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Abstract
Background: Atopic dermatitis (AD) and psoriasis (PSO) are chronic inflammatory 
skin diseases that impose substantial physical and psychological burdens. Although 
fungal-bacterial balance is important for skin immune homeostasis, the role of the 
skin mycobiome and its interaction with bacterial communities and host immunity 
in these diseases remains poorly understood.
Objectives: To characterize alterations in the skin mycobiome and its interactions 
with bacterial communities and host immune responses in AD and PSO.
Methods: Adult patients with chronic AD, plaque-type PSO and healthy volunteers 
were included in this study. Skin microbiota samples and biopsies were collected 
from lesional and non-lesional skin areas, including the posterior thigh for AD 
and the lower back for PSO. Whole-metagenome shotgun sequencing was used to 
profile microbial communities. SparCC was used to construct fungal-bacterial co-
occurrence networks, and integration of host transcriptomic and microbial features 
was performed using O2PLS.
Results: Both AD and PSO showed disease-associated restructuring of Malassezia 
species and reduced fungal–bacterial ecological connectivity in lesional skin. In 
AD, Malassezia arunalokei was inversely associated with Staphylococcus aureus 
and linked to antimicrobial peptide-centred host gene modules enriched for IL-17 
signalling. Its abundance decreased with increasing disease severity and inversely 
correlated with inflammatory immune cell signatures. In PSO, altered Malassezia 
composition was associated with IL-17-driven transcriptional programmes and 
lipid metabolic pathways, suggesting interactions between fungal imbalance and 
inflammatory-metabolic processes.
Conclusions: Our findings expand current models of skin dysbiosis beyond bacteria 
and suggest that disrupted fungal–bacterial interactions are linked to immune 
activation in AD and PSO and, in AD, to disease severity. Although further validation 
is required, skin microbiome features may provide clinically relevant information 
for disease monitoring, patient stratification and future microbiome-informed 
therapeutic strategies. Our study lays the groundwork for microbiome modulation 
as a potential therapeutic strategy for AD and PSO.
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I N TRODUC TION

Atopic dermatitis (AD) and psoriasis (PSO) are highly prev-
alent chronic inflammatory skin diseases.1,2 The global pop-
ulations affected by AD and PSO are 1.9%–3.5% and 1%–3%, 
respectively.3,4 Beyond persistent skin inflammation, both 
disorders are associated with substantial psychosocial bur-
den, reduced quality of life and increased risk of systemic co-
morbidities, including allergic diseases in AD and psoriatic 
arthritis and cardiometabolic disorders in PSO.3–5 Despite 
advances in understanding immune dysregulation in these 
conditions, the contribution of the cutaneous microbiome, 
particularly its fungal component, remains incompletely 
defined.

Human skin harbours a diverse microbial ecosystem in 
which fungi, although representing only 1%–5% of total mi-
crobial abundance, play important roles in maintaining bar-
rier integrity and immune homeostasis.6 Dysbiosis of the skin 
mycobiome has been implicated in multiple dermatologic 
conditions, and fungal colonization can shape host immune 
responses and microbial community structure.7–9 The involve-
ment of fungi in AD and PSO has been proposed for decades, 
with studies reporting both fungal overgrowth and reduced 
abundance of specific taxa, such as Malassezia.10,11 Notably, al-
terations in Malassezia may influence bacterial pathogenicity, 
including interactions with Staphylococcus aureus, and modu-
late inflammatory signalling pathways.12,13

Beyond direct host interactions, fungi dynamically influ-
ence the bacterial microbiome through metabolic competi-
tion, production of secondary metabolites and modification 
of the cutaneous microenvironment.14,15 For example, indole 
derivatives produced by Malassezia furfur act as aryl hydro-
carbon receptor (AHR) agonists and regulate immune path-
ways relevant to skin inflammation.16,17 These inter-kingdom 
interactions suggest that fungal dysbiosis may contribute to 
disease pathogenesis not only through direct immune acti-
vation but also by reshaping microbial networks.

Although multi-omics approaches have advanced our un-
derstanding of host–microbe interactions in inflammatory 
diseases, comprehensive characterization of the skin myco-
biome in well-defined AD and PSO cohorts remains limited, 
particularly using shotgun metagenomic sequencing inte-
grated with host transcriptomic profiling.18,19 Most existing 
studies rely on amplicon-based methods or lack paired host 
molecular data, restricting insight into functional host–mi-
crobe interplay.

To address this gap, we performed shotgun metagenomic 
sequencing of lesional and non-lesional skin from patients 
with AD and PSO, alongside healthy controls, within the 
well-characterized MAARS (Microbes in Allergy and 
Autoimmunity Related to the Skin) cohort. By integrating 
fungal and bacterial community profiles with cutaneous 
transcriptomes, we aimed to identify disease-associated fun-
gal species, characterize inter-kingdom microbial networks, 
and elucidate host gene expression programmes linked to 
fungal variation and clinical severity.

M ETHODS

Cohort description and study participants

This study employed the European MAARS cohort 
(Microbes in Allergy and Autoimmunity Related to 
the Skin; https://​cordis.​europa.​eu/​proje​ct/​id/​261366). 
Metadata are shown in Table  S1. Written informed 
consents were obtained from all subjects. Microbiome 
samples and skin biopsies were collected from lesional 

Why was the study undertaken?

•	 Skin mycobiome plays important roles in main-
taining barrier integrity and immune homeo-
stasis. Yet the role of the skin mycobiome and its 
interaction with bacterial communities and host 
immune responses in AD and PSO remain poorly 
understood.

•	 A comprehensive multi-omics analysis of host–
microbe interactions is still lacking.

What does this study add?

•	 This study integrates metagenomic and transcrip-
tomic data to show that both AD and PSO are 
characterized by disrupted fungal–bacterial inter-
actions and coordinated changes in host immune 
responses.

•	 In AD, we identified a significant inverse as-
sociation between Malassezia species and 
Staphylococcus aureus, coupled to IL-17-enriched 
host transcriptional programmes.

•	 In PSO, shifts in Malassezia species composition 
were integrated with IL-17-related pathways and 
lipid metabolic processes.

What are the implications of this study for 
disease understanding and/or clinical care?

•	 Microbial dysbiosis is linked to immune ac-
tivation and disease severity. These findings 
suggest that the skin microbiome may serve 
as a valuable predictor of disease severity and 
therapeutic response in AD and PSO. Our 
study lays the groundwork for microbiome 
modulation as a potential therapeutic strategy 
for AD and PSO.

•	 Microbiome profiling may serve as a biomarker 
for patient stratification and disease activity 
assessment.

•	 Host–microbe interactions support the devel-
opment of microbiome-informed therapeutic 
strategies.
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and adjacent non-lesional skin (posterior thigh in AD, 
lower back in PSO), with healthy volunteers (HV) sampled 
at corresponding sites. Participants (18–83 years) with 
chronic AD, plaque-type PSO or healthy volunteers were 
examined by dermatologists, with diagnoses based on 
clinical presentation, history, laboratory findings and 
Hanifin and Rajka.20 Exclusion criteria included other 
autoimmune diseases, systemic antibiotics within 2 weeks 
and systemic immunosuppressive, phototherapy or 
biologic treatments within 12 weeks prior to screening.

Skin sampling sites were left untreated for at least 2 weeks, 
with only non-antibacterial Dove soap permitted and no 
washing within 24 h before collection. Microbiome sam-
ples from the lower back (PSO, HV) or posterior thigh (AD, 
HV) were obtained using a 2.5 cm sterile ring containing 
1.5 mL PBS, followed by bidirectional glass-rod scraping; 
PBS-only negative controls were included. From the same 
sites, 6 mm punch biopsies were collected and stored in 
RNAlater (Sigma-Aldrich). Lesional, adjacent non-lesional 
and matched healthy volunteer skin were sampled using 
identical SOPs across three clinical centres, with quality 
confirmed in a pilot study.

RNA from skin biopsies was analysed using Affymetrix 
Human Gene 2.1 ST chips, and DNA from microbiome sam-
ples underwent shotgun metagenomic sequencing. Multi-
omics integration was performed. Six PSO, five AD and one 
healthy volunteer failed microarray QC and were excluded, 
leaving 45 AD patients with 99 HV and 115 PSO patients 
with 101 HV for analysis. To reduce the potential impact 
of sample size imbalance and demographic differences be-
tween AD patients and healthy volunteers, propensity score 
matching was performed for age and sex using the MatchIt 
package in R. This resulted in a matched cohort of 45 AD pa-
tients and 45 matched healthy controls. All subsequent anal-
yses were conducted based on this matched dataset. In the 
PSO cohort, age and gender were adjusted for as covariates 
in the relevant analyses.

Shotgun metagenomics sequencing and fungal 
profiling

Adaptor contamination and low-quality reads were 
discarded from the raw data using Trimmomatic 
v0.3613. Contaminating human sequences were removed 
using Bowtie2 v2.5.1 (Reference database: GRCh38) 
with default parameters. Following this, microbiota 
composition profiles (bacteria and fungi) were inferred 
from quality-filtered reads using MetaPhlAn4.0 
(Metagenomic Phylogenetic Analysis) and MiCoP 
(Microbial Community Profiling). MiCoP has been 
proven more effective for eukaryotes profiling in human 
microbiome data.21 The database of MiCoP was updated 
using NCBI's fungal RefSeq database (RefSeq release 228). 
The species was considered present if at least 100 reads 
matched at least 99% with any of the reference genomes, 

with a maximum of 1 indel or substitution per read. The 
negative control samples were used for decontamination 
using the R package Decontam v1.6.022 with the method 
‘Prevalence’. The taxonomy data were normalized based 
on cumulative-sum-scaling (CSS) using metagenomeSeq 
R package, and logarithm transformation was applied for 
further analysis.23

LEfSE linear discriminant analysis

LefSE (Linear discriminant analysis Effect Size) analysis 
was performed to identify group-specific fungal species in 
the skin mycobiome between lesional samples, non-lesional 
samples and healthy volunteers in AD as well as in PSO. 
LefSE analyses were performed using lefser.24

Co-occurrence analysis of microbial interaction 
in AD and PSO

SparCC25 was used to identify co-occurrence correlations 
between fungi and bacteria, from the R package ‘SpiecEasi 
v1.1.1’ with 20 iterations and 10 iterations in the outer 
and inner loop, respectively.26 Absolute correlation values 
below 0.1 are considered zero in the inner SparCC loop, 
and p-value below 0.05 was considered significant. The 
resulting network was visualized and characterized via 
Cytoscape (v3.9.1).

Enrichment analysis, protein–protein 
interaction (PPI) network generation

Functional annotation of the host genes was conducted 
using clusterProfiler27 (v4.6.2) with the functions en-
richGo, and the adjusted p value for cut-off was set as 0.05. 
PPI network was generated on the website of STRING 
(www.​strin​g-​db.​org, v11.5),28 and all networks with a PPI 
enrichment p value <0.05 were included for visualization 
with Cytoscape software (v3.9.1). All the other graph visu-
alizations were conducted using ggplot2, corrplot, ggsci 
and ggpubr in R (v4.2.1).

Leucocyte deconvolution analysis

CIBERSORTx is an online analytical tool to estimate the 
abundances of subset cell types using gene expression data.29 
DerM22 and LM22 gene signature matrices were used as 
gene signature references in this analysis; DerM22 contains 
all major cell types that are present in the skin, and LM22 
includes 22 different immune cells isolated from peripheral 
blood. The gene expression matrix from the microarray assay 
was used as input to estimate the cell fractions in lesional, non-
lesional samples and healthy volunteers in AD and PSO, and 
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the estimations are based on 1000 permutations; the adjusted 
p-values of all the predicted cell fractions are less than 0.05.

Statistics

Data matrices from metagenomic profiles and host genes 
were imported into R (v4.2.1). Unless otherwise stated, 
analysis was performed using a Mann–Whitney test to 
compare two groups and Kruskal–Wallis test for more than 
two groups. p-values were adjusted with the Benjamini–
Hochberg method for multiple hypothesis testing, and 
adjusted p-values <0.05 were set as the threshold for a 
significant difference. Robust PCA (rPCA) was performed 
based on Aitchison distance of the microbial community 
composition using the robCompositions (v2.4.1) R 
package.30 The Spearman correlation was conducted using 
R package ppcor (v1.1) and visualized using the ggpubr 
package (v0.6.0). Multivariable association in microbiota 
and phenotypes was conducted by MaAsLin231 (v1.10.0), 
accounting for age, gender, batch and clinic. Heatmaps 
were generated using the pheatmap package (v1.0.12). 
O2PLS models were used to integrate transcriptome and 
microbiota data sets and for analysis of pairwise data sets 
using the OmicsPLS R package.32

R E SU LTS

Disease-associated restructuring of the skin 
mycobiome in AD and PSO

Skin fungal profiles were assessed for AD and PSO 
patients, including lesional sites and non-lesional sites 
from the same patient, and corresponding skin areas from 
healthy individuals. Briefly, 45 AD patients with 45 healthy 
volunteers (posterior thigh) and 115 PSO patients with 101 
healthy volunteers (lower back) were included. The metadata 
of the subjects are shown in Table S1.

We first characterized fungal community composition 
across lesional, non-lesional and healthy skin in AD and 
PSO. Robust PCA revealed significant disease-dependent 
shifts in fungal community structure in both cohorts 
(PERMANOVA test, p < 0.05, Figure  1a,b), with lesional 
samples exhibiting the greatest divergence from healthy 
controls. Although the genus Malassezia dominated 
across all groups, its species-level distribution differed 
by disease state. Malassezia restricta predominated in le-
sional samples of both diseases, whereas Malassezia sym-
podialis was more abundant in healthy skin (Figure 1c,d, 
Figure S1A,B and Figure S2A,B). LefSE analysis identified 
disease-associated taxa. In AD, Malassezia arunalokei, M. 
sympodialis and Debaryomyces hansenii were enriched in 
healthy skin, whereas M. restricta and Candida albicans 
were predominant in the lesional samples (LDA >2, FDR 
<0.10, Figure 1e). In PSO, M. restricta was enriched in le-
sional skin, whereas Malassezia globosa, M. sympodialis 

and D. hansenii were enriched in healthy samples (LDA 
>2, FDR <0.10, Figure 1f).

Ecological destabilization of fungal–bacterial 
networks in lesional skin

To examine inter-kingdom interactions, we constructed 
SparCC-based fungal–bacterial co-occurrence networks. 
In both AD and PSO, lesional samples displayed com-
paratively reduced network density and connectivity com-
pared with non-lesional and healthy skin (Figure  2a–d, 
Figure  S3), suggesting impaired ecological coordination 
during active inf lammation.

In AD, S. aureus emerged as a central bacterial node and 
showed a consistent negative association with M. arunalokei 
skin (Figure  2a,b, Figure  S3A). In PSO, network topology 
was primarily structured by interactions among Malassezia 
species and commensal bacteria, including Cutibacterium 
acnes (Figure 2c,d, Figure S3B). Across both diseases, fun-
gal–bacterial interactions were attenuated in lesional skin 
relative to healthy controls, consistent with trans-kingdom 
ecological destabilization.

Host–microbiome integration reveals an 
antimicrobial peptides-centred immune module

To determine whether fungal variation was linked to host 
immune programmes, we integrated microbial abundance 
profiles with skin transcriptomes using O2PLS. In AD, 
joint host–microbe components connected S. aureus 
and M. arunalokei with antimicrobial peptides (AMPs)-
related genes, including DEFB4B, S100A7A and KRT6C 
(Figure 3a–c, Figure S4). PPI analysis identified a coherent 
AMPs-associated network enriched for IL-17 signalling 
and defence responses to fungi (Figure  3d–f). Similar 
host–fungal associations were observed in AD non-
lesional samples, where S. aureus was negatively correlated 
with M. arunalokei and linked to AMPs-related genes such 
as KRT6C, S100A8 and S100A9 (Figure S5A,B). Functional 
enrichment of O2PLS derived host genes confirmed 
overrepresentation of IL-17 signalling, cornified envelope 
formation and defence responses to fungi (Figure S5C,D). 
No joint host–microbe components were detected in 
healthy individuals of the AD cohort.

A similar host–microbe coupling pattern was observed 
in PSO lesional samples, where Malassezia species were 
linked to IL-17 signalling, NOD-like receptor (NLR) 
pathways and lipid metabolic processes (Figure  4a–f). 
While non-lesional samples showed broader associa-
tions extending to barrier-related genes such as LCE3D, 
PI3, SPRR2F and SPRR2B (Figure  S6A,B), with enrich-
ment for IL-17 signalling, cornified envelope forma-
tion, retinol metabolism and lipid metabolic pathways 
(Figure  S6C,D). No joint components were detected in 
healthy controls.
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      |  5YANG et al.

F I G U R E  1   Skin mycobiome (fungal community) alterations in patients with AD and PSO. (a, b) Variations in the mycobiome composition with 
respect to groups in AD (a) and PSO (b). The mycobiomes were analysed and plotted via rPCA based on the Aitchison distance between species-
level mycobiome compositions. The mycobiome compositional data were centred log-ratio transformed before PCA analysis. (c, d) Variations in skin 
mycobiome composition at the species level in association with clinical groups of atopic dermatitis (c) and psoriasis (d). Each bar represents the average 
relative abundance of individuals in each group. (e, f) Overrepresented fungal species in skin mycobiome in patients with AD (e) and PSO (f). LefSE 
analysis was conducted to identify differential species, only species with LDA effect size >2 and false discovery rate p < 0.10 were plotted for AD, and 
species with LDA effect size >2 and false discovery rate p < 0.10 were plotted for PSO.
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F I G U R E  2   Trans-domain relationships between fungi and 16 bacteria in lesional and non-lesional skin of AD and PSO. Between-microbial species 
correlations were calculated via SparCC of lesional sample (a) and non-lesional samples (b) in AD and of lesional sample (c), and non-lesional (d) in PSO. 
Only those correlations with |correlation coefficient| > 0.1 and statistical significance (adjusted p < 0.05) were plotted and visualized via Cytoscape. Each 
node denotes a microbial species and colour-coded according to its taxonomic domain of fungi (orange) or bacteria (blue). The node size is proportional 
to the degree of its connectivity to other nodes. The connection lines between nodes were colour-coded according to correlation direction for either 
positive (red) or negative (blue). AD, atopic dermatitis; PSO, psoriasis.
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Reduced abundance of specific Malassezia 
species is associated with inflammatory 
activation and disease severity

Multivariable modelling identified a progressive decrease in 
M. arunalokei abundance across increasing SCORAD strata 
in AD (Figure 5a). In addition, M. globosa and M. sympodialis 
were consistently more abundant in healthy controls than in 
lesional skin across both AD and PSO cohorts (Figure 5b–e).

Leucocyte deconvolution further demonstrated that re-
duced M. arunalokei abundance in AD was associated with 
increased CD8+ T cells, dendritic cells and macrophage 
signatures, whereas regulatory T-cell-associated signatures 
showed the opposite trend (Figure 5f, Figure S7A). In PSO, 
Malassezia species were inversely associated with pro-
inflammatory immune subsets and positively associated 
with regulatory immune signatures (Figure 5g, Figure S7B). 
In summary, these results suggest that depletion of specific 
Malassezia species is linked to heightened inflammatory 
immune activation and clinical severity in chronic inflam-
matory skin disease.

DISCUSSION

The human skin microbiome has been extensively investi-
gated in the context of bacterial dysbiosis, yet comparatively 
less attention has been given to its fungal component in 
chronic inflammatory skin diseases.33–35 Using a clinically 
well-defined MAARS cohort and integrative multi-omics 
analyses, we observed that both AD and PSO are accompa-
nied by marked restructuring of Malassezia species composi-
tion, disruption of fungal–bacterial ecological relationships 
and coordinated alterations in AMPs-related immune pro-
grammes (overview of the main findings in Figure 6).

In AD, one of the most consistent findings was the in-
verse relationship between S. aureus and M. arunalokei, a 
novel species of yeast that can be found on human skin, in-
cluding both healthy individuals and those with seborrheic 
dermatitis.36–38 Given the well-established pathogenic role of 
S. aureus in AD, including toxin production and immune 
activation,39–42 the negative association with M. arunalokei 
suggests that depletion of specific Malassezia species may 
remove a stabilising ecological constraint on S. aureus ex-
pansion. Notably, M. arunalokei abundance declined pro-
gressively with increasing disease severity and was inversely 
associated with inflammatory immune signatures, includ-
ing CD8+ T cells, dendritic cells and macrophages. These 
immune cells were found to be related to the pathogenesis 
of AD,43,44 and AD has been reported to be associated with 
activation of T-cell subsets, especially the activation of Th2 
immune responses. Th17/IL-23 and Th1 cytokine pathways 
might also play a role in the pathogenesis of AD.45,46 These 
observations raise the possibility that loss of selected com-
mensal fungi may contribute to amplification of inflamma-
tory circuits in AD, although mechanistic validation will be 
required to establish causality.

The maintenance of human skin homeostasis requires 
the orchestration between the host immune system and the 
skin microbiome. Integration of microbial and transcrip-
tomic profiles further showed that host–microbe coupling in 
AD converged on AMPs-related gene networks enriched for 
IL-17 signalling and antifungal defence responses, such as 
DEFB4B/A, S100A7A and S100A12.47,48 The coordinated as-
sociations among S. aureus, Malassezia species and host an-
timicrobial and immune-response genes, including DEFB4B 
and members of the S100 family, as well as mediators such 
as CXCL10 and LTF, suggest that fungal–bacterial imbalance 
may influence keratinocyte antimicrobial programmes and 
immune-regulated barrier integrity. Importantly, these joint 
host–microbe components were detected in diseased but 
not healthy skin, indicating that such coordinated immune-
fungal interactions are features of inflammatory states 
rather than baseline homeostasis.

In PSO, fungal restructuring was associated with IL-17-
related immune pathways and intersected with lipid met-
abolic processes and NLR signalling. Importantly, signals 
linking Malassezia species to keratinocyte antimicrobial 
and differentiation genes, such as LCE3D, PI3, SPRR2F and 
SPRR2B, were detectable even in non-lesional skin, suggest-
ing that fungal imbalance may contribute to early epidermal 
immune priming prior to overt lesion formation.49,50 The 
coupling between Malassezia species and host genes involved 
in keratinocyte differentiation, defensin-like responses and 
lipid metabolism suggests convergence on transcriptional 
programmes regulated by IL-17 signalling in psoriasis. As 
a central mediator of psoriatic inflammation, IL-1751 can be 
amplified through NLR activation, driving inflammatory 
cytokine production and downstream signalling cascades, 
and the high efficacy of IL-17 targeted therapies underscores 
its pathogenic importance.52,53 Notably, IL-17A has also been 
implicated in the regulation of lipid metabolic pathways, 
including glycerophospholipid and acylglycerol metabo-
lism,54–56 supporting the idea that fungal restructuring may 
converge on IL-17-driven immune-metabolic circuits. Given 
that Malassezia species depend on host lipids for survival 
and that local lipid composition shapes fungal abundance,57 
alterations in lipid metabolism and fungal community struc-
ture may reinforce one another during psoriatic inflamma-
tion. Rather than implicating a single dominant species, our 
data suggest that shifts in Malassezia community balance 
may reshape microbial interactions and local inflammatory 
responses in PSO.

Skin microbiota analyses have uncovered significant dif-
ferences in microbiome composition between patients with 
AD or PSO and individuals with healthy skin, highlight-
ing the complex interactions among microbes and between 
microbes and their human hosts. The association between 
fungal-bacterial dysbiosis, immune activation, and disease 
severity suggests that microbial patterns may reflect inflam-
matory disease activity and that the skin microbiome may 
serve as a valuable biomarker for disease severity and ther-
apeutic response in AD and PSO. Our study, therefore, pro-
vides a foundation for considering microbiome modulation 
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8  |      HOST–MICROBE INTERACTIONS IN AD AND PSO

F I G U R E  3   Integration analyses between multi-kingdoms and skin transcriptome in lesional sample of AD. (a) Skin transcriptome alterations 
viewed by PCA (principal 32 component analysis) plot based on Bray-Curtis dissimilarities. The skin transcriptome was compared among healthy 
controls, lesional samples and non-lesional samples. (b) The association between the abundance of skin fungal species (green), skin bacterial species 
(green) with the host genes (blue) is calculated by O2PLS (two-way orthogonal PLS) models. The significant variables (p < 0.05) were colour-coded, where 
green indicates microbial species, and blue indicates host genes. (c) Correlations between microbial species and host genes. Spearman correlation tests 
were performed for coefficient estimation and statistical significance determination. The colour indicates the correlation coefficient. Only correlations 
with a p-value of <0.05 are displayed. (d) Protein–Protein interaction (PPI) networks were generated using the genes selected from O2PLS analysis by 
using the STRING database (V11.5) and visualized with Cytoscape. All PPI networks displayed an enrichment value of p < 1 × 10−10. (e–f) Host genes were 
further analysed for functional enrichment using Gene Ontology (GO) (e) and KEGG (f).

(a) (b)

(c)

(d) (e) (f)
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      |  9YANG et al.

F I G U R E  4   Integration analyses between multi-kingdoms and 46 skin transcriptome in lesional sample of PSO. (a) Skin transcriptome alterations 
viewed by PCA (principal component analysis) plot based on Bray-Curtis dissimilarities. The skin transcriptome was compared among healthy controls, 
lesional samples, and non-lesional samples. (b) The association between the abundance of skin fungal species (green), skin bacterial species (green) with 
the host genes (blue) is calculated by O2PLS (Two-way Orthogonal PLS) models. The significant variables (p < 0.05) were coloured coded, where green 
indicates microbial species and blue indicates host genes. (c) Correlations between microbial species and host genes. Spearman correlation tests were 
performed for coefficient estimation and statistical significance determination. The colour indicates the correlation coefficient. Only correlations with a 
p-value of <0.05 are displayed. (d) Protein–Protein interaction (PPI) networks were generated using the genes selected from O2PLS analysis by using the 
STRING database (V11.5) and visualized with Cytoscape. All PPI networks displayed an enrichment value of p < 1 × 10−10. (e–f) Host genes were further 
analysed for functional enrichment using Gene Ontology (GO) (e) and KEGG (f).

(a) (b)

(c)

(d) (e) (f)
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10  |      HOST–MICROBE INTERACTIONS IN AD AND PSO

F I G U R E  5   Disease severity, leucocyte composition and correlation with fungal species of AD and PSO. (a–e) Boxplots display differences in 
Malassezia arunalokei, Malassezia sympodialis and Malassezia globosa across varying SCORAD levels (a, b, c) and PASI levels (d, e). Within each boxplot, 
horizontal lines denote median values; boxes extend from the 25th to the 75th percentile of each group's distribution of values. (f, g) Fungal species were 
associated with cell fractions (DerM22) for AD (F) and PSO (g), respectively. The colour indicates the correlation coefficient. Only correlations with a 
p-value of <0.05 are displayed. AD, atopic dermatitis; PSO, psoriasis.

(a) (b) (c)

(d) (e)

(g)

(f)
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as a potential therapeutic strategy for inflammatory skin 
diseases. This concept is consistent with emerging clini-
cal evidence showing that immune-targeted therapies can 
reshape the skin microbiome. IL-4/IL-13-targeted treat-
ment58,59 in AD has been associated with changes in micro-
bial composition, including reduced S. aureus colonization, 
whereas IL-17A inhibition60,61 in psoriasis may influence 
microbial communities, possibly through alterations in the 
inflammatory skin environment. Together, these observa-
tions support a bidirectional relationship between immune 
inflammation and the skin microbiome, suggesting the 
potential of microbiome-informed therapeutic strategies. 
However, longitudinal and interventional studies are still 
needed to determine whether microbiome-based features 
can guide treatment selection, predict therapeutic response 
or serve as actionable therapeutic targets.

This study has certain limitations. Its cross-sectional 
design does not allow inference of temporal dynamics or 
causality. The functional experiments will be necessary to de-
termine whether specific Malassezia species exert protective 
or pathogenic effects, and the clinical utility of microbiome-
based biomarkers or microbiome-informed therapeutic 
strategies remains to be established. Longitudinal studies 
and interventional trials are needed to determine whether 

these microbial signatures can predict disease progression, 
treatment response or therapeutic benefit. Moreover, the 
molecular mechanisms through which fungal metabolites, 
immune signalling pathways and bacterial competition in-
teract in vivo remain to be elucidated. Nevertheless, the rel-
atively large sample size, site-matched sampling strategy and 
integrative analytical framework strengthen the robustness 
of our conclusions.

While bacterial alterations, particularly S. aureus expan-
sion in AD, have been widely emphasized,62,63 our results 
suggest that shifts within Malassezia communities accom-
pany and potentially interact with AMPs-driven and IL-17 
associated immune responses. Incorporating fungal ecology 
into current models of cutaneous inflammation may there-
fore provide a more complete view of host–microbiome in-
teractions in AD and PSO. Whether fungal shifts precede 
immune activation or arise as a consequence of inflam-
matory signalling remains unresolved. In conclusion, AD 
and PSO are associated with coordinated alterations in 
Malassezia species composition and AMPs-centred immune 
programmes. These observations support further mecha-
nistic investigation of fungal–host interactions in chronic 
inflammatory skin disease. Moreover, these findings em-
phasize the potential of the skin microbiome as a biomarker 

F I G U R E  6   Host–microbe interactions in atopic dermatitis (AD) and psoriasis (PSO). Atopic dermatitis (AD) is characterized by dysbiosis in 
the fungal community and overgrowth of Staphylococcus aureus, associated with antimicrobial peptide expression, IL-17 signalling and immune 
cell infiltration. PSO shows disease-specific alterations in Malassezia composition and reduced cross-kingdom connectivity, linked to IL-17-driven 
inflammation and lipid metabolic dysregulation. Created with http://​biore​nder.​com/​.
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12  |      HOST–MICROBE INTERACTIONS IN AD AND PSO

and therapeutic target. Microbiome-informed approaches 
may support patient stratification and complement existing 
immunomodulatory treatments.
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