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Subtype Specific Alterations in the Skin Microbiome
of Patients with Cutaneous T-Cell Lymphoma
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TO THE EDITOR
Cutaneous T-cell lymphoma (CTCL)
comprises a group of skin-homing lym-
phomas, including mycosis fungoides
(MF) and Sézary syndrome (SS). Folli-
culotropic MF (FMF) is a subtype of MF
characterized by folliculotropic infiltra-
tion with neoplastic T cells (Willemze
et al, 2019). Patients with CTCL are
more frequently colonized by patho-
genic bacteria, including Staphylo-
coccus aureus. Accordingly, changes in
the skin microbiome have been
suggested to play a key role in disease
development and progression by
providing antigenic stimulation that
promotes the proliferation of malignant
T cells (Willerslev-Olsen et al, 2021).
We included 40 patients with CTCL (29
with MF, 7 with FMF, and 4 with SS)
(Supplementary Table S1) and collected
samples (ESwabs, Copan) from the
anterior nares and lesional and
contralateral nonlesional skin. For pa-
tients with SS, nonlesional skin was
collected from skin areas with no visible
redness. DNA was extracted, and 16S
RNA (version 3v4) sequencing was per-
formed (Supplementary Materials and
Methods). Overall, our data showed
significant alterations in the skin micro-
biome related to CTCL subtype, whereas
there was no difference between
lesional and nonlesional skin (all sub-
types pooled) (Supplementary Figure ST)
or between the patch and plaque
morphology (Supplementary Figure S2).
Lesional and nonlesional skin of pa-
tients with FMF showed lower Shannon
diversity (P=.02 for nonlesional and P=
.07 for lesional skin) and higher abun-
dance of Staphylococcus (P = .02 for
nonlesional and P= .08 for lesional skin)
than that of patients with classical MF
(Figure 1a and b). Principal component
analysis also indicated differences in the

bacterial diversity of patients with FMF
from that in patients with MF (Figure 2).
Staphylococcus contributed the most to
the detected variation, indicating
increased abundance within the FMF.
The 25 amplicon sequence variants
(ASVs) with the highest relative abun-
dance were identified (Supplementary
Figure S3). The lesional and nonlesional
skin of patients with FMF displayed a
significantly higher relative abundance of
ASV1 (S epidermidis) than that of patients
with MF (P = .01 and P = .005, respec-
tively) (Figure 1c). ASV6 (S aureus) was
detected more often on the skin of pa-
tients with FMF than on that of patients
with MF, although the difference was not
statistically significant (Figure 1d).

Patients with SS exhibited lower
Shannon diversity on lesional and non-
lesional skin than patients with MF,
although no statistical difference was
observed (Figure Ta). Patients with SS also
displayed a lower relative abundance of
ASV1 (S epidermidis) in both lesional
(P=.007) and nonlesional skin (P=.003)
than patients with FMF (Figure 1b). All
patients with SS carried ASV6 (S aureus)
in the lesional and nonlesional skin,
which was significantly higher than that
in patients with MF (P=.003 and P= .02,
respectively) (Figure 1d). The relative
abundance of ASV6 on the skin of pa-
tients with SS ranged from 0.5 to 20%
(Supplementary Figure S3).

Differential abundance analysis was
performed to further compare taxa
abundance between CTCL subtypes.
Although no significant differences were
observed after adjusting for multiple
testing, 5 taxa showed differential
abundances in the crude analysis. Staph-
ylococcus and Streptococcus increased in
FMF compared with those in MF, whereas
Staphylococcus and Finegoidia increased,
and  Cutibacterium, Kocuria, and
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Paracoccus decreased in SS compared
with those in MF. However, the Strepto-
coccus finding was probably driven by a
single outlier in the FMF group.

For the nasal microbiome, Shannon
diversity was higher in patients with SS
than in those with MF (P = .05) and
FMF (P = .03) (Figure 1a), and patients
with SS differed from those with MF in
having a higher presence of ASV6 (S
aureus) (P = .005) and reduced abun-
dance of ASV1 (S epidermidis) (P = .02)
(Figure Tc and d).

To date, only a few studies have
investigated the skin microbiome in
CTCL (Dehner et al, 2022; Harkins
et al, 2021; Hooper et al, 2022;
Salava et al, 2020; Zhang et al, 2022).
Although these studies did not assess
the skin microbiome in relation to
subtype, our results align with those of
these studies by showing no significant
difference in Shannon diversity and
community structure between lesional
and contralateral nonlesional skin.

Overall, our results suggest that the
bacterial community structure and
abundance of staphylococcal species
are related to disease subtype, support-
ing the association between the skin
microbiome and CTCL pathophysiology.
Colonization with S aureus has been
demonstrated to promote CTCL disease
progression by expression of super-
antigens that promote malignant T-cell
proliferation (Willerslev-Olsen et al,
2021). FMF is associated with a more
aggressive disease course (Farabi et al,
2022); hence, it can be speculated that
the observed increased abundance of
Staphylococcus in FMF may contribute
to poor prognosis. Although the role of S
epidermidisin CTCL is largely unknown,
itis possible that strains of S epidermidis
and other commensal staphylococcal
species inhibit S aureus colonizationina
manner similar to that observed in other
inflammatory skin diseases (Nakatsuji
etal, 2017). In addition, the anatomical
predilection sites of FMF may also have
contributed to the observed microbiome
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Figure 1. Shannon diversity and staphylococcal colonization in relation to CTCL subtypes. Box plots showing (a) Shannon diversity, (b) the relative abundance
(%) of Staphylococcus, and (c) the relative abundance of ASV1 (S epidermidis). (d) Bar plots showing the prevalence (%) of ASV6 (S aureus) with 95%
confidence levels in LS, NLS, and nose in relation to subtype. *P < .05 and **P < .01. ASV, amplicon sequence variant; CTCL, cutaneous T-cell lymphoma; FMF,
folliculotropic mycosis fungoides; LS, lesional skin; MF, mycosis fungoides; NLS, nonlesional skin; SS, Sézary syndrome.

differences. To the best of our knowl-
edge, no previous study has investigated
the skin microbiome in patients with
FMF. Further research is needed to
explore the potential clinical signifi-
cance of skin microbiome alterations in
FMF.

The finding that patients with SS dis-
played increased cutaneous and nasal
prevalence of S aureus and decreased
relative abundance of S epidermidis

supports the hypothesis that skin micro-
biome alterations are related to the
disease stage. Similarly, Zhang etal (2022)
demonstrated a correlation between skin
microbiome alterations and CTCL symp-
tom severity, with increased Staphylo-
coccus in patients with marked erythema.
Likewise, a culture-based study found the
highest prevalence of nasal and cuta-
neous S aureus colonization in advanced
disease stages (Talpur et al, 2008),
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suggesting an association between Stap-
hylococcus and the disease stage.

The limitations of this study include
the small number of patients in the SS
and FMF groups. Moreover, the in-
teractions between the CTCL subtype,
demographics, disease stage, treatment,
morphological lesion phenotype, and
lesion predilection site complicate the
determination of factors that drive al-
terations in the skin microbiome.
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Figure 2. Community composition in relation to subtype. PCA biplot showing the variation in community composition in (a) LS and (b) NLS in relation to
subtype. FMF, folliculotropic mycosis fungoides; LS, lesional skin; MF, mycosis fungoides; NLS, nonlesional skin; PCT, principal component 1; PC2, principal
component 2; PCA, principal component analysis; SS, Sézary syndrome.

In conclusion, our data indicate that
patients with SS and FMF have an altered
skin microbiome compared with pa-
tients with MF. Whether these alterations
play a role in worsening disease remains
to be elucidated in larger studies. How-
ever, our data raise the question of
whether the skin microbiome is a prog-
nostic marker as well as a target for
therapeutic intervention.
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SUPPLEMENTARY MATERIALS AND
METHODS

Study design and patients

Patients diagnosed with cutaneous T-cell
lymphoma were recruited from the
Department of Dermatology at Bis-
pebjerg Hospital (Copenhagen, Den-
mark) between May 2020 and
December 2021. ESwabs (Copan) were
collected from the anterior nares and
lesional and nonlesional skin of the pa-
tients. For each patient, nonlesional skin
was sampled from a matched skin area
corresponding to the same anatomical
location as the skin lesion. Data on
topical and systemic treatments, disease
subtypes, morphological phenotypes,
and disease stages were also collected.

DNA extraction, 16S ribosomal RNA
gene sequencing, and sequence
preprocessing

DNA was extracted from swabs using an
enzymatic prelysis step. Subsequently,
DNA extraction was performed on a
MagNa-Pure 96 robot using a DNA and
Viral NA Small Volume Kit (Roche). The
V3—V4 region of the 16S ribosomal RNA
gene was amplified by 2-step PCR, and
amplicon libraries were sequenced on a
MiSeq instrument using the 600-cycles
reagent kit, version 3 (Illumina). The se-
quences were subjected to quality
filtering and grouped into amplicon
sequence variants (ASVs) using the
DADA2 (version 1.22.0) pipeline
(Callahan et al, 2016). The taxonomic
classification of the ASVs was performed
using the SILVA reference database
(version 138.1) (https://www.arb-silva.
de) (McLaren et al, 2021). ASVs flagged
as contaminants by the is.decontam
function (using the prevalence method
with a 0.5 threshold) in R package
Decontam (version 1.16.0) (Davis et al,
2018) were excluded. In addition,
ASVs belonging to phyla not associated
with human colonization (Abditibacter-
iota, Acidobacteriota,  Aquificota,
Armatimonadota, Chloroflexi, Cyano-
bacteria, Deinococcus, Desulfobacter-
ota, Nitrospirota, Patescibacteria, and
Planctomycetota) as well as those not
classified at the taxonomic order level
were removed. After ASV filtering, the
sequence depth within the samples
exceeded 6000 reads for all samples.
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Statistical analysis

Statistical analyses and visualizations
were performed using the R statistical
software (version 4.2.1). The R pack-
ages phyloseq (version 1.4) (McMurdie
and Holmes, 2013), vegan (version
2.6.4) (Oksanen, 2019), FactoMineR
(version 2.6), factoextra (version 1.0.7),
FactoMineR (version 2.6), factoextra
(version 1.0.7) (Kassambara and Mundlt,
2020), and ggplot2 (version 3.4.1) and
ggplot2 (version 3.4.1) were used for
analysis and visualization. Principal
component analysis was conducted to
visualize the differences in the overall
bacterial community composition be-
tween sample sites and cutaneous
T-cell lymphoma subtypes. In addition,
pairwise  Bray—Curtis  dissimilarity
values were calculated for the samples,
and PERMANOVA  (permutational
multivariate ANOVA) test was used to
determine whether there were signifi-
cant differences in community compo-
sition between groups by comparing
the variance of dissimilarity values
within groups with the variance be-
tween groups. Univariate PERMA-
NOVA was conducted to test the effects
of sex, age, and treatment. Principal
component analysis and PERMANOVA
were  performed on  Hellinger-
transformed sequence counts agglom-
erated at the genus level. The bacterial
composition was further assessed by
plotting the relative abundance of the
25 most abundant ASVs within the
samples. BLAST (Basic Local Alignment
Search Tool) on the National Center for
Biotechnology Information platform
was used to conduct a BLAST search for
the 5 most abundant ASVs classified as
Staphylococcus to assess the species
classification of  these  ASVs.
Kruskal—Wallis test followed by Dunn’s
posthoc test was used to test for differ-
ences in the relative abundances of
Staphylococcus and ASV1 (S epi-
dermidis) in patients with mycosis fun-
goides (MF), folliculotropic MF, and
Sézary syndrome in lesional skin, non-
lesional skin, and nares, respectively.
Fisher’s exact test was used to test for
differences in the prevalence of ASV6 (S
aureus) within the cutaneous T-cell
lymphoma subtypes (MF vs folliculo-
tropic MF, Sézary syndrome vs MF, and

Sézary syndrome vs folliculotropic MF)
across sample sites.

Taxa differential abundance analyses
were performed using the maaslin2

function (maaslin2, version 1.10.0)
(Mallick et al, 2021) and negative
binomial (ZINB) models. Taxonomic

counts were agglomerated at the genus
level and transformed using cumulative
sum scaling. Taxa that were present in a
minimum of 15% of the sample set and
with a relative abundance >1% within
a minimum of 15% of the samples were
included, and P-values were adjusted
for  multiple testing using the
Benjamini—Hochberg method.

Alpha diversity was measured on raw
ASV counts using the Shannon index,
which is a measure of the richness and
evenness of bacterial ASVs within sam-
ples. The Mann—Whitney U test was
used to test for differences between sex,
treatment groups (topical corticosteroid
treatment: yes/no; systemic treatment:
yes/no), and skin sites (lesional vs non-
lesional). Kruskal—Wallis test followed
by Dunn’s posthoc test was used to test
for differences between age groups
(<60, 60—70, >70 years) and cutaneous
T-cell lymphoma subtypes (MF vs folli-
culotropic MF and Sézary syndrome vs
MF).
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Supplementary Figure S1. Bacterial diversity across sample sites. (a) Shannon diversity, (b) relative abundance of Staphylococcus, and (c) community
composition in in lesional skin, nonlesional skin, and nose. LS, lesional skin; NLS, nonlesional skin; PC, principal component.

4.2 Journal of Investigative Dermatology (2025), Volume m



CM Olesen et al.
Skin Microbiome in Cutaneous T-Cell Lymphoma

Shannon diversity
w

Patch Plaque
b
0.50
0.25 % I "
. Corynebactgnum .
2 ° *
= ®
= 0.0 +° . ek
8 . Plaque
o L ]
@
Staphylococcus o Micrococcus ®
-0.25 - .
[ ]
L]
-03 0.0 03 06

PC1 (24.5%)

Supplementary Figure S2. Bacterial diversity in relation to disease phenotypes in lesional skin of patients
with MF and FMF. (a) Shannon diversity and (b) community composition in relation to lesion morphology.
FMEF, folliculotropic mycosis fungoides; MF, mycosis fungoides; PC, principal component.
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Supplementary Figure S3. Community composition within sample sites. Bar plots show the relative abundance of the most abundant ASVs in lesional skin,
nonlesional skin, and nose. The genera are shown in brackets. Samples are ordered on the basis of CTCL subtype, phenotype, and disease stage. ASV, amplicon
sequence variant; CTCL, cutaneous T-cell lymphoma; FMF, folliculotropic mycosis fungoides; LS, lesional skin; MF, mycosis fungoides; NLS, nonlesional skin;
SS, Sézary syndrome.
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Supplementary Table S1. Demographics and Disease Characteristics Stratified by Disease Subtype

Subtypes

Folliculotropic
Characteristic Mycosis Fungoides Mycosis Fungoides Sézary Syndrome All Subtypes
Number of patients 29 7 4 40
Sex, n (%)
Female 14 (48.3) 1(14.3) 1 (25.0) 16 (40.0)
Male 15 (51.7) 6 (85.7) 3 (75.0) 24 (60.0)
Age, y
Median 69.0 61.0 83.0 69.0
Phenotype, n (%)
Patch 19 (65.5) 2 (28.6) 1 (25.0) 22 (55.0)
Plaque 10 (34.5) 5(71.4) 0 (0) 15 (37.5)
Tumor 0 (0) 0 (0) 0 (0) 0 (0)
Erythrodermic 0 (0) 0 (0) 3 (75.0) 3(7.5)
Skin type of sample site, n (%)
Dry 27 (93.1) 4 (57.1) 4 (100.0) 35 (87.5)
Moist 2 (6.9) 0 (0) 0 (0) 2 (5.0)
Sebaceous 0 (0) 3 (42.9) 0 (0) 3(7.5)
Treatment, n (%)
Systemic 7 (24.1) 5(71.4) 4 (100.0) 16 (40)
Topical 19 (65.5) 3 (42.9) 3 (75,0) 25 (62.5)
Disease stage, n (%)
1A 20 (72.4) 4 (57.1) 0 (0) 24 (60)
1B 5(17.2) 3 (42.9) 0 (0) 8 (20)
1A 1(3.4) 0 (0) 0 (0) 12.5)
11B 3 (6.9) 0 (0) 0 (0) 3 (7.5)
IVA 0 (0) 0 (0) 2 (50) 2 (5)
1VB 0 (0) 0 (0) 2 (50) 2 (5)
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