-matched dermotype 452 

A and B patients (Table E5; Methods). While antimicrobial peptides (AMPs) such as 453 

defensins have been reported to be up-regulated in AD lesions compared to normal skin
43

, 454 

we observed increased levels of human β-defensin-3 (hBD-3) and α-defensin-3 (HNP-3) in 455 

clinically intact skin of dermotype B patients
44

 compared to controls and dermotype A 456 

patients (FDR-corrected t-test p-value <0.1; Fig. 4C). In addition, the kallikrein KLK13, a 457 

serine protease predominantly expressed in the upper granular layer and stratum corneum 458 

of the epidermis
45

, was specifically elevated in dermotype B patients (FDR-corrected t-test 459 

p-value <0.05; Fig. 4D), reflecting an anti-microbial response that can lead to barrier 460 

disruption and inflammation
46-48

. Finally, Cathepsin S, a cysteine protease whose 461 

overexpression has been implicated in inducing scratching behavior in mice
49

, was also 462 

specifically higher in dermotype B patients (FDR-corrected t-test p-value <0.05; Fig. 4D).  463 

Thus overall, microbial dermotype B patients exhibit distinct stratum corneum biomarker 464 

expression, indicating neutrophil-activation (e.g. neutrophil specific defensin, HNP-3) and 465 

anti-microbial response. 466 

Dermotype B subjects exhibit distinct immune profiles in blood and increased disease 467 

severity 468 

Analysis of 50 biomarkers in blood serum (Luminex multiplex technology) was used to study 469 

if differences in dermotype B microbial virulence and host responses were also reflected in 470 
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circulating immune profiles (Table E6; Methods). Clustering using AD-associated 471 

biomarkers
8, 9, 23-25

 grouped all but one dermotype B patient separately from dermotype A 472 

patients and controls, as a cluster enriched for Th2 and innate immunity biomarkers (Fig. 473 

5A; Methods). Differential abundance analysis with all 50 serum biomarkers identified 7 474 

analytes (FDR-corrected Wilcoxon p-value <0.1) that were significantly higher only in 475 

dermotype B patients compared to controls (CCL17/TARC, CCL13, CCL22/MDC, CCL26, IL-13, 476 

TNF-β, S100A9; Fig. 5B, E6), with 4 analytes exhibiting significant Th2 (CCL17, CCL22) and 477 

innate (CCL13, CCL26) response differences between dermotype A and B patients (Fig. 5B). 478 

Quantifying the number of circulating immune cells by FACS analysis showed no significant 479 

difference in dermotype B patients compared to controls, though changes in monocytes, B 480 

cells and NK cells were seen in dermotype A patients (Fig. E7). Together, this data confirms 481 

that the distinct microbial metabolism, virulence and skin surface responses seen in 482 

dermotype B versus dermotype A patients are also reflected in systemic Th2 and innate 483 

immune responses in blood (including higher IgE levels, Wilcoxon p-value<0.01). Overall, our 484 

data supports a model where dermotype B represents a distinct microbiome configuration, 485 

with altered metabolism and virulence, that can influence susceptibility to microbial 486 

triggers. Correspondingly, we investigated medical records of the patients in our cohort and 487 

observed that dermotype B patients were more prone to severe itching (Wilcoxon p-488 

value<0.05; Fig. 5C) and recurrent flares that exacerbated their disease state (50% in 489 

dermotype B; 17% in dermotype A; χ2
 test p-value <0.04; Fig. 5C). With a higher frequency 490 

of flares, dermotype B patients also exhibit more pronounced innate and adaptive immune 491 

response (Fig. 4C; Fig. 5A, B), and higher clinical severity scores (Wilcoxon p-value<0.02; Fig. 492 

5D). Finally, dermotype B AD subjects were found to have a higher propensity for other 493 

common atopic conditions in adults (allergic rhinitis or asthma; 81% in dermotype B; 46% in 494 

dermotype A; Fisher’s exact test p-value <0.023), highlighting the clinical utility of 495 

dermotypes for stratifying AD patients. 496 

  497 

Jo
urn

al 
Pre-

pro
of



DISCUSSION 498 

Atopic dermatitis has a high degree of clinical heterogeneity, and a stratified approach to 499 

defining patient groups will be beneficial for defining treatment strategies
5
. Several studies 500 

have focused on identifying host biomarkers of disease activity in skin and blood identifying 501 

various endotypes
9, 16, 25, 50, 51

. By showing for the first time that intrinsic skin surface 502 

microbiome configurations alone can stratify AD patients with markedly different disease 503 

phenotypes and endotypes, we provide an alternative, conveniently accessible and 504 

biologically meaningful microbiome definition for AD subgroups. Our study establishes the 505 

functional features of stratification, by using integrated analysis to identify clear clinical 506 

associations between cutaneous microbiome, host biomarkers, and disease severity.  507 

The defining characteristic in the microbiome configuration of dermotype B subjects 508 

is an altered carrying capacity for various species that results in a distinct microbiome 509 

assemblage with reduced species richness (Table 2). Reduced abundance was observed in 510 

several species that can protect against S. aureus overgrowth, including S. hominis
34

, S. 511 

mitis, S. sanguinis
15

 and C. acnes
52

. We also observed enrichment of Micrococcus luteus, 512 

which can augment proliferation and virulence of S. aureus
53

. However, strikingly, no 513 

significant change in S. aureus abundance was observed on non-flare AD skin. Instead, 514 

several Staphylococcus species were sporadically enriched across dermotype B subjects. We 515 

also observed increased virulence gene exposure, such as δ-toxin, in dermotype B subjects 516 

that could contribute to inflammation by activating mast cells, inducing allergic skin disease 517 

and thus would be predicted to result in higher serum IgE
39

. Dermotype B thus defines a 518 

distinct microbiome state with reduced richness that favours Staphylococcus species on 519 

non-flare AD skin and an interactome that is less hostile to S. aureus.  520 

Additionally, skin surface topography can profoundly shape the skin microbiome 521 

with physiologically comparable body sites sharing similar taxonomic profiles
54

. However, 522 

we identified something different across the dermotypes with stable, yet distinct, microbial 523 

configurations at the antecubital fossa site. The underlying skin surface and systemic 524 

biomarkers were also differentiating between dermotype A and B, however, no clear 525 

differences were observed in skin physiological parameters (TEWL, skin hydration, NMFs). 526 

The two dermotypes did have a clear differentiator in that IgE was significantly higher in 527 

dermotype B subjects identifying a group of extrinsic/allergic AD subjects
23

. It is also worth 528 
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noting that while dermotype B was enriched in AD patients, we also identified healthy 529 

individuals with dermotype B within published cohorts
15, 33

. The biological implications for 530 

healthy subjects that harbour dermotype B microbiomes requires further investigation as 531 

published studies did not provide in-depth analysis of host-microbe interactome that could 532 

have indicated subclinical skin barrier alterations or susceptibility to atopic disease. 533 

Currently, how these microbial signatures are established and could be modulated by 534 

different treatment strategies is unexplored. 535 

Skin microbiomes have typically been described as associated with health or disease 536 

using broad measures of diversity from a small number of cohorts, however their 537 

metagenomic predictive value and functional utility have not been fully explored. The 538 

ecological description of skin microbiome dermotypes that we provide here is analogous to 539 

enterotypes described for the gut microbiome and allows for stratification of groups of 540 

subjects
55

. We have identified that these assemblages of microbial communities can provide 541 

valuable indications related to underlying host biology that is predictive of clinical 542 

phenotypes. Our observations provide unique insights into the distinct functional features 543 

at the taxonomic level and as mapped to genetic and metabolic pathways. This was 544 

highlighted by shifts in carrying capacity and altered arginine and branched-chain amino 545 

acid synthesis pathways between the identified dermotypes. Additionally, skin surface and 546 

circulating biomarkers of host immunity were distinct between dermotypes, suggestive of a 547 

host-microbe interactome with multiple nodes of homeostatic plasticity to maintain skin 548 

health. We envisage that monitoring the environmentally sensitive skin surface microbiome 549 

could act as a predictive beacon for atopic dermatitis disease outcomes.  550 

 551 
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FIGURE LEGENDS 714 

Figure 1. Identification of distinct skin microbiome dermotypes. (A) Principal coordinates 715 

analysis (PCoA) plot (species-level Bray-Curtis index) highlighting that skin microbiome 716 

taxonomic profiles have two distinct configurations as indicated by regions of high density, 717 

with bilateral representation (red: left Ac, blue: right Ac). Contour lines represent regions 718 

that have the same sample density. The distribution of Pearson correlation values between 719 

left and right Ac profiles is shown above the PCoA plot to highlight the extent of bilateral 720 

concordance. (B) Boxplots showing the Bray-Curtis dissimilarity of taxonomic profiles 721 

between visits for the same site and across dermotypes. Statistical significance was 722 

determined using the Wilcoxon test (***: p-value <0.01). (C) Clustering of microbiome 723 

profiles from two consistently analysed cohorts (this study and Chng et al
15

) using average-724 

linkage clustering (values indicate bootstrap confidence). Among the two top-level clusters, 725 

the cluster on the left was observed to be enriched for AD subjects (dermotype B) compared 726 

to the cluster on the right (dermotype A; orange: AD, green: healthy). Numbers indicate the 727 

bootstrap probability as percentages. 728 

Figure 2. Microbial diversity and taxonomic features of dermotype B communities. (A) 729 

Species richness of skin microbiomes for dermotype A controls (n=15) and dermotype A 730 

(n=14) and B (n=14) patients. (B) Boxplots depicting the depletion of AD-associated 731 

commensal species
15

 in dermotype B subjects. (C) Boxplots depicting the depletion of 732 

species antagonistic to S. aureus growth in dermotype B subjects. (D) Stacked bar graphs 733 

depicting the relative abundance of Staphylococcus species present in the skin microbiomes 734 

of dermotype A controls, and dermotype A and B patients. Colored boxes at the bottom 735 

indicate samples with outlier values (>3 standard deviation from the mean) relative to the 736 

controls group. A χ2
 test was used to identify enrichment of outlier samples among 737 

dermotype B versus dermotype A patients. FDR corrected Wilcoxon p-values were 738 

computed for subfigures B and C. *: p-value <0.1, **: p-value <0.05, ***: p-value <0.01 739 

Figure 3. Functional shifts and enrichment of virulence genes in the skin microbiome of 740 

dermotype B patients. (A) Differentially abundant pathways (linear discriminant analysis or 741 

LDA score >3) in skin metagenomes of dermotype A controls and dermotype A and B 742 

patients (each group vs other two). (B) Boxplot showing that controls and dermotype B 743 

patients have significantly higher arginine levels compared to dermotype A patients 744 
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(Wilcoxon test).  (C) Barplot showing the percentage of patients from the two dermotypes 745 

with virulence genes detected in the skin microbiome. Multiple virulence factor genes were 746 

significantly enriched for detection in patients from dermotype B (χ2
 test with FDR 747 

correction; SEA, SEB and SEC: Staphylococcal enterotoxin A, B and C, ETA: exfoliative toxin 748 

A). *: p-value <0.1; **: p-value <0.05; ***: p-value <0.01  749 

Figure 4. Consistency of skin surface parameters in patients and variation of host response 750 

markers by dermotype. (A) Boxplots showing data from transepidermal water loss (TEWL; 751 

left) and skin hydration (right) measurements across subject groups (Wilcoxon test).  (B) 752 

Boxplot showing that natural moisturizing factors (PCA+UCA+HIS) are similarly depleted in 753 

patients (dermotype A and B) versus controls (Wilcoxon test). Boxplots showing the 754 

significant enrichment of (C) defensins (HBD-3: human β-defensin 3; HNP-3: human 755 

neutrophil peptide 3 or α defensin 3) and (D) proteases (KLK13: kallikrein 13; cathepsin S) in 756 

the skin of dermotype B patients compared to dermotype A patients and control subjects. 757 

Statistical significance for host response markers was determined by pairwise t-test 758 

comparisons and FDR correction. *: p-value <0.1; **: p-value <0.05; ***: p-value <0.01 759 

Figure 5. Systemic and phenotypic differences in dermotype B patients. (A) Clustering 760 

based on AD-associated serum biomarker revealed a cluster of dermotype B patients 761 

enriched for Th2 and innate immunity markers. (B) Boxplots of serum biomarker analytes 762 

exhibiting significant increase in dermotype B compared to dermotype A AD subjects. 763 

Statistical significance was determined by FDR-corrected Wilcoxon tests. (C) Graphs showing 764 

that dermotype B patients were more prone compared to dermotype A patients to severe 765 

itching (Wilcoxon test; left) and recurrent flares in the past one year (χ2
 test; right). (D) 766 

Boxplot showing the significantly higher disease severity in dermotype B versus dermotype 767 

A patients (Wilcoxon test; SCORAD: SCORing atopic dermatitis). *: p-value <0.1; **: p-value 768 

<0.05; ***: p-value <0.01 769 
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Table 1. Clinical characteristics of the study subjects  771 

 Atopic dermatitis 

(AD) 

Control 

Subjects analyzed (n)  34  15 

Age, median (range) 27 (18−48) 27 (22−45) 

Male:female 30:4 5:10 

Visit 1 objective SCORAD, median (range) 23.0 (7.2−46.2) N/A 

Visit 2 objective SCORAD, median (range) 23.0 (3.7−45.8) N/A 

IgE in IU/mL, median (range) 2965 (21−15000) 39 (3−501) 

Age of onset, no. (%)   

      < 2 years (23.5) 0 (0) 

      2−4 years (11.8) 0 (0) 

      5−14 years (61.8) 0 (0) 

      Missing data 1 (2.9) 0 (0) 

Family history of AD, no. (%) 20 (58.8) 0 (0) 

Atopic diseases, no. (%)   

      Asthma 20 (58.8) 0 (0) 

      Allergic conjunctivo-rhinitis 22 (64.7) 0 (0) 

Positive skin-prick test, no. (%)   

      Blomia tropicalis 29 (85.3) 7 (46.7) 

      Dermatophagoides pteronyssinus 30 (88.2) 7 (46.7) 

      Missing data for Blomia tropicalis 3 (8.8) 0 (0) 

      Missing data for Dermatophagoides 

pteronyssinus 

2 (5.9) 0 (0) 
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Table 2. Differentially abundant species in dermotype B patients compared to dermotype A 774 

patients and controls (FDR corrected p-values<0.1 for both comparisons). 775 

 776 

Species Dermotype B patients 

vs dermotype A 

controls 

Dermotype B patients vs 

dermotype A patients 

Acinetobacter junii 0.0011 0.024 

Corynebacterium matruchotii 0.0033 0.0017 

Cutibacterium acnes <0.0001 <0.0001 

Deinococcus unclassified 0.034 0.038 

Dermacoccus unclassified 0.0012 0.0092 

Haemophilus parainfluenzae 0.000034 0.000059 

Methylobacterium unclassified 0.00047 0.0016 

Pseudomonas unclassified 0.025 0.0038 

Rothia mucilaginosa 0.011 0.048 

Staphylococcus hominis 0.00033 0.24 

Streptococcus mitis 0.0039 0.006 

Streptococcus sanguinis 0.013 0.0062 

Veillonella parvula 0.0072 0.0066 

 777 
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Supplemental Figure E1: Stacked bar graphs showing the relative abundances of major species

(mean relative abundance >1%) in dermotype A controls, and dermotype A and B patients.
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Supplemental Figure E2: Principle coordinate analysis plot (Bray-Curtis dissimilarity) based on 

skin microbiome data for multiple cohorts, including data from this study (grey), from Oh et al 

(n=19, green) and from Chng et al (n=44, red). All samples were from the antecubital fossa and 

visually undamaged skin.
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Supplemental Figure E3: Carrying capacities (relative) and interaction networks for dermotype A (left) and B (right)

subjects based on generalized Lotka-Volterra modelling. Node sizes and edge widths are proportional to mean relative

abundances and interaction strengths, respectively. Edges are colored by interaction types (positive: blue; negative: red). In

general, dermotype A seems to have a favorable carrying capacity for C. acnes with many other species having inhibitory

interactions with it that potentially contribute to community stability. Dermotype B was found to favor a wider range of

species and with fewer inhibitory interactions that may indicate a more unstable equilibrium.
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Supplemental Figure E4: Principal coordinates analysis (PCoA) plot showing the distinct

functional profiles (using Bray-Curtis distance for pathway abundances) of Dermotype

A and Dermotype B samples.
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Supplemental Figure E5: Phylogenetic tree of S. aureus strains in the skin microbiomes of 

subjects in this study showing that the dermotypes do not segregate by strain type. Strain 

genotypes were obtained using StrainPhlAn analysis (with the "--relaxed_parameters3” 

option) and used to construct a maximum likelihood phylogeny with FastTree2. 
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Supplemental Figure E6: Boxplots showing data for serum biomarkers that were significantly higher in 

dermotype B subjects compared to controls. Boxplot whiskers represent 1.5× inter-quartile range.
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Supplemental Figure E7: Immune cell profiling from blood samples 

revealed similar immune cell compositions across dermotype A and B 

AD subjects and the control group, except for changes in NK (Natural 

Killer), B cells and monocyte subtypes (cMo, classical monocytes; iMo, 

intermediate monocytes; ncMo, non-classical monocytes).
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