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Abstract (Deutsch)

Mycosis fungoides (MF) ist die haufigste Form des kutanen T-Zell-Lymphoms (CTCL), einer
heterogenen Gruppe von non-Hodgkin-Lymphomen mit primarer Hautbeteiligung. Die
Atiopathogenese ist nur unvollstandig verstanden, u. A. aufgrund ausgepragter klinischer
und transkriptioneller Heterogenitat. Diese kumulative Dissertation prasentiert eine Multi-
Omics-Analyse zur Rolle des Hautmikrobioms in der Pathobiologie von MF. Untersucht
wurden metagenomische, transkriptomische, virologische und T-Zell-Rezeptor-(TCR)-
Sequenzierungsdaten aus Proben von Patienten-gematcher Idsionaler und nicht-l&sionaler

Haut, als auch funktionelle Tests an mikrobiellen Hautisolaten.

Publikation 1 untersucht die Wechselwirkungen zwischen transkriptioneller Heterogenitat
und Hautmikrobiota bei CTCL und schlagt eine wechselseitige Beziehung zwischen
neoplastischem T-Zell-Signalling und mikrobieller Kolonisation vor.

Publikation 2 liefert den ersten Uberzeugenden Nachweis fur taxonomische und
funktionelle Veranderungen des MF Haut-Mikrobioms. Es wird eine Subgruppe von
Patient*innen (ASA-positiv) identifiziert, die eine erhohte lasionale Besiedlung mit
Staphylococcus aureus, eine verringerte mikrobielle Diversitat, ein eingeschranktes TCR-
Repertoire sowie ein unguinstigeren klinischen Verlauf aufweist. Lasionale Isolate von ASA-
positivem S. aureus zeigten Resistenzen gegenuber kutanen antimikrobiellen Peptiden, die
ektop exprimiert waren und vermutlich zur Eradikation der kommensalen Flora beigetragen
haben. Dieser Stamm trug zudem mutiertes spa, ein Virulenzfaktor mit bekannter Aktivierung
des NF-kB-Signalwegs, was auf eine funktionelle Rolle in der Krankheitsprogression hinweist.
Publikation 3 zeigt, dass transkriptionelle Heterogenitat Aktivitatsunterschiede in der T-Zell-
Signalkaskade widerspiegelt. Multi-Omic Daten-Integration deckte eine durch ASA-positive S.
aureus-Stamme hervorgerufene Aktivierung des nicht-kanonischen NF-kB und IL-1f3
Signalwegs auf, die beide mit T-Zell-Aktivierung und MF-Progression in Verbindung stehen.
Daruber hinaus zeigten sich antivirale Signaturen und Epstein-Barr-Virus-Reaktivitat in Blut
und Haut, was ein Zwei-Treffer-Modell der MF-Atiopathogenese mit viralen und bakteriellen

Auslésern nahelegt.

Diese Arbeit positioniert das Hautmikrobiom als klinisch relevanten Modulator der MF-
Biologie. Die Ergebnisse identifizieren S. aureus als potenziellen prognostischen Biomarker

und therapeutisches Ziel und ebnen den Weg fir mikrobiomgestutzte Prazisionsmedizin.
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Abstract

Mycosis fungoides (MF) is the most common form of cutaneous T-cell lymphoma (CTCL), a
heterogeneous group of non-Hodgkin lymphomas with primary skin involvement. Its
aetiopathogenesis remains incompletely understood, partly due to pronounced clinical and
transcriptional heterogeneity. This cumulative dissertation presents a multi-omics
investigation into the role of the skin microbiome in MF pathobiology, encompassing
metagenomic, transcriptomic, virologic, and T-cell receptor (TCR) sequencing data from
patient-matched lesional and nonlesional skin. In addition, functional assays were performed

on patient-derived skin isolates.

Publication 1 reviews the interplay between transcriptional heterogeneity and the skin
microbiota in CTCL, proposing a reciprocal relationship between neoplastic T-cell signalling
and microbial colonisation.

Publication 2 provides the first conclusive evidence for taxonomic and functional
microbiome shifts on MF skin. It identifies a distinct subgroup of patients (ASA-positive) with
increased lesional abundance of Staphylococcus aureus, reduced microbial diversity, a
restricted TCR repertoire, and inferior clinical outcome. Lesional isolates of ASA-positive S.
aureus exhibited resistance to cutaneous antimicrobial peptides, which were ectopically
expressed and may have contributed to commensal flora eradication. This strain also
harboured mutant spa, a virulence factor known to activate NF-kB signalling, thereby
supporting a functional role in disease progression.

Publication 3 shows that transcriptional heterogeneity may reflect differences in T-cell
signalling activity. Multi-omic data integration revealed ASA-positive S. aureus strain-driven
activation of non-canonical NF-kB and IL-1[3 signalling, both implicated in T-cell activation and
MF progression. Importantly, denoising the skin transcriptome from microbial influence
resolved the observed differential expression pattern. Additionally, antiviral signatures and
Epstein-Barr virus reactivity in blood and skin suggest a two-hit model of MF

aetiopathogenesis involving viral and bacterial triggers.

Together, this thesis positions the skin microbiome as a clinically relevant modulator of MF
biology. The findings support S. aureus as a potential prognostic biomarker and therapeutic

target and lay the groundwork for microbiome-informed precision medicine.
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Introduction

1 Introduction

1.1 Cutaneous T cell Lymphoma and Mycosis Fungoides

Cutaneous T-cell lymphoma (CTCL) comprises a heterogeneous group of non-Hodgkin
lymphomas that primarily present with skin involvement, without evidence of
extracutaneous spread at the time of diagnosis [1]. The skin-homing capability of
(neoplastic) T cells is mediated by the expression of cutaneous lymphocyte antigen (CLA)
and specific chemokine receptors (CCR), such as CCR4, CCR8, and CCR10, enabling

respective benign T cell subsets to maintain cutaneous homeostasis [2].

CTCL encompasses more than eight distinct entities, varying widely in clinical
presentation, biology, histopathology, and prognosis [3,4]. Despite an age-adjusted
incidence rate of only 7.7 cases per million population [5], the prevalence is tenfold
higher owing to patients who survived in early stages of the disease [3]. Notably, the
incidence of CTCL has been increasing over the last decades, a trend attributed to
advances in diagnostic capabilities that have reduced the misclassification of CTCL as

benign inflammatory dermatoses [4,6,7].

The most prevalent entity of CTCL is the so called mycosis fungoides (MF), accounting for
39% of all CTCL cases [3]. Another important entity is the Sézary syndrome (SS),
traditionally defined as the leukemic form of CTCL. Historically, it was believed that
advanced stages of MF could give rise to SS. However, recent research suggests that MF
and SS are distinct entities [8], although they may share some overlapping biological

properties in advanced stages of MF [9].

Given that this dissertation focuses on patients with MF, the subsequent sections will
delve deeper into the clinical and molecular aspects of this specific CTCL entity. Some
papers did not explicitly distinguish between (advanced stage) MF and SS [10], and thus
some aspects presented in the following sections may only available be on the level of

CTCL.
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1.1.1 Clinical Characteristics of MF

The first description of mycosis fungoides was published in 1806 by the French physician
Jean Louis Alibert, who named the disease after the "mushroom-like" appearance of the
skin tumours. Similarly, Sézary syndrome was first described by Drs. Sézary and Bouvrain

|II

in 1938. Over time, three subtypes of “classical” MF were identified, most prominently
folliculotropic MF, along with other, rarer variants [10]. Among all entities, classic MF is
by far the most prevalent, accounting for 39% of all CTCL cases [3], with an age-adjusted

incidence rate of 4.1 per million population [5,6].

Neoplastic cells in MF typically express surface markers CLA, CCR4, and CD4, exhibiting
the phenotype of CD4* skin homing T cells [4]. However, malignant T cells may be CD8*

or CD4/CD8 double-negative in a rare subset of patients [4,11].

Histologically MF is characterized by epidermotropism, i.e., the migration and
accumulation of mature, neoplastic T cells in the epidermis and upper dermis. These T
cells typically display irregular, cerebriform nuclei and are small to medium in size. A
hallmark feature of MF is the formation of Pautrier microabscesses, which are clusters of
neoplastic T cells and Langerhans cells (epidermal dendritic cells) within the epidermis
[4]. Accumulation of neoplastic T cells, along with accompanying infiltrate (e.g., benign
reactive T cells, other immune cell subsets), leads to the development of cutaneous

lesions and associated inflammatory reddening.

Clinically, MF lesions progress through distinct stages — patch, plaque, and tumour —
depending on the amount of infiltrate and degree of inflammation [3,12] (see Figure 1).
This progression is reflected in the histopathology. In patches, neoplastic T cells are
sparsely distributed, often aligned along the dermal-epidermal junction [13]. Plaque
stages show more pronounced infiltration, with band-like lymphocytic infiltrates in the
papillary dermis [14]. In tumour stages, dense infiltrates disrupt the dermal architecture,
leading to the breakdown of normal skin structures, deeper tissue involvement, and in
some cases, the formation of ulcers [13,14]. Lesions are mostly located on body areas
which are infrequently exposed to sunlight, although any other body area may also be
affected [3,4]. MF patients often present with many lesions that persist over long periods
— typically months to years — and individual lesions may progress over time if not

treated properly. Some patients may develop erythroderma, a systemic form of MF, that
2



Introduction

shares clinical similarity to SS [4]. Notably, lesions are often scaly [3], which will be of

significance for microbiome sampling and analysis.

Figure 1: Overview of Lesional Stages in mycosis fundoides.

A: Patch stage, B: Patch and Plaque Stage, C: Tumour Stage, D: Erythroderma.
Reproduced and compiled from:

Kempf, W., Zimmermann, A. & Mitteldorf, C. Hematol. Oncol. 37, 43-47 (2019);
Whittaker, S., Hoppe, R. & Prince, H.M. Blood 127, 3142-3153 (2016);

Ahn, C.S., ALSayyah, A. & Sangtieza, O.P. Am. J. Dermatopathol. 36, 933-951 (2014);
Miyashiro, D. & Sanches, J.A. Front. Oncol. 13, 1-18 (2023)

To track clinical presentation over time, the modified Severity-Weighted Assessment Tool
(mMSWAT) was developed. The mSWAT quantifies disease burden by measuring the
surface area of lesions across 12 distinct body regions and assigning a weighting factor
based on the stage of the lesions [15]. In addition, the tumour-node-metastasis-blood
(TNMB) classification system is widely used in clinical practice. The TNMB system
assesses four key factors: i) the skin area covered by lesions and their stages (Tumour),
ii) the involvement of lymph nodes and whether dominant T cell receptor (TCR) clones of
neoplastic T cells can be detected (Node), iii) presence of visceral metastases
(Metastases), and iv) the detection and amount of atypical lymphocytes, known as Sézary
cells, in the peripheral blood (Blood). These parameters stratify MF patients into nine
stages ranging from IA to IVB, with IA - IIA classified as early stage and IIB - IVB as

advanced stage disease [12,16].

In early stages, MF is an indolent disease with a five-year disease-specific survival of 89%.
Nevertheless, one third of patients progress into higher stages, which is associated with

poor prognosis: only ~20% of MF patients in the most advanced stages survive beyond 5
3
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years [17,18]. The clinical course of MF can be erratic, with some patients experiencing
decades of indolent disease and well-controlled activity that can suddenly transition into
aggressive disease [3]. Prognostic factors for aggressive disease other than clinical
staging are the presence of plaques in early stages, increased age, male sex, increased

lactate dehydrogenase (LDH), and the manifestations of rare MF subtypes [17].
1.1.2 Current Treatment Options

Treatment strategies for MF range from a "watch-and-wait" approach for very early
stages to skin-directed and systemic therapies, the latter particularly in more advanced
stages. The choice of treatment is guided by the patient’s disease stage, prior treatments,
and clinical response. To date, no truly curative treatment exists, with the exception of
stem cell transplantation, which is limited to highly selected cases. Current therapies
primarily aim to prolong the indolent disease course and manage symptoms [3,19-21].

An overview of treatment options is provided in Figure 2.

For early MF stages, first line therapies include topical steroids, phototherapy (UVA with
psoralen, and UVB), and chlormethine gel. Second-line therapies are often employed for
refractory cases and include localized radiotherapy, bexarotene gel, topical immune
modulators imiquimod/resiquimod, and combination therapies like Interferon (IFN)-a
with pUVA. Additional options include methotrexate, anti-CCR4 monoclonal antibody
(mAb, Mogamulizumab), antibody drug conjugate (ADC) CD30-Vedotin (Brentuximab-

Vedotin), and low-dosed total skin electron beam therapy.

In advanced MF stages, some second-line therapies for early-stage disease become first-
line options, often in combination regimens (e.g., PUVA + IFN-a + bexarotene). Advanced-
stage treatments also include ex-vivo UVA (extracorporeal photopheresis) and localized
radiotherapy for tumours. Alternative therapies for advanced stage include systemic
chemotherapy (CHOP and related schemas), and the anti-CD52 mAb Alemtuzumab
[3,20]. Of note, allogenic haematopoietic stem cell transplantation has emerged as a
potentially curative treatment. Albeit, patients must meet high inclusion criteria (poor

prognostic factor, complete or partial remission prior to transplantation) [22].
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Figure 2: Overview of treatment options for mycosis fungoides.

Allo-HSCT, allogeneic haematopoietic stem cell transplantation; BV, Brentuximab-Vedotin;

CG, chlormethine gel; ChT, chemotherapy; ECP, extracorporeal photopheresis; GCS, glucocorticosteroids;
IFN, interferon; MTX, methotrexate; RT, radiotherapy; TSET, total skin electron therapy.

Reproduced from: Dummer, R. et al. Cutaneous T cell lymphoma. Nat. Rev. Dis. Prim. 7, 61 (2021).

1.1.3 Signalling Pathways Governing Benign T-Cell Activity

Before exploring the malignant properties of neoplastic T cells in MF, this section
provides a brief overview of the three primary signalling pathways that govern benign T-
cell function, activity, and proliferation. This section partially adopts content from the

introduction of Publication 3 [23].

The first step in T-cell activation is the antigenic stimulation of the T cell receptor (TCR) in
conjunction with CD3, activating TCR signalling. Second, co-stimulation is required to
augment TCR signalling. Co-stimulation is mediated by various molecules, including
CD28 and members of the tumour necrosis factor receptor superfamily (TNFRSF).
Downstream, both TCR signalling and co-stimulation converge on key pathways such as
PI3K/AKT, NFAT, and NF-kB [24]. Third, cytokine signalling sustains T-cell activity over
longer time periods by activating the JAK-STAT pathway. For CD8+ T cells, this process
requires cytokines like interleukin (IL)-12 and interferon (IFN)-a/B, whereas CD4+ T cells

depend on IL-1 [25,26].

Because TCR signalling, co-stimulating pathways like NF-kB signalling, and cytokine
signalling by JAK-STAT are recurrently mutated and aberrantly activated in T cell
lymphomas, a ‘three-signal-model’ of T cell ymphoma pathogenesis has been proposed

[27].
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1.1.4 Molecular and Transcriptional Landscape of Aetiology and Pathology

Homologous to the phenotypic and clinical plasticity observed in MF, its molecular and
transcriptional landscape demonstrates significant heterogeneity, contributing to an
incomplete understanding of the molecular underpinnings of aetiology and

pathogenesis [28].

Genomic profiling studies have revealed a diverse mutational spectrum: More than 50
driver mutations were identified to date [28], however, most are only infrequently
prevalent [3]. CTCL-specific mutations can be broadly classified into two categories: i)
canonical cancer genes commonly mutated across various cancer types, and ii)
mutations in genes associated with pathways implicated in the ‘three-signal model’ of T-
cell ymphoma. In addition, skin homing receptor CCR4 was also found to be recurrently
mutated. Example mutations of canonical cancer genes (category i) include genes
involved in DNA damage repair like TP53, cell cycle regulation (e.g., CDKN2A, RBT),
apoptosis (e.qg., FAS), epigenetic regulation (e.g., ARID1A, DNMT3A), and the MAPK
pathway (e.g., KRAS, BRAF, MAPK1). T cell lymphoma specific mutations (category ii) were
found in TCR signalling (e.g., PRKCQ, PDCD1, CD28, PLCGT), NF-kB signalling (e.g.,
TNFRSF1B, NFKB2), and JAK-STAT signalling (e.q., JAK1, JAK3, STAT3, STAT5B) [29].

Downstream, the transcriptome exhibits an intricate network of signalling pathways,
including TCR, NF-kB, JAK-STAT, PI3K/AKT, and MAPK, as well as those controlling cell
cycle and apoptosis (Figure 3). These dysregulated signalling pathways collectively
govern neoplastic T cell fate in a wide range of functions, such as polarization,
proliferation, survival, cell cycle, and production of various cytokines that stimulate
neoplastic T cells in an autocrine fashion [3,28,30]. Furthermore, these pathways do not
operate in isolation but rather form an intricate, interconnected network, with signalling

in one pathway often activating others [30].

Importantly, transcriptomic profiling revealed substantial heterogeneity both between
patients and among lesions within the same patient. Bulk and single-cell RNA sequencing
(RNAseq) demonstrated distinct transcriptional profiles in MF lesions of the same stage

and over time [28,31,32].



Introduction

TNFa IL15 IFN-y
cel17/22 D @ Q
@ ccL19/21 8 A
CCR4/7 , TNFR
TCR { Mogamulizumab i IL_R
- N Laaaee °°‘-Q-?’ oS Tl M T
........ PI? DAG &/’“ Ruxolitinib e P 7 T
o 2 o Tofacitinib e
-"". /’ ! ®JAK1 JAK3g) oo,
= PLCY1 / : \‘5 cytoplasm
3 A D .

2 Fasudil
Caz C Enzastaurin .x - -
PKCS ¥
! Cytoskeleton - -
Tacrolimus

G
leecmllmus
Cyclosponn A
CARD11
Q-
NFAT v \’
Trametinib
MAPKs 9§ et -
® Selumetinib @

. Losmapimod 0> 40
NFAT L . / @

P Y

/

IL2 FOXP3 IL-4 GATA3 CCR4 IL-17 .. Progression nucleus \\
n

Figure 3: Overview of aberrant pathways in CTCL.

Key pathways include TCR signalling via PLCy1-NFAT/AP-1 and NF-kB, chemokine receptor signalling
(CCR4/CCR7) via MAPK and RhoA, TNFR-mediated NF-kB activation, and cytokine receptor signalling via the
JAK-STAT pathway. These cascades converge to drive expression of genes central to T-cell proliferation,
survival, and inflammation, including IL-2, IL-4, IL-17, FOXP3, GATA3, and CCR4. The X denoted in red shows
approved (e.g., Mogamulizumab) and possible treatments to block/supress disease signalling.

Reproduced from: Garcia-Diaz, N., Piris, M.A., Ortiz-Romero, P.L. & Vaqué, J.P. Cancers (Basel). 13, 1931 (2021).

Furthermore, the pool of neoplastic T cells of individual SS patients was found to
heterogeneously express surface markers characteristic of effector memory (Tem),
central memory (Tcwm), stem cell memory (Tscw), naive (Tn), and transitional memory (Trw)
T cell phenotypes [28,33]. It was suggested that external or surrounding factors like the
tumour microenvironment (TME) may shape the differentiation of neoplastic T cells,
depending on the signal they receive [28]. Although the finding of phenotypic plasticity
was observed in SS, a similar phenomenon is conceivable in MF, since the finding of
phenotypic plasticity of neoplastic SS T cells contrasts with the previous understanding
of the T cell subset phenotype of SS: Campbell et al. [8] proposed that neoplastic T cells

in SS arise from mature Tcw, whereas neoplastic T cells in MF originate from mature Tem
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cells. This concept has been widely accepted, as it provides a rational for the distinct

clinical behaviours of MF and SS [28].

Nevertheless, a series of studies mapped the cell of origin to early thymocytes, where the
initial oncologic transformation occurs between the Double Negative (DN) states DN1
and DN3. These ‘pre-malignant’ clones are thought to infiltrate the skin, may divide into
different clonotype branches, and potentially seed into other lesions or skin sites through
the circulation [34-38]. Thus, it is still up to debate whether the cell of origin s derived

from mature T cells or from early thymocytes.

Likewise, the aetiologic agent that causes neoplastic transformation in MF remains
uncertain [3]. A wide array of potential carcinogens has been proposed, including
exposure to chemicals like glyphosate, a medical history of eczema, and putative viral
agents [39]. The latter has drawn considerable attention over the past decades, as
oncoviruses are implicated in the development of various lymphomas, including two
entities of CTCL [40]. Specifically, retroviral insertion into genes of the RUNX family has
been shown to interfere with thymocyte differentiation into mature T cells [41].
Interestingly, MF patients exhibit an elevated risk to develop secondary virus-initiated
lymphomas, either concurrently with MF or later in time [42-48]. However, the role of
viruses in the aetiology of MF remains enigmatic [49]. Findings from various studies have

yielded conflicting results, and are summarized in section 1.3.1 Viruses in CTCL.
1.1.5 Implications for Microbial Factors in the Development of CTCL

Besides genetic predisposition [3], it has long been hypothesized that a strong external
stimulus is required to transform ‘pre-malignant’ into T cells neoplastic ones. Chronic
antigenic stimulation is thought to drive persistent T-cell expansion and cutaneous
inflammation [50], both of which are hallmarks of MF pathogenesis [3]. In support, the
mutational spectrum in the TCR signalling cascade is not being considered sufficient to
activate signalling alone, suggesting the need for external stimuli [29]. Given that
neoplastic T cells predominantly reside in the epidermis [3,4] and that human skin is in
constant interaction with a plethora of microbes [51], infectious agents might provide

the additional stimulus necessary to provoke MF aetiopathogenesis [49].
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Indeed, several observations support the role of infectious agents in the pathogenesis of
CTCL: From an epidemiological perspective, CTCL occurs at an elevated frequency in
immunosuppressed individuals compared to the general population [52]. CTCL has been
observed in post-organ transplantation patients, where it often exhibits an aggressive
clinical course [53]. Similarly, a high prevalence of CTCL has been correlated with a high
incidence of HIV-infected individuals within the same geographic region [52]. Supporting
this, CTCL patients are highly susceptible to bacterial skin infection with the risk of
infection increasing as the disease progresses. Notably, morbidity in CTCL patients is

often attributed not to the lymphoma itself, but rather to secondary infections [52,54,55].

From a biological perspective, CTCL is characterized by an oligoclonal expansion of
neoplastic T cells, which is in contrast to the clonal pattern in other lymphomas. This
oligoclonality has been attributed to the stimulation of respective neoplastic T cells by

viral or bacterial superantigens [49,52,56,57].

Clinically relevant superantigens are produced by Staphylococcus aureus (S. aureus) [58].
Several early studies attempted to correlate S. aureus outgrowth with CTCL disease
severity [59], but no definitive role for S. aureus in CTCL pathogenesis has been
established [60]. Nevertheless, antibiotic treatment leads to significant clinical
improvement in a subset of MF patients [59]. Notably, diseases progression in CTCL
mouse model was attenuated under germ-free conditions and reinforced upon the
presence of microbiota [61], suggesting that the microbiome, and potentially S. aureus,
plays a role in modulating CTCL activity. Therefore, studies investigating the microbiome

of CTCL patients are warranted.
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1.2 The Human Skin Microbiome

The study of the human skin microbiome began with Antoni van Leeuwenhoek's
microscopic observations in 1683 and advanced significantly with Kligman’s research in
the 1950s using improved culture techniques [62]. The term “human microbiome,”
referring to the collective genome of microorganisms inhabiting the body, was

introduced by Joshua Lederberg in 2000 [63].

Unlike the well-studied gut microbiome, research on the skin microbiome is relatively
recent. It involves identifying and characterizing microbial communities, assessing their
abundance, and understanding their role in skin health and disease. While only about
200 microorganisms are classified as truly pathogenic, the majority are commensal or

facultative pathogens [62].

The skin microbiome contributes to immune modulation and skin homeostasis, but
dysbiosis can create conditions conducive to infections, supporting the concept of the
hologenome, which considers the host and microbiome as a single ecological unit. From
a genetic perspective, the metagenome refers to the total genetic content of skin
microbes, while the meta-transcriptome encompasses their gene expression profiles.
Understanding the complexity of the skin microbiome and its dynamic interactions with
the host has profound implications for skin health and the development of targeted

therapeutic strategies [62].
1.2.1 The Skin Microbiome in Health and Disease

The human skin, functioning as both a physical barrier and a habitat for microbial
communities, is home to a manifold of microbiota, including bacteria, fungi, viruses, and
archaea. These microbes play crucial roles in immune system education, pathogen
defence, and skin homeostasis [51]. Bacteria have the highest frequency within the skin
microbiome, followed by viruses and fungi, while archaea represent a minor kingdom
[51,64,65]. The composition of the microbial communities primarily varies with the
physiology of specific skin sites, categorized as sebaceous (e.g., face, chest), moist (e.g.,
elbow creases, inguinal crease), dry (e.g., forearms, palms), and the feet (e.g., toenail,
plantar heel) [51]. Sebaceous areas are dominated by Propionibacteria and

Staphylococci, moist and feet areas by Corynebacteria and Staphylococci, and dry areas
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by Streptococci. In contrast, fungal communities, particularly Malassezia spp., are
relatively stable across body sites, though their diversity increases in areas like the feet
[51]. Interestingly, under healthy conditions, the microbiome profiles exhibit temporal

stability even on strain level [66].

With a colonization of 1 million bacteria per cm? of adult skin, the microbiota exerts an
extraordinary pressure on the immune system. This results in high numbers of immune
cells governing the skin, including ~20 billion effector memory T cells, setting it among
the largest reservoirs of memory T cells in the human body [67]. This mutual alliance has
evolved closely and educated the cutaneous immune system in both innate and adaptive
arms to allow maintenance of commensals while eliminating pathogens. For instance,
keratinocytes bind to microbial pathogen-associated molecular patterns (PAMPS)
through pattern recognition receptors (PRRs), resulting in the secretion of antimicrobial
peptides (AMPs). These molecules have bactericidal activity and can be targeted to
specific species or genera or exhibit broad-spectrum activity. As a first line of defence,
some AMPs are constitutively expressed, while others are transiently controlled by
specific members of the skin microbiome, such as Propionibacterium spp. [62,67,68]. The
skin microbiome also discretely controls Interleukin (IL) 1 expression, which is a central
mediator of innate immunity and inflammation and is expressed by various cutaneous
cell populations [67,69]. Notably, under steady-state conditions, this process induces
Interferon (IFN) gamma and IL-17 response by effector memory T cells (Tem) in the
absence of classical inflammation, a process termed “homeostaticimmunity”. In the case
of infection, these “pre-activated” lymphocytes provide improved protection. Thus, the

skin microbiota can serve as an endogenous adjuvant of cutaneous immunity [68].

While under homeostatic conditions a delicate network of microbe-microbe and
microbe-host interactions balances cutaneous immunity, many cutaneous diseases are
associated with shifts in the skin microbiome, termed dysbiosis [51,68]. Much attention
was attracted by the contribution of the skin microbiome to atopic dermatitis (AD), a
chronic and relapsing inflammatory disorder. Gene mutations that compromise the skin
barrier are common, and disease flares are often exacerbated or triggered by the
overgrowth of specific S. aureus strains, which differ from asymptomatic AD patients

[51,70,71]. Notably, S. aureus, a natural commensal of the healthy skin microbiota,
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exemplifies how commensal bacteria can transition into pathogenic states under
dysbiotic conditions [68]. Targeted eradication of S. aureus correlates with improvements
in AD severity, underscoring its role in disease progression [71,72]. In psoriasis (Pso),
another chronic inflammatory skin disorder, microbiome perturbations are more
complex and multifaceted. Pso is driven by a combination of genetic predisposition and
environmental factors, leading to dermal immune cell infiltration and keratinocyte
hyperproliferation, which results in the formation of characteristic scaly plaques.
Impaired immunological tolerance to the cutaneous microbiota has been implicated in
Pso pathogenesis, suggesting that microbial dysbiosis may act as a contributing factor
in disease onset and progression [71]. The Pso skin dysbiosis is characterized by a
decrease in beneficial microbes, such as Cutibacterium acnes (C. acnes) and Staphylococcus
epidermidis (S. epidermidis), and an overgrowth of S. aureus, which contributes to
inflammation and keratinocyte proliferation through toxin secretion and immune
activation. Additionally, Streptococcus pyogenes (S. pyogenes) has been implicated in
triggering and exacerbating the disease via superantigen-mediated immune responses.
The potential role of fungal species, such as Malassezia spp. and Candida albicans (C.
albicans), in Pso remains unclear but is suspected to contribute to lesion persistence and
immune modulation [71]. Further skin disorders which are associated with cutaneous

dysbiosis are seborrheic dermatitis, acne, rosacea [73].
1.2.2 The Microbiome and Cancer

The human microbiome has garnered significant interest in cancer research in recent
years. Studies found a perturbed microbiome in many microbial niches in human cancer
patients’ bodies, including the gastrointestinal tract, respiratory tract, genitourinary
tract, and the skin. Notably, also an intratumoural microbiome was described,

modulating the tumour microenvironment (TME) and therapeutic response [74,75].

Three landmark papers from 2018 showed that systemic antibiotics corroborated
immune checkpoint blockade (ICB) in patients with epithelial tumours [76], while greater
microbial diversity and the presence of specific beneficial bacteria correlated with
improved ICB responses in melanoma patients [77,78]. Similar microbiome-driven
influences have been reported for other immunotherapies, such as CAR T cell therapy

[79,80] and allogeneic hematopoietic stem cell transplantation [81].
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Despite these promising findings, cancer-associated microbiome profiles exhibit
considerable variability between individuals, complicating the generalization of results.
However, this inter-individual heterogeneity likely reflects the true biological diversity of
the microbiome and could account for the variability in clinical outcomes among cancer
patients. As a result, targeting the microbiome holds potential as a personalized

therapeutic strategy [74,75].

One mechanism by which the microbiome exerts its immune-modulating effects is
through the production of secondary bile acids, metabolic byproducts of microbial
activity. These secondary bile acids have been shown to suppress the differentiation of T
helper 17 (Th17) cells [82,83], while promoting the expansion of regulatory T cells (Treg)
[82-84], thereby shifting the host’s immune balance toward an immunosuppressive state

[85].

While the majority of research on the microbiome's role in cancer pathogenesis has
focused on the intestinal microbiome, the contribution of the skin microbiome has been
less studied [75]. Nonetheless, growing interest has emerged in exploring its potential
involvement in skin cancer development. Although studies on melanoma have been
limited and show only minor concordance, research on non-melanoma skin cancers has
yielded more consistent and conclusive findings [86].

In this group of keratinocyte cancers, including basal cell carcinoma (BCC), squamous
cell carcinoma (SCC), and the SCC precursor actinic keratosis (AKs), microbial dysbiosis is
characterized by a shift from a commensal-dominated environment to one enriched with
potentially pathogenic species, contributing to chronic inflammation and immune
dysregulation [87].

In SCC and its precursor AKs, studies have identified an overrepresentation of S. aureus
at the expense of C. acnes and S. epidermidis, with distinct strains of C. acnes observed
between healthy skin and SCC lesions [88]. Mechanistically, S. aureus may promote local
inflammation, DNA damage, and tumour cell proliferation by inducing keratinocytes to
express IL-6, IL-8, AMPs, and tumor necrosis factor alpha (TNF-a) [86]. Furthermore, an
increased prevalence of beta human papillomaviruses (B-HPV) has been detected in SCC
and AK, with some [(B-HPV genotypes potentially contributing to tumorigenesis by

inducing chronic and self-maintaining inflammation [86,87]. In contrast, BCC exhibits a
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distinct microbial profile, with a lower prevalence of S. aureus compared to SCC. Instead,
an increased abundance of Streptococci has been reported in BCC lesions, suggesting a

different microbial influence in its pathogenesis [86].
1.3 The Microbiome of Cutaneous T cell Lymphoma

Before the advent of next-generation sequencing (NGS) technologies, which enable
comprehensive microbiome analysis, investigations relied on culture-based methods or
molecular biology techniques such as polymerase chain reaction. While these
approaches are highly precise, they are designed to target specific organisms of interest
and are limited to identifying known microbiota, thereby overlooking a vast array of

uncharacterized microorganisms referred to as the ‘microbial dark matter’ [89].

To date, numerous studies investigated the microbial flora of MF and SS patients, of
which the majority utilized non-sequencing based methods [60,90]. Most research has
focused on the role of bacteria in CTCL, followed by viruses, while fungi and archaea
remain largely unexplored [91]. The next two sections present current knowledge of the
microbiome patterns in CTCL, with a focus on sequencing-based investigations of the

CTCL skin microbiome.
1.3.1 Viruses in CTCL

A wide array of possible environmental factors capable of initiating T cell proliferation
and disease progression have been investigated [49,92,93]. As outlined above, viruses
are suspected to act as carcinogen due to their involvement in various lymphomas,
including two entities of CTCL [40]. However, viral profiling has yet to establish a

conclusive role in CTCL pathogenesis [49,94].

The retrovirus Human T-Lymphotropic Virus (HTLV), a known causative agent of adult T-
cell leukaemia/lymphoma (ATLL), has been linked to MF due to clinical and
histopathological similarities between the diseases [95,96], as well as the detection of
HTLV-specific sequences and virus-like particles in MF patient samples [49]. However,
other studies found mixed HTLV detection rates in skin and blood of MF patients and
even in healthy controls [94]. Despite these inconsistencies, it has been proposed that
HTLV may act indirectly, promoting chronic antigenic stimulation and persistent T-cell
activation in skin-homing T cells rather than exerting a direct oncogenic effect [49].
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Epstein-Barr Virus (EBV) has long been investigated for its potential role in CTCL due to
its oncogenic involvement in multiple lymphomas and its ability to establish long-term
latent infections that promote chronic antigenic stimulation and T-cell hyperproliferation
Some studies have shown higher EBV seropositivity and elevated antibody titres in CTCL
patients compared to healthy controls, along with the detection of EBV genetic material
in CTCL lesions [49]. However, many findings are inconsistent, with several studies failing

to detect EBV in most CTCL samples or reporting only a minority of positive cases [49,94].

Similarly, profiling of other Herpesviridae has not pinpointed any definitive oncogenic
involvement yet. Cytomegalovirus (CMV) has been linked to CTCL due to the high
seropositivity rates in patients. However, inconsistent findings — such as only spurious
detection of CMV DNA in skin lesions — suggest that its presence is largely due to the
immunosuppressed state of CTCL patients rather than any direct involvement in tumour
development [49]. T-lymphotropic HHV-6 and HHV-7 infections have been inconsistently
detected, often with low rates around 5% and a maximum of 25%, failing to provide
significant evidence for involvement in CTCL. Likewise, no clear association has been
established between HHV-8, the causative agent of Kaposi’'s sarcoma, and CTCL.
Although viral DNA has occasionally been detected, follow-up studies failed to replicate

these findings [49].
1.3.2 Bacteria in CTCL

Given the evidence supporting a role for S. aureus in CTCL (outlined in section 1.1.5
Implications for Microbial Factors in the Development of CTCL), several studies investigated
this microbe using non-sequencing-based methods. Most of these studies found that a
large proportion of CTCL patients is culture positive for S. aureus and associated it's
presence with disease progression [54,59,97-103]. The pathogenic effect of S. aureus is
attributed to two classes of virulence factors, staphylococcal superantigens and
staphylococcal enterotoxins, which lead to clonal expansion of (malignant) T cells [59], or

the activation of JAK-STAT signalling in neoplastic T cells [55], respectively.

Despite several compelling arguments of S. aureus involvement in CTCL pathogenesis
[55,59], the situation is likely more complex than the mere presence of this microbe. S.

aureus is a common commensal of the skin flora in healthy individuals [104], and studies
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have failed to demonstrate a significantly higher prevalence of S. aureus in CTCL lesions
compared to healthy skin or other inflammatory skin conditions [99]. Furthermore,
although S. aureus eradication has been shown to induce remission in some cases, not
all culture-positive CTCL patients benefit from antibiotic therapy [98,100,101]. These
findings suggest that CTCL patients may suffer from a broader, more profound
disturbance of the skin microbiome, which extends beyond the simple presence of S.

aureus.

To address these shortcomings, several studies have characterized the microbiome of
the skin [105-109], the gut [110,111], and the nose [112] using amplicon sequencing of
the 16S ribosomal RNA (16S) and whole metagenome shotgun sequencing (WMS).
However, many of these studies failed to achieve statistical significance, likely due to
small sample sizes, inadequate sample stratification based on lesional or clinical stages,
or the inherent limitations of 16S sequencing, which often lacks the resolution to identify

microbes down to the species level.
Skin focused Microbiome Studies

In 2020, Salava et al. [105] conducted the first sequencing-based microbiome
characterization of CTCL skin. Using both 16S sequencing and WMS, they examined 20
patients with early- and advanced-stage MF and found no significant differences in the
microbial community between lesional and nonlesional skin. Nevertheless, their data
suggested a trend toward microbiome destabilization on lesions compared to
nonlesional skin [113], although the study lacked sample stratification by clinical stages
or lesional stages.

One year later, Harkins et al. [106] investigated the microbial diversity in a small cohort
of four MF patients with early- and late-stage disease using WMS and compared it to
healthy individuals. They observed no statistically significant differences in overall
microbial diversity. Nonetheless, the two corynebacterial species C. tuberculostearicum
and C. simulans trended higher and two cutibacterial species C. acnes and C. namnetense
trended lower on MF lesions — both trends correlating with disease severity. The lack of
statistical significance was attributed to the small sample size [106].

Again one year later, Dehner et al. [107] combined 16S sequencing and culture-based

techniques to analyse lesional and nonlesional skin from 7 early-stage MF patients and

16



Introduction

healthy skin from controls. While no differences were seen in microbial a- and B-diversity
metrics, Bacillus safensis was low but significantly more abundant in MF lesions compared
to nonlesional and healthy skin. Alongside this, S. aureus was slightly, though
nonsignificantly, more abundant on MF lesions. Notably, lesional T cells derived from two
MF patients proliferated when exposed to B. safensis lesional isolate, but not when
exposed to other patient isolates or unrelated bacteria. Similarly, CLA*, CCR4", CD4" skin-
homing T cells isolated from the peripheral blood of one patient also proliferated upon
exposure to B. safensis. These findings suggest that B. safensis-reactive T cells could
infiltrate the skin and contribute to local T-cell expansion. Supporting this hypothesis, the
authors found that both cutaneous and circulating B. safensis-reactive T cells expressed
high levels of inflammatory cytokines, including IL-21, IL-10, GM-CSF, IFN-y, and TNF-q,
potentially contributing to the chronic inflammation characteristic of early-stage MF. The
authors further proposed that the early effects of B. safensis could be exacerbated by
other inflammatory microbiota at later disease stages [107].

Similarly, Zhang et al. [108] found no significant alterations in microbial diversity between
lesional and nonlesional skin in 39 MF patients using 16S sequencing. However,
Staphylococci and Corynebacteria showed a positive correlation with symptom severity of
erythema and skin thickness, while Propionibacteria correlated negatively with pain.
Interestingly, patients who were on treatment (topical steroids, bexarotene, and
imiquimod; radiation therapy; phototherapy; bleach bath) exhibited a diminished
abundance of Sphingomonas spp. and an increased abundance of Sarcina spp, neither of
which have been previously associated with skin infections. Notably, topical steroids did
not alter the overall microbial composition [108].

Hooper et al. (2022/Skin-Study) [109] investigated microbial changes in the skin in
response to UVB phototherapy, a standard-of-care treatment for early-stage MF, as
assessed by mSWAT. Using 16S sequencing, the study included 40 CTCL patients
(primarily MF) with early-stage (n = 20) and advanced-stage (n = 20) disease, of whom 25
received UVB therapy. While UVB therapy did not significantly alter overall microbial
diversity, UVB responders presented with a more diverse skin microbiome compared to
non-responders, particularly within the staphylococcal genus. Pre-UVB treatment,
lesional and nonlesional skin of responders showed a significantly higher colonization by

S. capitis and S. warneri. Over the course of UVB therapy, the abundance of S. aureus and
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S. lugdunensis decreased in responders, whereas S. warneri abundance increased in non-
responders. These findings support a link between MF disease severity and skin

microbiome composition [109].
Gut focused Microbiome Studies

Hooper et al. (2022, Gut-Study) [110] investigated the gut microbiome in 38 CTCL patients
(27 MF, 5SS, 6 others) with early (n = 20) and advanced (n = 18) disease as well as healthy
controls using 16S sequencing. They found that microbial a -diversity trended lower in
CTCL patients, with significantly reduced a-diversity in advanced stages. Specific bacterial
taxa, including Actinobacteria and Anaerotruncus, were significantly less abundant in CTCL
patients, correlating with disease progression. Additionally, families such as
Eggerthellaceae and Lactobacillaceae were reduced in patients with high skin disease
burden. The observed microbial shifts shared similarities with dysbiosis patterns in AD
but contrasted with those in psoriasis, reflecting immune-related parallels. For instance,
Lactobacillaceae have cytokine-based anti-inflammatory activity [110], a hallmark of MF
[3,114] and AD flares [115]. The findings suggest that gut dysbiosis might contribute to
immune dysfunction and a pro-inflammatory environment in CTCL [110].

In a follow-up study, Nguyen et al. [111] extended their analyses of the gut microbiome
to assess shifts introduced by UVB therapy. Using 16S sequencing, the study included 21
CTCL patients (primarily MF; unreported disease stage), of whom 13 received UVB
therapy, as well as healthy controls. While the authors recapitulated non-affected
diversity metrices in CTCL patients, UVB treatment did induce significant reduction of a-
and [B-diversity compared to healthy controls. Interestingly, microbial diversity did not
differ between UVB responders and non-responders as assessed by mSWAT, neither pre-
nor post-treatment. Nonetheless, certain taxa stratified responders and non-responders,
albeit not significant after multiple comparison adjustments: Sutterellaceae trended
higher in non-responders, while Eggerthellaceae and Erysipelotrichaceae trended higher
in responders. Post-treatment, Lachnospiraceae trended higher in responders. As a
biological explanation, the authors suggest that Eggerthellaceae exerts anti-inflammatory
properties, potentially enhancing the efficacy of UVB therapy. Additionally,
Lachnospiraceae produces short-chain fatty acid butyrate, which inhibits histone

deacetylase, mimicking the mode of action of approved CTCL treatments like vorinostat
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and romidepsin. Conversely, Sutterellaceae has pro-inflammatory properties and has
been implicated in other inflammatory conditions, such as AD and ulcerative colitis. Last,
functional analyses revealed increased inositol degradation pathways in CTCL-associated

microbiota, suggesting modulation of T-cell activity via PI3K signalling [111].
Nasal focused Microbiome Studies

In addition to investigating the skin and gut microbiome of CTCL, Hooper et al.
(2022/Nasal-Study) [112], conducted a study on the nasal microbiome in 45 CTCL patients
(40 with MF and 5 with SS) with early (n = 26) and advanced stage (n = 19), as well as
healthy controls. Using 16S sequencing, they found that a-diversity did not differ
between CTCL patients and controls, B-diversity revealed distinct community structure
sifts. While S. aureus and S. epidermidis where unchanged, several non-staphylococcal
genera including Roseomonas, Vibrio, Acinetobacter, Catenococcus, and Paracoccus were
significantly enriched in CTCL patients. Conversely, Lachnospiraceae NK4A136 group was
reduced in CTCL patients. Notably, some enriched genera correlated positively with
higher skin disease burden (i.e., mSWAT), whereas other enriched genera correlated
negatively. Further, Vibrio abundance stratified patients into high and low mSWAT, as
well as early- and late-stage disease. However, the mechanisms by which these genera
exacerbate disease remain unclear, although some have been linked to AD, skin, and soft
tissue infection [112]. Given the established role of S. aureus in mediating CTCL
pathogenesis [59], and the lack of observed differences in S. aureus abundance in the
studies by Hooper et al. [109,112] and others [112], the authors propose that S. aureus
pathogenicity may result from a loss of requlatory control by commensal microbiota due

to a global microbiome shift [112].
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Summary of findings

The collective findings from CTCL microbiome studies across skin, gut, and nasal
microbiomes highlight microbial dysbiosis and its potential role in disease progression

and immune dysregulation.

In the skin, no changes could be observed in a- and B-diversity [105-109], though a trend
toward microbiome destabilization on CTCL lesions [105,106] can be surmised.
Symptoms severity and CTCL lesions were associated with increased abundance of C.
simulans B. safensis, and Staphylococci, and decreased abundance of C. acnes, S. capitis
and S. warneri [106-109]. UVB therapy response was linked to alterations of several
Staphylococci, including decrease of S. aureus [109]. Notably, B. safensis was
mechanistically implicated in CTCL exacerbation by inducing T-cell proliferation and

inflammation [107].

In the gut, CTCL patients exhibited lower microbial diversity in advanced stages, with
reductions immune-regulating taxa (e.g., Lactobacillaceae, Eggerthellaceae), resembling
AD-like dysbiosis [110]. UVB therapy further altered gut microbiota, with Eggerthellaceae
and Lachnospiraceae enriched in UVB responders, potentially enhancing treatment

efficacy through histone deacetylase inhibition [111].

The nasal microbiome showed distinct shifts, with Roseomonas, Vibrio, and Acinetobacter
enriched in CTCL and Vibrio abundance stratifying patients by disease severity [112].
Despite the known role of S. aureus in CTCL pathogenesis, its abundance remained
unchanged, suggesting pathogenicity may stem from a loss of microbiome balance

rather than overgrowth [112].

Together, these studies suggest that CTCL-associated microbiome changes across
multiple body sites may contribute to chronic immune stimulation, inflammation, and
disease progression, with potential therapeutic implications for microbiome-targeted

interventions.
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1.4 Pathogenicity of Staphylococcus aureus

As a commensal of the skin, nasopharynx, and gastrointestinal tract, S. aureus is a
common member of the human microbiome in homeostatic conditions [116]. However,
under non-steady states, S. aureus is among the most frequent opportunistic pathogens,
causing approximately $14 billion in health-care costs and 20,000 deaths annually in the
United States [117]. It employs a broad array of virulence factors to establish infection,

evade host immunity, and drive disease progression, particularly in the skin [117,118].

S. aureus disposes of several toxins that damage host cells through the formation of
pores in the cytoplasmatic membrane [118,119].

Among them, a-toxin (also called a-hemolysin) is arguably the most infamous, targeting
keratinocytes, erythrocytes, and leukocytes by binding to A Disintegrin and
Metalloprotease 10 (ADAM10), a receptor widely expressed across human tissues. This
interaction triggers inflammatory signalling and pyroptosis, leading to dermonecrosis
and enhanced bacterial dissemination in skin infections [117,119].

The leukocidins are a class of bicompartment pore-forming toxins that include Panton-
Valentine leucocidin (PVL), y-toxin (also called y-hemolysin) as well as the leukotoxins
(Luk) LUkAB and LukED [119]. These toxins bind distinct host receptors, with PVL and
LUkED targeting chemokine and complement receptors, while LukAB interacts with
integrins [118,119]. This receptor specificity dictates cell-type and species specificity, with
all S. aureus strains producing at least three leukocidins, while highly virulent strains can
secrete five or more [119]. Interestingly, only 2-3% of S. aureus strains produce PVL,
which is predominantly associated with clinical Methicillin-resistant S. aureus (MRSA)
isolates and lung infection. However, its contribution to skin infections remains
controversial [119]. While leukocidins are highly cytotoxic to immune cells like
neutrophils, sublytic concentrations can drive pro-inflammatory responses, exacerbating
chronic infection and immune dysregulation [117-119].

Phenol-soluble modulins (PSMs) are amphipathic, a-helical peptides secreted by S.
aureus, playing a key role in immune evasion and inflammation. They are classified into
a-type (highly cytolytic) and B-type (less cytolytic) [117]. Unlike pore-forming toxins,
PSMs lyse host cells in a receptor-independent, detergent-like manner, with high cytolytic

activity against neutrophils, particularly after phagocytosis, facilitating immune escape.
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At sublytic concentrations, PSMs strongly stimulate keratinocytes, amplifying
inflammation in skin infections [119]. Additionally, §-toxin, a member of the PSM family,
promotes Treg priming, which may contribute to immune tolerance and chronic infection

[120].

Another mechanism to evade the hosts immune system is mediated by staphylococcal
protein A (SpA), a multifunctional surface protein that disrupts both innate and adaptive
immune responses. SpA binds to the Fcy portion of Immunoglobulin G (IgG) in an anti-
opsonic manner, preventing opsonization and phagocytosis by neutrophils [118].
Additionally, SpA acts as a B-cell superantigen, driving clonal expansion followed by
apoptosis, thereby impairing adaptive immunity [116]. Beyond immune evasion, SpA SpA
induces proinflammatory signaling by binding to TNF receptor 1 (TNFR1), triggering
MAPK activation and upregulation of inflammatory cytokines, including IL-8, which
enhances neutrophil recruitment [118]. In keratinocytes, SpA-mediated TNFR1 activation
induces NF-kB signalling, promoting skin inflammation [121]. This mechanism has been
validated in murine infection models, where TNFR1 knockout led to reduced bacterial
virulence and systemic inflammation, underscoring SpA's role as a key driver of S. aureus

pathogenicity [122].

To evade antimicrobial peptides (AMPs), a component of the innate immune system to
control microbial growth [123], S. aureus employs multiple strategies. For instance, iron-
regulated surface determinant protein A (isdA) enhances bacterial surface
hydrophobicity, decreasing binding efficacy of AMPs B-Defensin 2 and cathelicidin (LL-
37) [124]. The metalloprotease aureolysin, primarily involved in nutrient acquisition, also
inhibits host immune responses by cleaving complement C3 [119] and degrading
cathelicidin, B-Defensin 3, and Dermcidin [124,125]. Additionally, staphylokinase
neutralizes a-defensins, abolishing their antimicrobial activity and further impairing host
defense [125]. More AMP evading mechanisms are summarized in reviews [124] and

[125].
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1.5 Workflow of Microbiome Research

Microbiome sequencing has revolutionized microbial research by enabling the
comprehensive analysis of microbial communities without the need for cultivation.
Traditional culture-based methods, while historically fundamental to microbiology, are
inherently limited by their inability to grow many microorganisms under standard
laboratory conditions. A significant proportion of microbes, particularly those inhabiting
complex environments such as the skin, remain unculturable, making it difficult to assess
their diversity and functional potential. Sequencing-based approaches overcome this
limitation by directly analysing microbial DNA, allowing for the identification of both
culturable and unculturable organisms. In addition, sequencing provides a higher
sensitivity for detecting low-abundance species that might otherwise be outcompeted in
culture. Furthermore, microbiome sequencing techniques facilitate comprehensive
taxonomic and functional characterization of microbial communities, and that

simultaneously in bacteria, archaea, fungi, and viruses [126,127].

There are two primary sequencing strategies commonly used in microbiome research:
amplicon - or marker gene - sequencing and whole metagenome shotgun sequencing
(WMS). Amplicon sequencing targets highly variable regions within conserved motifs of
ribosomal RNA for taxonomic classification of bacteria and archaea (16S rRNA) and fungi
(internal transcribed spacer; ITS rRNA) [128]. This method is cost-effective and
computationally less demanding, making it a practical choice for large-scale microbial
community profiling. However, its resolution is limited, as it typically provides taxonomic
classification at the genus level without distinguishing between species or strains.
Additionally, biases arise from the selection of specific 16S or ITS variable regions,

potentially skewing the representation of certain taxa [129,130].

By contrast, WMS provides a more comprehensive and less biased view of the
microbiome by sequencing all genetic material in a sample. This approach enables the
simultaneous classification of bacteria, archaea, fungi, and viruses down to the species-
and strain-level. Additionally, WMS facilitates the identification of functional genes,
allowing the reconstruction of metabolic pathways, virulence factors, and antibiotic
resistance profiles [131]. However, WMS requires significantly deeper sequencing, more

input DNA, and greater laboratory effort than amplicon-based techniques [127,129].
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Whole metagenomic profiling is a multi-step workflow depicted in Figure 4. Beginning
with sample collection and microbial DNA extraction, which must be carefully
standardized to minimize contamination and preserve microbial integrity. Sample
collection should strive to increase microbial DNA while minimizing host DNA collection,
as a higher microbial fraction increases sequencing depth for microbial genes [131].
Extraction of DNA involves multiple thermal, mechanical, chemical, and enzymatical
steps to lyse the different cell walls from the diverse microbial species present in the
sample [132]. Extracted DNA is then fragmented into smaller pieces (thus the naming
“shotgun” sequencing) and ligated with sets of adapters and barcodes to form a
sequencing library. Libraries of multiple samples are pooled and sequenced
simultaneously on high throughput machines at read lengths of of 150 to 300 nucleotides
paired-end [131]. After metagenomic data has been obtained, in silico processing starts
with removal of host DNA, which has been naturally collected during the sampling
process. Reconstruction of the microbial community composition and its functional
properties can then be achieved with two different approach classes: Assembly-based

and read-based profiling [129].

The former describes the de novo assembly of metagenomic reads into single microbial
genomes of each species present in the sample, so called metagenomic assembled
genomes (MAGs). MAGs are annotated to databases of known bacterial genomes and
their functional properties. In conversion, unknown MAGs represent candidate phyla and
species that have no cultured representative, which is an indispensable method to
uncover microbial diversity. However, metagenome assembly comes with unique
challenges: The coverage of each species’ genome is dependent on its abundance in the
sample and thus varies significantly. Further, multiple strains from the same bacterial
species may be present, differing in small or big proportions of their genome. These facts
often result in incomplete reconstructions, obscuring taxa from downstream analysis.
Metagenomic-specific assemblers have been developed, but community consensus on
best practice is lacking [129,131].

Read-based profiling assigns taxonomy and functional properties by comparing the
unassembled DNA sequences against carefully curated databases [131]. For instance,
MetaPhlAn provides a database with thousands of clade-specific marker genes to enable

profiling down to the species level. Marker genes have been selected from virtually all
24



Introduction

publicity available species pangenomes based on their discriminatory power [133,134].
Limitations of this method include the prior identification and sequencing of species.
However, the number of available reference genomes is rapidly increasing, and certain

habitats such as the human gut is considered to be very well characterized [131].

Resulting outputs are data matrices of samples versus microbial features like taxa,
resistance or virulence genes, or pathways. Downstream analyses include determination
of microbial diversity and comparison between different groups of samples, as well as
traditional multivariate statistics and data science methods such ordination (e.g.,
Principal Component Analysis), clustering, differential abundance analysis, and learning

classification (e.g., random forest or support vector machines) [129,131].
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Figure 4: Overview of an archetypal Workflow in Whole Metagenomics Sequencing Analysis.

(1.) careful study design is crucial but often underestimated; (2.) computational pre-processing ensures data
quality through adapter trimming, duplicate removal, and host DNA filtering; (3.) sequence analysis
combines read-based and assembly-based approaches depending on the research goals; (4.) statistical post-
processing enables interpretation of complex data; and (5.) validation is essential to confirm findings and
reduce study-specific bias.

Adopted from: Quince, C., Walker, AW., Simpson, J.T., Loman, N.J. & Segata, N. Nat. Biotechnol. 35, 833-844
(2017).
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1.5.1 Challenges of Human Skin Microbiome Research

Despite its success, metagenomic sequencing presents several methodological and

analytical challenges that complicate data interpretation and reproducibility.

First, microbiome datasets are high-dimensional, sparse, and compositional, meaning
that changes in the observed abundance of one taxon inherently affect others. This
compositionality complicates statistical analyses, as an increase in one microorganism’s
proportion forces a decrease in others, even if their absolute quantities remain
unchanged. For example, a drug that selectively promotes the growth of a specific
microbial genus may lead to an apparent decline in other taxa, despite no direct

suppression [129].

Another major challenge is the inability of sequencing to differentiate between DNA from
viable microbes and DNA from dead microbial cells [131]. This “live-dead-dilemma*” is
especially pertinent for skin microbiome, where DNA from lysed cells or extracellular

sources could distort taxonomic and functional interpretations [135].

Additionally, unlike the gut microbiome, skin WMS samples are characterized by low
microbial biomass and a disproportionately high fraction of host DNA, exceeding 90-
95%. As a result, even high total read counts may yield limited microbial sequencing
depth, potentially leading to underestimation of microbial diversity [51,131,136,137]. This
constraint was illustrated in a benchmarking study using mock communities spiked with
increasing levels of host DNA: when host DNA exceeded 90%, detection of low-
abundance species significantly declined. This effect was further exacerbated when the
total raw read number was reduced from 50 to 25 million reads per sample, resulting in
the loss of up to 60% of very low-abundance species [137]. Nonetheless, several papers
showed that WMS — even at shallow sequencing depths — offers clear advantages over

16S sequencing:

i. Unlike 16S, shallow WMS provides species-level taxonomic resolution, and
correlates strongly with ultra-deep WMS species profiling (Spearman >0.99)
[138,139].

i.  Shallow WMS also enables direct profiling of microbial functions, capturing genes

and pathways that 16S-based inference methods (e.g., PICRUSt) miss [140].
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Shallow WMS functional profiles yield spearman correlation of >0.97 compared to
ultra-deep WMS [138,139].

iii. Inaddition, shallow WMS is less susceptible to technical variation, likely to biases
introduced by library preparation artifacts, primer mismatches, and PCR

amplification bias that affect 16S workflows [139,141].

To mitigate the inability to differentiate between live and dead cells as well as the
challenge of low microbial biomass, complementary methods have been proposed. DNA-
intercalating dyes can prevent amplification of DNA from membrane-compromised (i.e.,
dead) cells [142], while enzymatic pre-digestion can selectively remove DNA from dead
microbial and/or living host cells before metagenomic sequencing [143,144]. However,
these strategies remain imperfect, and no standardized approach has been universally

adopted for skin microbiome research [145-147].

The integrity of microbiome analyses is also influenced by sample collection, DNA
extraction, and storage conditions. Contamination can arise at all steps, emphasizing the
need for standardized protocols. Given the low microbial load of skin samples, stringent
controls are necessary, including positive controls (mock communities) to assess
sequencing accuracy and negative controls to detect environmental contamination.
Inconsistent handling across studies can lead to batch effects, reducing reproducibility

[131,132].

A fundamental limitation of microbiome research is the difficulty in disentangling cause
from effect. Observational metagenomic studies often reveal correlations between
microbial taxa and disease, but they do not imply causality [148]. To confirm whether
microbial changes drive disease progression or are merely a consequence of the disease

state, longitudinal and experimental validation studies are needed [131].

Lastly, validation of microbiome biomarkers remains a significant hurdle. Disease-
associated microbial signatures are often inconsistent across studies, likely due to
differences in sequencing platforms, analytical pipelines, and cohort characteristics.
Cross-study validation and standardized methodologies are essential to improve

biomarker reproducibility and ensure clinical applicability [131].
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1.6 Aim of this thesis

Mycosis fungoides is characterized by marked clinical and molecular heterogeneity.

While emerging evidence suggests a role for the skin microbiome in disease progression,

microbial dysbiosis remains to be firmly established, and its influence on host signalling

and clinical outcomes is still poorly understood. This thesis aims to comprehensively

explore the microbiome’s role in MF through bioinformatic analyses, complemented by

molecular and functional microbiology approaches. Specifically, the objectives are:

1.

28

Review relevant transcriptomic and microbiome studies in MF to explore potential
links between microbial composition and transcriptional heterogeneity.
Taxonomically characterize the MF skin microbiome using whole metagenome
shotgun (WMS) sequencing across patch, plaque, and nonlesional skin, with
comparison of diversity metrics and differential abundance.
Identify prognostic microbiome biomarkers capable of stratifying MF patients into
clinically distinct subgroups based on microbiome composition alone.
Explore drivers of microbial shifts by measuring expression of host cutaneous
antimicrobial peptides (AMPs) and determine resistance profiles of clinical MF
skin isolates.
Characterize the pathogenic potential of the MF skin microbiome by screening
WMS data for virulence genes. Clinical MF skin isolates, particularly S. aureus, will
be further profiled for the WMS-identified virulence factor SpA.
Evaluate microbiome-mediated modulation of host TCR repertoires by analysing
TCR diversity and epitope-binding predictions across skin and blood
compartments.
Bioinformatically integrate metagenomic and transcriptomic data to investigate:
a) Whether differential microbial colonization contributes to transcriptional
heterogeneity in MF.e
b) Whether S. aureus and SpA modulate host signalling pathways, including
the TNFR-NF-kB axis.
Explore potential viral contributions to MF aetiopathogenesis by mining

metagenomic and transcriptomic data for early virome signatures.
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Abstract: Cutaneous T-Cell Lymphomas (CTCL) presents with substantial clinical variability and
transcriptional heterogeneity. In the recent years, several studies paved the way to elucidate aetiology
and pathogenesis of CTCL using sequencing methods. Several T-cell subtypes were suggested as
the source of disease thereby explaining clinical and transcriptional heterogeneity of CTCL entities.
Several differentially expressed pathways could explain disease progression. However, exogenous
triggers in the skin microenvironment also seem to affect CTCL status. Especially Staphylococcus aureus
was shown to contribute to disease progression. Only little is known about the complex microbiome
patterns involved in CTCL and how microbial shifts might impact this malignancy. Nevertheless,
first hints indicate that the microbiome might at least in part explain transcriptional heterogeneity
and that microbial approaches could serve in diagnosis and prognosis. Shaping the microbiome
could be a treatment option to maintain stable disease. Here, we review current knowledge of
transcriptional heterogeneity of and microbial influences on CTCL. We discuss potential benefits of
microbial applications and microbial directed therapies to aid patients with CTCL burden.

Keywords: cutaneous T-cell lymphoma (CTCL); mycosis fungoides (MF); Sézary syndrome (SS);
transcriptome; microbiome; heterogeneity

1. Introduction

Cutaneous T-cell lymphomas (CTCL) are a group of skin homing neoplastic malig-
nancies comprising approximately 10% of total non-Hodgkin lymphomas (NHL) with
Mycosis fungoides (MF) as the most common entity [1]. Primarily presenting as an in-
dolent disease course initially, there might be a sudden progression to advanced stages
including extracutaneous site involvement and a 5-year overall survival drop from >80%
to 44% in higher stages [2—4]. One third of patients progress to advanced stage MF within
10 years [5]. Because of the indolent character of early stage CTCL, typically only late-stage
patients are directed to systemic therapies that can cause severe side effects [6]. Preselection
of patients with a poor prognosis would allow these subjects to receive more intensive
treatments possibly improving disease control and survival. Several clinical variables and
biological markers are discussed as prognostic factors. However, these parameters are
partially subjective and imprecisely specified or show conflicting results across studies [5].
Furthermore, diagnosis is challenging and requires a complex combination of factors. Early
stages mimicking other inflammatory skin diseases, as well as a variety of clinical mani-
festations that can highly differ from the typical appearance, are aggravating diagnostic
hurdles [5,7]. Hence, interobserver variation for MF diagnosis is considerable, resulting
in a median delay of 3 years before the definitive diagnosis is made since the first patient
presentation [5]. These challenges underline the need for better diagnostic and prognostic
tools [8]. The variable nature of CTCL comes in hand with strong transcriptome hetero-
geneity (inter-patient and intra-tumoural) on both the bulk [9] and the single-cell level [10].
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Genes with potentially prognostic value were identified [9,11], but results emphasize the
need for personalized precision medicine [10,12]. Moreover, skin barrier dysfunction and
upregulated virus entry pathways [12] may reflect increased susceptibility for skin infec-
tions already clinically observed in CTCL patients [13]. Many different pathogens were
observed in infected CTCL patients and incidence rates vary strongly [14], following the
diverse character of CTCL in that manner. Infectious agents are discussed to play a role
in CTCL aetiology and pathogenesis [15]. Indeed, exogenous factors like bacterial toxins
can enhance disease progression via unspecific activation and expansion of T-cells [16].
Especially the mechanisms of how Staphylococcus aureus can aggravate the progression
of CTCL have been investigated [17]. In general, several microbiota or a dysfunctional
microbial community can influence cancers and other skin diseases [18,19]. Regarding
CTCL, the complex microbiome patterns possibly influencing the course of this disease
have only recently begun to be investigated [20,21]. Genomic methods to study microbiota
can provide deep insights into shifted microbial communities relating disease [19].

In this review, we discuss current knowledge of transcriptional heterogeneity and
the microbiome of CTCL. We will first show that CTCL seems to arise from malignant
cells in the blood, leading to intra-patient heterogeneity. We also indicate first evidence of
microbial implications on disease progression in CTCL and how differential colonization
could lead to inter-patient heterogeneity. Then, we outline transcriptional heterogeneity
on the inter- and intra-patient level and underline aspects that could point to microbial
influence. Next, we summarize current knowledge of the microbiome in CTCL. Finally,
we discuss the interplay between the microbiome and transcriptome of CTCL and suggest
possible microbial applications in CTCL.

2. T-Cell Receptor Clonality

In the majority of cases the malignant T-cell exhibits a CD4* tissue resident effector
memory phenotype [22]. The malignant T-cell might then disseminate via chronic antigenic
stimulation leading to clonal proliferation [3]. It is believed that the first oncologic hit
happens at the state of the mature tissue resident T-cell, but this understanding is recently
challenged. It has been observed that malignant cells in lesions of the same patient can
share the same T-cell receptor (TCR), and that a neoplastic clonotype can be found in the
blood even months before its first skin occurrence [23]. With ongoing disease severity,
there is a loss in TCR repertoire complexity and a shift towards a dominant clone [24].
Moreover, some of these clonotypes share the same TCR-gamma sequences but not TCR-
beta and TCR-alpha, indicating an initial malignant transformation at the T-cell progenitor
stage after TCR-gamma but before TCR-beta and —alpha reassembly [25,26]. Hence, a
model of circulating and self-seeding T-cell clones is suggested (Figure 1): Early neoplastic
clones may initially colonize the skin and other clones follow. Some early clones may
mature and re-enter the circulation to self-seed into other lesions [23,25-27] leading to
intra-patient heterogeneity.

High-throughput sequencing of the TCR-beta gene showed that MF patients with a
tumour clone frequency (relative abundance of T-cell clones) in lesions less than 25% have
a good prognosis for overall and progression-free survival, while this is inverse for tumour
clone frequencies over 25%. However, such associations were not seen in patients with
Sézary syndrome (SS), the leukemic variant of CTCL [8]. Interestingly, the most dominant
TCR variable beta chain (TCR Vf3) family is found in frequencies comparable to SS pa-
tients [8,28]. Moreover, this specific TCR V3 family is associated with Staphylococcus aureus
(S. aureus) infections in a subset of CTCL patients [8,29]. This bacterium contributes to
CTCL progression [30]. Because not all patients are colonized with S. aureus [14] and colo-
nization with other commensals could protect against this pathogen [31,32], this could lead
to a varying composition and prevalence of dominant malignant clones and therefore to
inter-patient heterogeneity. Later, we will discuss the role of S. aureus in CTCL pathogenesis
and its association with TCR V3 in more detail.
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Figure 1. Suggested model of migrating malignant cells in CTCL. As a result of circulating and
self-seeding malignant cells to other lesions, intra-patient heterogeneity may occur. (A) A putative
precursor of a malignant T-cell undergoes malignant transformation before TCR-beta rearrangement,
showing clonotypic heterogeneity (different cytoplasm colour). (B) In the blood the precursor expands
and accumulates mutations, leading to different subclones (different colour of nucleus). (C,D) Lesions
are seeded by malignant T-cells, where they progress malignancy and develop new subclones while
disease further develops. (E) Some malignant cells may re-enter the circulation to self-seed into other
lesions, increasing heterogeneity and disease progression. Reprinted with permission from ref. [27].
Copyright © 2020 American Society of Hematology.

3. Transcriptional Heterogeneity

A series of studies profiled the mutational landscape of CTCL [28,33-36]. However,
an overall quite heterogeneous genomic picture is drawn, showing no well-defined alter-
ations in fusion proteins, copy number, and somatic mutations. Gene modifications have
been frequently found that are involved in specific cellular processes and signalling path-
ways [37]. Likewise, transcriptome analyses revealed a diverse picture: Litvinov et al. [9]
used a targeted bulk RNA sequencing (RNA-seq) approach on mostly formaldehyde-fixed
paraffin-embedded (FFPE) skin and a freshly snapped frozen specimen. The authors found
differential heterogeneity between and even within the same patients that were sampled
over the course of the disease with progressing MF stages. Unsupervised clustering showed
intermixed groupings of CTCL stages and benign dermatoses. Similarly, cluster analyses
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failed to produce clear results to distinguish between early versus advanced disease stages
as well as indolent versus aggressive CTCL samples.

On the single gene level, however, 75 transcripts were found to be upregulated across
different CTCL stages, including inflammation-mediating genes like STAT and CD70. The
authors underlined differential expression of TOX, FYB, LEF1, CCR4, ITK, EED, POU2AF,
IL-26, STATS, BLK, GTSF1 and PSORS1C2, as these genes were already characterized in
previous investigations using quantitative RT-PCR [38].

Focusing on advanced disease stages, T-cell related genes like TOX and FYB were
upregulated. In early disease stages that are about to progress, TOX, FYB and other
genes were overexpressed as compared to samples with an indolent course [8,9,11,39].
These genes are also associated with decreased disease-specific survival and might thereby
serve as prognostic markers [11]. As CTCL is characterized by unregulated expanding T-
cells, genes involved in TCR signalling are associated with a high tumour cell frequency [8].
TOX is not an exclusive CTCL marker, since it has been shown to be upregulated in primary
cutaneous B-cell lymphomas and benign dermatoses as well [40,41]. However, Litvinov
et al. pointed out that TOX expression in CTCL was several magnitudes higher than in
benign dermatoses, climaxing in most advanced stages [9]. Targeted RNA-seq provides an
effective method to investigate (low-abundant) transcripts that have been selected based
on previous considerations [42,43], but naturally also provides only a restricted picture.
Routinely generated FFPE specimen in clinics provide an extensive source of samples,
especially in the case of diseases with rarer incidences. However, because RNA is usually
degraded in FFPE samples, results might not reflect the true biological information [44].
A follow-up study addressing differences between FFPE and fresh samples and possible
batch effects found no significant influences [45], although trends can be observed.

3.1. Single Cell RNA Sequencing Reveals Transcriptional Heterogeneity

With the advent of single cell RNA sequencing (scRNA-seq), more detailed insights
into the behaviour of single cells and their states within a specific context have emerged.
This can lead to improved onco-biological knowledge leading to better treatment and
precision medicine. Therefore, scRNA-seq might be superior to bulk RNA-seq, although
the latter still provides less noisy and more precise data [42,46—48]. In the case of MF, the
tumour microenvironment is composed of a significant proportion of infiltrative reactive
immune cells including CD8* T-cells, regulatory T-cells (Tregs), dendritic cells (DCs),
macrophages and mast cells. The infiltrative proportion decreases with disease progression
and varies between patients [49,50]. Hence, bulk sequencing will determine average
values of fluctuating percentages of malignant and benign cells and cannot assess unique
transcriptome expression of tumour cells and its microenvironment [42,46]. Five studies
utilized scRNA-seq for CTCL: Three investigated SS [51,52] with one study including a
single MF subject [53] and two examined exclusively MF [12,54]. Gaydosik et al. [12]
sequenced single cells of five advanced stage (IIB-IVA) MF patients. The lesions showed
inter-patient heterogeneity as there was no overlap between cells from tumour samples or
with cells from heathy controls revealed by clustering analysis. Focusing on lymphocytes,
several gene expression clusters were found, mostly unique for specific MF samples.
Enriched pathways in these clusters are associated with cell growth, proliferation and
survival, translational reprogramming, metastasis, negative regulation of NK-mediated
cytotoxicity against tumours, NK-cell signalling, and tumorigenic pathways known from
other forms of cancers [12]. Noteworthy is the implication of a virus entry pathway which
indicates exogenous triggers on CTCL.

Focusing only on actively proliferating lymphocytes of the five patients investigated
revealed a shared panel of 17 genes that are overexpressed compared to healthy control
individuals (Figure 2). Among other functions, these genes regulate cell cycle and survival,
apoptosis, metabolism, and transportation of mRNA. Interestingly, the 17 genes were also
expressed by TOX-positive cells and furthermore showed similar characteristics as the
lymphocyte-tumour-clusters described above [12]. Hence, TOX might potentially serve
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as a diagnostic and prognostic marker [9,12]. Although the TCR was not sequenced, ex-
pansion of constant TCR-beta chain was observed in the MF gene expression clusters [12],
indicating TCR clonality [8]. Concerning tumour-infiltrating lymphocytes (TILs) in the
tumour microenvironment, all but two MF samples showed overlapping patterns, also with
healthy controls. However, in MF samples, several checkpoint inhibitory receptors were
heterogeneously expressed in CD4* and CD8" TILs [12]. Patient-dependent expression
of multiple inhibitory receptors have been reported to hinder an efficient antitumor re-
sponse and hampers the development of a treatment regimen, thus requiring personalized
therapies [12].

A
231 ACTG1 PPAl
ANP32B PPIA
ATP5C1 PSMB2
DUT RAN
B HMGN1 RANBP1
HN1 SET
NPM1 SMC4
NUSAP1 STMN1
PCNA

Figure 2. Venn diagram of proliferating lymphocytes from CTCL-lesions of 5 different patients
(A-E) showing an overlap of 17 genes highly while only minor expression is observed in controls.
The figure was created with specifications from [12].

Rindler et al. [54] showed intra-patient heterogeneity by investigating three body
compartments of one advanced stage MF patient (skin, peripheral blood, and lymph node).
Three clusters of malignant T-cells were identified by expression patterns and clonal TCR
sequences. Two of the three malignant T-cell clusters exhibited comparable distributions of
dominant TCR clonotypes between all investigated tissues, albeit one cluster was mainly
present only in skin and blood. The third cluster showed clonality restricted to the skin,
while the blood compartment was polyclonal. Differential gene expression revealed the
malignant T-cell clusters as substantially heterogeneous. Pro-inflammatory markers not
attributable to a specific T helper type were overexpressed in all tissues. However, in
malignant skin cells mainly T helper 2 (Th2) cytokines were observed [54]. These cytokines
have been linked to increased susceptibility for skin infections in CTCL [55] and might
indicate microbial influence on skin cells.

To further investigate lineage relationships between malignant cells of the three body
compartments, the authors used trajectory analysis. This computational method orders
cells along branches based on similarities in their expression profile. As a result, lineage
trees with branch points inferring cell fate are compiled. Mostly the resulting tree is
2-branched with a starting pre-branch (or root) [56,57]. Using this technique, the malignant
skin and blood cells ordered at opposing branches. Skin cells accounted also for the starting
pre-branch. Lymph node cells scattered alongside the whole trajectory. This indicates
that lymph node cells share patterns with cells from both skin and blood. In the blood
cell branch, loss of tissue retention can be observed while also retaining lymph node and
skin homing ability [54]. Gene expression shows signatures for a central memory T-cell
(Tem)-like phenotype, which is typically attributed to SS [22]. Cells of the skin branch
expressed markers associated with tissue retention and of tissue resident effector memory
cells (Tem), which has been reported as the MF-typical tumour cell [22]. Pre-branched
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skin cells discriminated from post-branched skin cells by expression of Th2 cytokines as
opposed to Th22, Th17 and Th1 cytokines as well as cell motility genes [54]. It was recently
shown that tissue resident T-cells (Trm) could re-join the circulation upon reactivation
and resemble closer Tcm than recently activated Trm. Mature Trm can differentiate into
Tem, Tem and again into Trm with preferred homing to tissue of origin [58]. In conclusion,
the adaptive ability of MF tumour cells for long lasting skin residency and dissemination
through the circulation might contribute to the heterogeneous nature of MF [54].

Likewise, investigation by Borcherding and co-workers on Sézary syndrome revealed
substantial heterogeneity within malignant T-cells of a single patient [52]. Overexpressed
pathways differed significantly between clusters of malignant cells. Besides the typical Tem
type usually seen in SS [22], one cluster expressed markers specific to regulatory T-cells
(Tregs). Trajectory analysis suggested transition of FOXP3 (Tregs) positive cells to either
GATA3 (T helper 2 cells) or IKZF2 (Tregs) positive cells, which may depend on the tumour
micromilieu [52]. T helper 2 phenotype is often accompanied with bacterial infections in
CTCL [59]. Since peripheral blood was investigated and some malignant cells transitioned
into T helper 2 like phenotypes, this could indicate that these cells came into bacterial
contact at the skin and moved back into circulation.

Both studies by Rindler et al. [54] and Borcherding et al. [52] found interesting aspects
of cell fates potentially driving the malignant CTCL cell to develop into different cell
(sub-)types and thereby constituting to intra-patient disease heterogeneity. Since these two
investigations are based on samples of only a single patient, the results need to be validated
and extended in bigger patient cohorts.

Buus et al. [51] support the heterogeneous picture showing surface marker expression
of naive T-cells (In), stem-cell memory T-cells (Tscm), and expression patterns not fitting
Tn, Tem, and Tsem. Using targeted gene expression profiling of relevant T-cell genes, inter-
patient patterns were observed. Cells of each patient grouped into clusters, suggesting
disparate functional background of malignant cells. The authors reported a 5-genes panel
expressed by most cells (S100A4, S100A10, IL7R, CCR7, and CXCR4). Three of which
comprise known functions in growth and migration of malignant T-cells (IL7R, CCR7, and
CXCR4I, while the other two are well known cancer related molecules that have yet not
been associated with CTCL [51].

Herrera et al. [53] interrogated surface marker expression, TCR-repertoire and tran-
scriptome of matched skin and blood from SS and one leukemic MF patient on the single
cell level. Malignant T-cells were defined based on clonal TCR sequences and transcrip-
tional and surface marker patterns distinct to non-malignant T-cells. Matched skin and
blood samples shared dominant TCR sequences, suggesting involvement of both tissues in
CTCL. Among differentially expressed genes were transcripts typically affected in CTCL
like CD158K/KIR3DL2 [60] and TOX [9,41]. Comparing matched malignant cells derived
from the blood and the skin of the same patients revealed several distinct groups thereby
displaying intra-patient heterogeneity. Blood-derived cells showed a higher level of clonal
diversity than skin-derived cells. Trajectory analysis suggests that malignant cells from
the blood transition into skin-derived cells. Together, these findings show a strong tis-
sue dependency regarding transcriptional activity. In skin samples, several upregulated
pathways were unmasked: T-cell activation, TCR ligation, mitogen-induced transcripts,
and cell cycle. Vice versa, T-cell quiescence and markers for resting T-cells were upreg-
ulated in blood counterparts [53]. Strikingly, some of those genes were also outlined by
Rindler et al. in blood of an advanced stage MF patient [54]. Moreover, skin-derived cells
exhibited higher T-cell activation, reduced T-cell resting and more highly proliferating
lymphocytes. As this was not seen in a healthy donor as well as in a psoriasis patient,
stimulating activity from the CTCL skin microenvironment can be suspected [53]. Adding
to this, several exogenous factors are discussed as CTCL initiating or promoting [16]. Since
phylogenetic analysis based on inferred genetic abnormalities showed no clear linear rela-
tionship between skin and blood sub-clones, the skin microenvironment seems to serve as
driving factor in stimulation of malignant cells and the clonal expansion of few and specific
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sub-clones [53]. Because varying proportions of colonizing microbiota on CTCL patients
were reported [14], this could lead to inter-patient heterogeneity additive to intra-patient
heterogeneity demonstrated by Herrra et al. [53]. On the other hand, decreased diversity of
clonal diversity in skin cells in contrast to matched blood counterparts might indicate a
homogenization of transcriptional activity by skewing of malignant cells from the blood
to the skin compartment. In conclusion, microbial colonization might lead to skewing of
malignant cells in the skin which can differ between CTCL lesions and between CTCL
patients depending on the specific microbiome present.

3.2. Single Cell Transcriptome Signatures Suggest Microbial Influence on CTCL Heterogeneity

Taken together, several single cell transcriptomic signatures suggest exogeneous/
microbial influence on CTCL heterogeneity. Gaydosik et al. found an upregulated pathway
of endocytic virus entry. Dysregulation of epithelial-mesenchymal transition as well as
skin-barrier dysfunction may reflect increased susceptibility to infections [12]. Additionally,
typical cytokines for the T helper 2 (Th2) phenotype were upregulated in malignant skin
cells in contrast to matched malignant cells from the blood and lymph node of the same
patient [54]. Th2 cytokines were found to be associated with impaired production of
5100 proteins [55]. S100 proteins contribute to tumorigenic processes in diverse cancers
and expression patterns can be stage- and cancer subtype-specific. S100 inhibitors already
are in clinical trials for e.g., melanoma [61]. In addition, some S100 family members are
so called antimicrobial peptides (AMPs) with bactericidal activity [62]. In the scRNA-seq
studies review, several S100 family members were differentially expressed [12,51,52,54].
Among them, SI00A4, S100A8, S1I00A9 and S100A12 have known bactericidal activity or are
implicated with bacterial infections [63—66]. Indeed, CTCL exhibits an impaired skin barrier
and deficient expression of several AMPs leads to increased susceptibility for skin infections
and bacterial toxins may play a major role in driving disease progression [55,59,67,68]. Since
microbial colonization is not consistent between CTCL patients, as shown in an early study
by Axelrod et al. [14] and extended by two investigations utilizing microbiomics [20,21],
differential microbial colonization may account for transcriptional heterogeneity.

4. Microbiota and CTCL
4.1. Skin Barrier Dysfunction

Different exogenous triggers like skin resident microbiota are being discussed as
CTCL provoking and/or promoting factors [16]. In a CTCL mouse model developed by
Fanok et al. [34], disease progression was depended on microbial triggers. Mice housed
under germ-free conditions were significantly less CTCL symptomatic [34]. Hence, there
seems to be crosstalk between CTCL cells and/or the tumour microenvironment and
microbiota. Indeed, MF presents with a skin barrier dysfunction [59]. It has been shown that
malignant T-cells secrete galectins in CTCL [69]. This is a class of proteins with functions
in several biological activities like cell proliferation and implications in inflammatory
skin diseases and cancers [70-72]. In CTCL, galectins might induce morphological and
histopathological changes via epidermal hyperproliferation, disorganized keratinocyte
stratification and decreased attachment between the epithelial and mesenchymal layer [69].
Moreover, during CTCL progression, a shift in the inflammatory tumour micromilieu can
be seen. In early stages, CTCL lesions typically present with a high abundance of benign
reactive T helper 1 (Th1) cells, thereby expressing according Thl-markers. As the disease
progresses, a decline in Th1 cells and its markers are observed. Concomitant, malignant
T-cells and T helper 2 (Th2) cells increase, leading to a Th2 dominated inflammatory
milieu [73]. Th2 cytokines like interleukin (IL)-4 and IL-13 suppress the appropriate
expression of skin produced antimicrobials peptide (AMP) [74]. This effect is even more
pronounced than in atopic dermatitis (AD) and psoriasis, which are other inflammatory skin
diseases that often are overgrown by bacterial pathogens [55,59,67]. As already stated above,
AMPs are differentially expressed in CTCL on the single cell level as well [12,51,52,54].
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Further indication for the influencing effect of AMPs on CTCL progression is added by
the discovery of geographic patterns of CTCL cases. They indicate a link between sunlight
exposure leading to vitamin D expression which in turn upregulates AMPs: Demographic
data from CTCL patients in Texas, USA, shows that several communities had five to twenty
times higher incidences than the expected rate for the population [75]. On the other hand,
only few communities were completely spared by CTCL. Among them are areas near El
Paso, which is one of the sunniest cities in the USA with an annual sunshine of 84%. Sun
exposure might therefore be a protective or a therapeutic factor [75,76]. Noteworthy, sun
exposure has been shown to reduce risk for other non-Hodgkin lymphomas as well [77].
As it is well known, sunlight exposure leads to vitamin D production [78]. Vitamin D is
already in use to treat other inflammatory skin diseases like AD [79] and psoriasis [80].
Moreover, vitamin D emerged as a possible cancer preventive agent which raises the ques-
tion of its role in CTCL [81]. CTCL patients have vitamin D deficiency with a comparable
prevalence to other cancer patients [82]. Under non-inflammatory conditions, vitamin D
induces the expression of the cathelicidin LL-37, an AMP with strong antibacterial, anti-
biofilm, antifungal and antiviral actions. In return, microbial proteases (e.g., released by
Staphylococcus aureus) might cleave LL-37 into inactive fragments [83].

In summary, CTCL presents with a dysfunctional skin barrier and reduced AMP
production (either due to cytokine shifts during disease progression and/or environmental
factors). This results in an enhanced skin permeability leading to greater susceptibility for
skin infections [16,69].

4.2. Microbiome on CTCL Lesions

Many common skin diseases are associated with changes in the microbiota, which
is termed dysbiosis [19]. While the overrepresentation of Staphylococcus aureus on CTCL
lesions has been reported [84] and will be discussed later, other microorganisms may also
play a role in disease progression. For example, interactions between skin commensals
can comprise of competitively excluding one another, or synergies for mutual benefits.
Especially interactions with S. aureus have been studied [19]. An early study assessed the
relative abundance of microbes on CTCL involved skin using traditional culture-based
methods [14]. However, more than 99% of all microorganisms still cannot be isolated
by bacterial cultures even today [85]. The vast majority of microbial isolates belong to
only four phyla and hence uncultured microbes are referred to as “microbial dark matter”.
Culture-based approaches select for appropriate microorganisms thereby underestimating
the total diversity of the community [86]. There are several culture-independent methods
to study the microbiome, each with their own advantages and disadvantages [87,88]. The
most used method is amplicon sequencing, where marker genes like the 16S ribosome DNA
(rDNA) with conserved regions are amplified. The process of 165 amplicon sequencing
requires only low biomass and is not influenced by host DNA contamination but comes
with PCR bias and a limited resolution. Whole-metagenomic shotgun sequencing (WMS)
on the other hand is affected by host DNA but provides deeper resolution down to the
microbial strain level and holds potential for functional analysis, e.g., screening for enriched
pathways or virulence factors and antibiotic resistance genes [88,89].

Salava et al. used 16S and WMS to investigate the microbiome on early stage CTCL
lesions while using non-lesional skin of the same patients as an internal control [21]. WMS
data delivered higher resolution in the genus of propionibacteria as compared to 16s se-
quencing and subsequent analysis is therefore based on WMS. The authors observed patient
and body site specific variation, which is to be expected [90]. No differences were found in
terms of community diversity [21]. However, the presented data suggests a trend towards
stable communities in non-lesional skin and an unpreserved microbiome composition on
CTCL lesions. Hence, a dysbiotic flora might exist on lesional skin. Ten bacterial species
were identified to be more abundant on non-lesional skin. Only two had been associated
with cutaneous diseases before. These are Serratia spp. and Pseudomonas spp., that affect
the skin in nosocomial infections and immunocompromised patients [21]. Others reported
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overrepresentation of Staphylococci on CTCL lesions using 16S sequencing. Moreover,
the phylogenetic diversity was decreased, indicating a distinct microbiome as compared
to healthy volunteers and psoriasis patients [30]. Psoriasis as an inflammatory disease
is, among others, frequently confounded with early-stage MF [5]. Compared to atopic
dermatitis (AD), decreased community diversity correlated significantly with flare and re-
covered post flare. Staphylococci increase during AD flare, whereas relative abundances of
other microbial genera vary across AD disease states, pointing to the complex relationship
present in microbial communities [91,92]. On the other hand, Harkins et al. [20] found no
differences in the microbial diversity investigating early and advanced stage MF and SS
patients compared to age-, sex- and sampling site-matched healthy volunteers. Fungal and
viral abundances were low and showed no differences to healthy volunteers, contradicting
hints about viral implications in CTCL [93]. Interestingly, S. aureus also showed no differ-
ences whereas other commensal staphylococcal species trended higher in MF but not in
SS. Nonetheless, principal coordinate analysis showed separation of samples from healthy
volunteers and advanced stage CTCL. This may be driven by overrepresentation of two
corynebacterial species and decreased abundances of two cutibacterial species. Bacterial
shifts, furthermore, seem to correlate with disease stage (Figure 3).
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Figure 3. Besides Staphylococcus aureus, other organisms may also be linked with CTCL.
Harkins et al. [20] found two corynebacteria to trend higher, whereas two cutibactactial species
exhibited decreased abundances on CTCL lesions. Bacterial shifts seem to correlate with disease
stage. HV = Healthy Volunteer. Reprinted with permission from ref. [20]. Copyright © 2021 Elsevier.

However, statistical significance was not reached, likely due to the small sample
number [20]. C. tuberculosearicum can upregulate and/or induce inflammatory responses in
keratinocyte derived cell lines in vitro and may contribute to cutaneous malignancies [94].
Besides this pathogenic role, corynebacteria also possess the ability to shift S. aureus towards
commensalism via quorum sensing [95]. Furthermore, staphylococci like S. epidermidis and
S. hominis are capable of controlling S. aureus virulence either indirectly through quorum
sensing or directly via antimicrobial action in AD [31,32,96]. Under healthy conditions,
S. epidermidis provides antagonistic action against S. aureus leading to negatively correlated
colonization rates between these two bacteria [97]. Under disease/non-homeostatic skin
flora conditions like AD, S. aureus abundance can increase substantially [92]. In parallel,
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there might also be an increase in S. epidermidis, possibly reflecting an attempt to control
the vast overrepresentation of S. aureus [92].

4.3. Staphylococcus aureus

Investigations show that CTCL lesions are often colonized by S. aureus [84]. This
bacterium possesses a large repertoire of virulence factors [98]. Staphylococcal alpha-toxin
(a-haemolysin) induces cell death in CTCL-derived benign cells leaving their malignant
counterparts unharmed. Malignant cells dispose of several resistance mechanisms to a-
haemolysin, favouring the survival of CTCL tumour cells upon toxin presentation [99].
Additionally, this toxin inhibits T-cell mediated cytotoxic anti-cancer responses, leading to
tumour escape and continued persistence of respective cells [100]. Besides haemolysins,
S. aureus produces staphylococcal enterotoxins (SEs) that can act as so-called superanti-
gens [101]. Superantigens do not need to be processed by antigen presenting cells (APCs)
but rather bind directly to the variable beta chain of the TCR and to the major histocompat-
ibility complex class II (MHC II) outside of the antigen binding groove, thereby triggering
clonal expansion and an upregulation of pro-inflammatory cytokines [102]. In a study
investigating TCR clones in a big CTCL cohort via high-throughput sequencing, the most
abundant TCR V3 family was TRBV20 [8]. The staphylococcal toxin toxic shock syndrome
toxin-1 (TSST-1) binds specifically to TRBV20 [103]. Moreover, TRBV20 expansion has been
shown to correlate with TSST-1 level in clinical CTCL isolates. Besides TSST-1, other SEs
were detected as well but not linked to TRBV20 ratios [29]. However, in another CTCL
cohort, only staphylococcal enterotoxin A (SEA) but not TSST-1 or other SEs were found
to be present on patient skin. SEA and staphylococcal enterotoxin E (SEE) were the only
staphylococcal toxins to elicit disease-stimulating activity in SS patient-derived tumour
cells in vitro [17]. Hence, this conflicting data might be caused by (i) other SEs than TSST-1
associating with TRBV20, (ii) specific host-pathogen interactions [104] that differed between
the CTCL cohorts and/or (iii) microbe-microbe interactions leading to an altered expression
of virulence factors [19]. Taken together, clonal expansion of malignant cells [50], loss of
TCR repertoire complexity and TCR V3 skewing [24] during CTCL disease course might
(i) reflect the self-seeding mechanism described previously [27] and (ii) may be enhanced
and/or triggered by superantigenic activity of colonizing microbes [68] that can also act
specifically among themselves [19] and with the hosts skin immunity [104].

In Vitro, SEs can stimulate CTCL disease activity via cell-cell contact of malignant
and benign T-cells [105], which may act in a T-T-cell interaction manner by T-cells bearing
MHC II [106,107] (Figure 4). Cross-linked TCR-MHC II prompts the benign T-cells to pro-
duce IL-2 which in turn upregulates the Janus kinase 3/signal transducer and activator of
transcription 3 (Jak3/Stat3) pathway. Activation of Jak3/Stat3 in malignant cells leads to se-
cretion of soluble factors, supressing cell mediated cytotoxicity in benign immune cells and
promoting aggregation of immunosuppressive regulatory T-cells. Furthermore, aberrant
Jak3/Sat3 induces overexpression of IL-10, which dampens immunity by several means:
Downregulation of Thl responses (interferon-g, IL-12), favouring anergic and immuno-
suppressive T-cells, repression of DC maturation and promotion of immunoregulatory M2
macrophages [105]. In addition, SEs also activates the Stat5 protein and upregulates factors
contributing to shifting the Th1 milieu to a Th2 dominated milieu [108]. The latter is usually
seen in advanced stage CTCL [73]. Moreover, staphylococcal toxins disturb elimination of
malignant cells by cytotoxic T-cells and induce upregulation of the regulatory T-cell marker
FOXP3 [100,109]. Regulatory T-cells suppress autoimmunity leading to self-tolerance [110].
Together this might result in a reduced capacity of the immune system to clear malignant
cells from tissues.

In conclusion, these results hold compelling evidence for the role of S. aureus on the
progression of CTCL.

Because S. aureus is also a member of the physiological skin flora [19], specific strains
might be responsible for CTCL progression. Indeed, SEs are a group of several toxins [101]
and different S. aureus strains dispose of different SEs [98]. While some SEs showed
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CTCL promoting activities (i.e., SEA and SEE), not all SEs act as CTCL stimulatory agents
(e.g., TSST-1) [17]. Strain-level specificity was already shown to be related to AD and
psoriasis at their disease severity [91,111]. Hence, not only the presence of S. aureus, but
also the specific strain may be responsible for disease stimulating actions. Since TSST-1 was
associated with the specific TCR V3 family TRBV20 [8,29], but did not elicit stimulating
activites in vitro [17], these conflicting results warrant further investigations.

+Activation + Maturation, MZ=M1
HIFM-y +IL-12 +IL-12

Cell-cell contact | Tumor immunity

Figure 4. (A) Malignant T-cells often express a monoclonal TCR-V-beta chain with decreased function
of the whole TCR complex. Hence, SEs do not stimulate the TCR directly but through activation
of benign T-cells. (B) SEs bind to MHC II expressed on malignant T-cells, which crosslink to TCR
of benign T-cells. Subsequently, establishing T-T-cell interaction and IL-2 is expressed. (C) These
signals induce IL-10 expression, which dampens the immune response via impaired maturation of
DCs, repressed expression of Thl cytokines (interferon-g, IL-12), inhibition of T-cell activation and
promoted development of M2 macrophages. Reprinted with permission from ref. [105]. Copyright ©
2014 American Society of Hematology.

4.4. S. aureus Eradication

Because hospitalized CTCL patients suffer from recurrent staphylococcal sepsis, sys-
temic antibiotic treatment is often applied. However, as a side benefit, rapid clinical
improvement of CTCL burden in some patients has been observed [29,68]. In an early
study, absence of S. aureus after antibiotic treatment over several months was linked to a
decline in disease severity in 2 patients [112]. Another study reported skin improvement in
the majority of 33 CTCL patients who are S. aureus positive after administering oral and
topical (nares) antibiotic agents over a course of several months. Response to treatment
was observed over all disease stages [84].

Lindahl et al. [113] showed that decreased CTCL severity and S. aureus colonization
after antibiotic treatment is linked to a decrease in malignant T-cells and normalization of
several markers and pathways typically upregulated in CTCL: Systemic antibiotics were
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applied to six advanced stage MF patients and two SS patients over 24 days, who did
not respond to standard treatment. Eradication of S. aureus resulted in significant disease
improvement and a decrease in malignant T-cells depicted as the relative frequency of
the most dominant TCR-beta clone. Microarray gene expression analysis revealed nor-
malization of markers for cell proliferation, inflammatory response, neoplasia and the
Stat3 and IL-2 pathways compared to healthy controls, even one month after cessation
of antibiotic treatment. In isolated primary malignant cells, Staphylococcal enterotoxin A
(SEA) led to an activation of Stat3 and IL2-Receptor, while antibiotics showed no effect.
Together these findings strongly suggest that S. aureus directly or indirectly stimulate CTCL
tumour cells, and that antibiotic mediated disease relief is depended [113]. Unfortunately,
S. aureus re-emerges quickly in most patients after termination of systemic antibiotic appli-
cation. This finding emphasizes the clinical need for appropriate management of CTCL
infections. Lifelong antibiotic therapy is not feasible due to antibiotic side-effects and the
risk of new antibiotic resistances [114]. One third of CTCL patients colonized by S. aureus
are methicillin-resistant S. aureus (MRSA) [115], hence non-antibiotic treatment options
are warranted. Duvic et al. [116] reported a new treatment regimen combining systemic
antibiotics, antiseptic whirlpool bathing, corticosteroids with alternating topical antibiotics
as well as antiseptic creams applied to ulcers, resulting in profound clinical response [116].

5. Conclusions

CTCL presents with substantial clinical and transcriptional heterogeneity that might
originate from adaptive and functional plasticity of malignant T-cells [7,10,53,54]. However,
S. aureus can highly influence disease course and eradication of this pathogen may result in
profound clinical improvements [68,113]. CTCL patients have a dysfunctional skin barrier
and are susceptible to infections [67]. On the single cell level, several pathways and differ-
ential expression of AMPs strongly suggest exogenous impact of pathogens [12,51,52,54].
In particular, a consistently higher activation score of skin T-cells in comparison with their
blood counterparts and benign skin T-cells indicate the cutaneous microenvironment to
promote expansion of malignant T-cells [53]. Some data suggest that microbial stimuli could
lead to a homogenization of the transcriptional profile of malignant cells [53]. S. aureus
seems to foster expansion of a specific TCR V3 family [8], thereby skewing malignant cells
to a few clones. Since S. aureus constitutes only a minor part of the complex microbiome on
human skin with many other microbes orchestrating human health and disease [19], other
microbes may also be implicated in CTCL. Only few microbiome studies dealing with CTCL
have been carried out so far. They deliver not yet a consistent picture but rather seemingly
display microbe colonization to be patient and CTCL stage dependent [20,21]. Since some
microorganisms have protective properties for the host [31,32,96], the specific microbial
community composition on CTCL lesions can be crucial for the virulence of pathogens.
Taken together, while specific microorganism like S. aureus could lead to a homogenization
of transcriptional response, observed transcriptional heterogeneity might at least in part
also be attributed to differential microbial colonization between CTCL lesions and between
CTCL patients. Of course, it could also be speculated that transcriptional heterogeneity
of CTCL itself leads to the observed microbiome patterns. Thus, there could also be a
reciprocal influence of the microbiome and transcriptome in CTCL. Studies investigating
mechanistic relationships are needed to clarify this “chicken-and-egg” situation.

There is no curative therapy available until today and optimal treatment remains to
be elucidated [117]. Early stages have comparably good 5-year overall survival and thus
maintenance of stable disease is important [118]. Additionally, CTCL patients frequently
suffer from pain, pruritus, as well as disfigurement consequently affecting health-related
quality of life [119]. Shaping the microbiome as personalized skin precision medicine might
be an option to relieve symptoms and prevent disease progression [120]. Recently, bacterio-
therapy to control S. aureus in AD patients was successfully tested in a phase 1 clinical trial
presumably leading to improvement in eczema severity [121]. However, understanding
the complex microbiome patterns of CTCL is still in its infancy. Strain level diversity of
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colonizing pathogenic and protective microorganisms on MF lesions remains to be illu-
minated to add knowledge about possible treatment regimen. In addition, investigating
temporal microbial community shifts might be of interest as suggested by associations with
AD opposed to healthy skin [92,122-124]. Owing to first hints about distinctive character-
istics between cutaneous malignancies as well as between CTCL stages [20,30], microbial
approaches could also be utilized as prognostic and diagnostic tools [120,125]. Further
studies are needed to shed light on the relationship between CTCL and its microbiome.
The high level of transcriptional heterogeneity on the single cell level emphasizes the
need to expand the given results in bigger cohorts. Research is warranted to understand
the (reciprocal) influence of differential microbial colonization on single tumour cells and
its microenvironment.
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Markus Meissner®, Stephan Grabbe', Ralf Heermann ®? & Volker Mailinder ® ¢

Mycosis fungoides (MF) is the most common entity of Cutaneous T cell ymphomas (CTCL) and is

characterized by the presence of clonal malignant T cells in the skin. The role of the skin microbiome for
MF development and progression are currently poorly understood. Using shotgun metagenomic

profiling, real-time gPCR, and T cell receptor sequencing, we compared lesional and nonlesional skin
of 20 MF patients with early and advanced MF. Additionally, we isolated Staphylococcus aureus and
other bacteria from MF skin for functional profiling and to study the S. aureus virulence factor spa. We

identified a subgroup of MF patients with substantial dysbiosis on MF lesions and concomitant
outgrowth of S. aureus on plague-staged lesions, while the other MF patients had a balanced
microbiome on lesional skin. Dysbiosis and S. aureus outgrowth were accompanied by ectopic levels
of cutaneous antimicrobial peptides (AMPs), including adaptation of the plaque-derived S. aureus
strain. Furthermore, the plaque-derived S. aureus strain showed a reduced susceptibility towards
antibiotics and an upregulation of the virulence factor spa, which may activate the NF-kB pathway.
Remarkably, patients with dysbiosis on MF lesions had a restricted T cell receptor repertoire and
significantly lower event-free survival. Our study highlights the potential for microbiome-modulating

treatments targeting S. aureus to prevent MF progression.

Mycosis fungoides (MF) is a lymphoproliferative disorder of skin homing T
cells and the most common entity of the heterogenous group of cutaneous T
cell lymphoma (CTCL)'. MF patients usually present with multiple lesional
areas in the skin that are classified into patches, plaques, and tumours, based
on the extent of neoplastic T cell infiltration, the degree of inflammation and
disease activity'”. Clinical stages range from IA to IVB and consider, besides
the skin lesions, also involvement of extracutaneous sites like the blood
compartment’. Most patients keep in early-stages for their whole life (IA-
ITA), yet up to one third of patients progresses to advanced stages within
10 years after diagnosis. In such cases, the 5-year overall survival drops
dramatically from ~80% in early stages to 18% in most advanced stages™’
and may be accompanied by dissemination of malignant T cells into other
organs"’. Despite a better understanding of CTCL in recent decades,
genomic drivers of MF pathogenesis remain elusive"**”. In consequence,

there are no effective or sustainable therapies for advanced stage CTCL with
the exception of hematopoietic stem cell transplantation, which comes with
severe side effects'’. As cure is not achievable but long-term survival is
possible, maintenance of stable disease is aspired"""’.

Postulated mechanisms of MF pathogenesis include the persistence of
viral or bacterial agents from the skin microbiome that maintain chronic T
cell expansion and cutaneous inflammation"*"*. The importance of the skin
microbiome for MF pathogenesis has previously been shown in a CTCL
mouse model. Here, CTCL progression was attenuated under germ-free
conditions and aggravated in the presence of microbiota”. In addition,
systemic antibiotic therapy of MF patients sometimes leads to remission'* ",
and a number of studies suggest that Staphylococcus aureus can facilitate MF
progression'*”’. However, S. aureus is also a commensal of the physiological
skin flora in healthy individuals® and not all MF patients benefit from .
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aureus eradication'*”. Therefore, we hypothesized that MF patients have a
more significant disturbance of the skin microbiome beyond the mere
presence of pathogenic microbes like S. aureus.

So far, several reports characterized the MF skin microbiome™ ™ and
indicated that (a) a destabilized microbiome and**** (b) the abundance of
certain microbial genera like Cutibacteria or Staphylococci’**® might be
associated with disease severity. However, statistical significance was largely
not reached, likely because of small sample sizes®, characterization
approaches that lacked resolution at the microbial species level, or because
samples were not categorized based on clinical or lesional stages™.

In this study, we investigated the role of the skin microbiome for MF
pathogenesis in 20 patients with early- and advanced-stage MF using
metagenomic sequencing, RT-qPCR and T cell receptor sequencing
(TCRseq). We show that a subgroup of patients exhibited a substantial
dysbiosis on MF lesions with concomitant outgrowth of S. aureus on plaque
(termed ASA-positive) as compared to nonlesional skin, while the other
subgroup had a balanced microbiome on these lesions (termed ASA-neu-
tral). The perturbations in the former group might be caused by ectopic
antimicrobial peptides eradicating the normal skin flora. While in the ASA-
neutral subgroup physiological microbes with anti-S. aureus activity accu-
mulated, the ASA-positive subgroup was dominated by S. aureus. Clinical
isolate of this species showed increased adaptation to AMPs, which likely
contributed to its outgrowth. Furthermore, S. aureus strains from lesional
skin showed resistance towards common antibiotics and were highly
virulent, thereby evading the host immune response and assaulting the T cell
receptor repertoire. In addition, we observed a potential gain-of-function
mutation in the virulence factor spa possibly rendering it highly potent to
activate the NF-«kB axis, a frequently overactivated feature in MF patient
subgroups with progressive disease”™". In accordance, we observed con-
siderably reduced event-free survival in the ASA-positive subgroup. Our
study highlights the importance of the skin microbiome for MF patho-
genesis, thus opening new options for the treatment of MF.

23-27

Results

Characteristics of patient cohort and clinical specimens

To investigate the microbiome on MF lesions, we analysed metagenomic
samples from patches (n=19), plaques (n=15) and nonlesional skin
(n=31) of 20 MF patients (8 females, 12 males) recruited from two skin
cancer centres in Germany (Mainz, n = 14 patients and Frankfurt, n=6
patients). Nonlesional skin from the contralateral body site of the same
patients served as controls. Clinical samples were collected from patients
with MF stages IA - IIB, with 15 patients displaying early-stage MF (stages
IA-ITA), and 5 patients suffering from advanced-stage MF (IIB). We did not
include tumour-stage lesions because these often ulcerate and might thereby
offer a unique microbial habitat due to their moist wound characteristic"**.
The mean age at sampling was 66.4 + 11.7 years, and the mean age at first
diagnosis of MF was 60 + 11.2 years. Patients were treated with common
therapy (Table 1). In addition to metagenomic samples, that were collected
for the entire patient cohort, we obtained skin punch biopsies from lesional
and adjacent skin, as well as peripheral blood in a subset of patients. RT-
qPCR (N =24) was performed from the skin punch biopsies to study
expression levels of antimicrobial peptides (AMPs). T cell receptor
sequencing (TCRseq) was carried out on a total of 16 skin samples and 5
blood samples, obtained from 10 patients. Living bacterial isolates were
picked from plaque and nonlesional skin of one patient (Patl) and from
healthy subjects. The patients clinical course including events (defined as
death, start of new therapy and disease progression) and the time from
observation start to event (TTE) were assessed. A summary of the patient
characteristics is given in Table 1.

Analysis of rarefied microbial reads shows a dysbiosis on lesional
MF skin

In a first analysis we clustered taxonomic profiles that were generated from
rarefied metagenomic samples (Fig. 1a). As expected, clustering showed a
strong grouping of specimens derived from the same patient, which justified

our approach of using intra-patient controls’'. By contrast, we observed no
significant differences in the microbiome composition between the two
study centres, and therefore did not consider these in subsequent analysis
(see also Supplementary Fig. 1d). Overall, lesional samples appeared to have
a lower microbial diversity compared to nonlesional controls. Remarkably,
some patch and plaque samples from different patients clustered together,
showing that the microbiome on lesional skin was altered in a uniform
manner. To test whether the composition of the microbial community on
patches and plaques differed from that of nonlesional skin, we calculated
Shannon indices and Bray-Curtis dissimilarities from rarefied microbial
reads. The a-diversity was reduced on MF lesions, with patch stage showing
the strongest effect, but significance was not reached (Fig. 1b). However,
[-diversity revealed a significant instability of the microbiome on MF lesions
that increased with exacerbation of MF lesions (Fig. 1c). Moreover, a- and
B-diversity of plaque skin exhibited a bimodal distribution. Several samples
showed a strongly decreased Shannon Index and an affected microbiome
stability, whereas others resembled the diversity-metrics of nonlesional skin.
Notably, except for age, no significant associations with other demographics
of the study cohort were found (Supplementary Fig. 1). We found a slightly,
rather heterogenous decrease in microbial diversity with increasing age.
Decreased microbial diversity is a known feature in elderly people® and was
therefore to be expected. Interestingly, elder people were described to have
reduced colonization with S. aureus™. Together, these results showed that
dysbiosis is a common feature of MF lesions, which increased with
exacerbation.

S. aureus colonization stratifies the MF patient cohort into two
subgroups with distinct microbiome patterns
To understand which species accounted for the observed microbiome pat-
terns on lesional skin, we set up a generalized linear mixed model (GLMM)
using MaAsLin2”. We tested for differences in the abundance of microbial
species on patches and plaques compared to nonlesional skin while adjusting
for sequencing depth and the individuality of the patient’s microbiome. Using
this approach, we found that S. aureus was highly enriched on plaque while all
other significantly associated microbial species were extremely reduced on
patch and plaque (Fig. 2a, Supplementary Table 3). Among them were S.
hominis, S. epidermidis and Cutibacterium acnes. These commensals can
control S. aureus growth in other inflammatory skin conditions ™ and
confer decreased release of inflammatory cytokines as well as recruitment of
leucocytes in skin wounding healing

When plotting the relative abundance of S. aureus patient-wise and
differentiating between lesional stages, we noted a patient stratification into
two subgroups: In one subgroup, the relative abundance of S. aureus did not
change from nonlesional skin to plaque stage. In the other subgroup how-
ever S. aureus abundance substantially increased from nonlesional skin to
plaque stage. We therefore referred to the first group as A S. aureus-neutral
(ASA-neutral) and to the other group as A S. aureus-positive (ASA-positive)
(Fig. 2b). Strikingly, when stratifying the a-diversity (Shannon Index) to the
defined patient subgroups, the observed bimodality resolved: ASA-positive
patients exhibited a significantly reduced a-diversity on plaques, and ASA-
neutral patients in turn had a plaque microbiome which was as diverse as
that on nonlesional skin (Fig. 2¢). Likewise, the three commensals with anti-
S. aureus activity were more prominent on plaques of ASA-neutral patients,
albeit this association was above statistical significance (p = 0.05-0.14). This
might be attributed to the fact that every plaque lesion of ASA-neutral
patients was dominated by only one of the three commensals with anti-S.
aureus action while the other two were minor constituents of the skin flora
(Fig. 2d-f). When compiling S. hominis, S. epidermidis and C. acnes, S.
aureus-inhibiting microbes were significantly more abundant on plaque
than on nonlesional skin of ASA-neutral patients (Fig. 2g).

Increased and sustained expression of cutaneous antimicrobial
peptides could lead to skin dysbiosis

The skin expresses a diverse repertoire of antimicrobial peptides (AMPs) to
control microbial colonization and ensure epithelial integrity*"*. Under
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Fig. 1 | Analysis of rarefied metagenomic profiles. a Clustered taxonomic profiles
of the 25 most abundant species present on nonlesional skin, patch, and plaque.
Reads were rarefied to common depth prior to assignment of taxonomy. n = 32
metagenomic samples were left after rarefaction and included in the clustered
heatmap. Displayed is the relative abundance in percent. b a-diversity (Shannon-

Index) of n = 32 rarefied metagenomic samples (15 nonlesional, 8 patch, 9 plaque),
one-way ANOVA corrected for multiple comparisons (Dunnett’s test), dot plots
with median and interquartile range. ¢ B-diversity (Bray-Curtis) dissimilarities,
pairwise PERMANOV A, dot plots with median and interquartile range. 2 degrees of
freedom in b and c.

steady-state conditions, AMPs are constitutively produced at low rates but
increase upon injury or inflammation*"*. MF is characterized by an
inflammatory microenvironment and lesions might persist over long time
periods”. In order to evaluate whether cutaneous AMPs may have con-
tributed to the skin dysbiosis we obtained skin punch biopsies from the same
MF lesions sampled for metagenomic profiling and analysed AMP
expressions levels using RT-qPCR. Adjacent nonlesional skin served as
control. RNA expression levels of the AMPs hBD2, hBD3, S100A7, and the
calprotectin forming SI00A8 and S100A9 were significantly increased in MF
lesions but did not significantly differ between patch and plaque stage (Fig.
3a). This observation is consistent with the fact that these AMPs are known
to be regulated by microbial recognition mechanisms***“. In contrast, hBDI
and LL-37 are known to be constitutively expressed rather than

inducible*>*, which is in agreement with our results (Fig. 3a).

Next, we examined whether ectopic AMP levels affect growth of
cutaneous bacterial species found on MF lesions. Clinical isolates of S.
aureus and S. hominis were picked from plaque skin of Patl (termed S.
aureus MFMZ1 and S. hominis MFMZ1, respectively). S. aureus (EMO1)
and S. epidermidis (MVO01) picked from 2 healthy subjects served as negative
controls. Another clinical S. aureus isolate historically picked from pleural
fluid back in 1884 (S. aureus Rosenbach 1884, strain DSM11823) served as
positive control”. All bacterial samples were exposed to increasing con-
centrations of hBD1, hBD3, LL-37 and calprotectin (a heterodimer con-
sisting of SI00A8 and S100A9).

Clinical isolates S. aureus MFMZ1, S. hominis MFMZ1 and S. aureus
DSM 11823 survived at low concentrations of hBD3 (1 pg), while healthy
subject-derived S. epidermidis MV01 was eradicated. All strains survived at
low concentrations of LL-37 (1 pg, Fig. 3b). This was to be expected, because
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Fig. 2 | Differential abundance analysis of microbial species for N = 65 meta-
genomic samples. a log2 fold-change (log2fc) of microbial species present on patch
(n=19) and plaque (n = 15) compared to nonlesonial skin (n =31). b S. aureus
relative abundance increases from nonlesional skin to plaque in the ASA-positive
subgroup, while this is not the case for the other subgroup (ASA-neutral).

c-g, Shannon-Index and relative abundances of bacteria stratified to ASA-sub-
groups. Shannon Index is based on n = 32 metagenomic samples rarefied to com-
mon depth as in Fig. 1b. Depicted are dot plots with median and interquartile range,
Kruskal-Wallis test (b, d-g) or one-way ANOVA with correction for multiple
comparisons.

LL-37 was constitutively expressed in nonlesional skin and was also not
induced by the disease (Fig. 3a). Hence, bacterial skin colonization requires
resistance to LL-37 at least at low concentrations. Interestingly, S. aureus
MFMZ1 showed the least reduction in survival at high concentrations of
hBD3 and LL-37 compared to all other strains tested. (Fig. 3c). Furthermore,
exposure to calprotectin resulted in decreased survival of only S. hominis
MFMZ1, a bacterium with potential anti-S. aureus properties™’. Surpris-
ingly, hBD1 had a paradoxical effect on S. aureus MFMZ1, even augmenting
its survival, while the survival of all other tested strains remained unchanged
or decreased (Fig. 3¢).

These data demonstrate that clinical isolates of S. aureus, and parti-
cularly that obtained from plaque of an MF patient, have considerable
survival advantages under ectopic AMP application. As neoplastic T cells
and reactive leucocyte infiltrate accumulate in MF lesions over time, plaques

can be expected to persist longer than patches and, accordingly, the
microbiome on plaques is exposed longer to high AMP levels than the
microbiome on patches (and nonlesional skin). Given the fact that skin
dysbiosis is most accentuated in patch stage (Fig. 2a), our results collectively
indicate that most of the physiological skin flora is eradicated upon onset of
increased AMP production. With ongoing persistence of MF lesions and
high AMP levels, MF skin commensals eventually adopt to the new envir-
onmental conditions and (re-) colonize MF lesions.

MF skin lesions are colonized by distinct S. aureus strains that
outgrow other MF skin commensals

We next asked why S. aureus outgrows only in the ASA-positive subgroup.
Given the substantial survival advantages of S. aureus under high AMP
expression levels and the observation of skin dysbiosis exclusively in the
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Fig. 3 | Cutaneous AMPs disturb the skin microbiome. a RNA expression level of
antimicrobial peptides. Punch biopsies were taken from MF lesions (n =7 patch,

n =5 plaque) and adjacent nonlesional skin (n = 12). Expression levels were deter-
mined with RT-qPCR and normalized to GAPDH. S100A8 and S100A9 together
form the heterodimer calprotectin. Depicted are bar plots with median and inter-
quartile range, Kruskal-Wallis test with multiple comparison correction.

b, ¢ Activities of AMPs against Staphylococci isolates. Survival of clinical isolates

S. aureus MFMZ1 and S. hominis MFMZ1, clinical control strain S. aureus
DSM11823 as well as isolates from healthy subjects S. aureus EM01 and

S. epidermidis MVOI in presence of b, 1 pg and ¢, 5 ug AMPs. Bacterial survival was
assessed by comparing number of colony forming units (CFU) with and without
AMP treatment for each isolate and AMP. Displayed are bacterial survival for three
biological replicates in percent (b) and log2-fold change (c), respectively.

ASA-positive subgroup (Fig. 2¢), we first reasoned that cutaneous AMP
levels of the ASA-neutral subgroup would be lower compared to the ASA-
positive subgroup. Surprisingly, the AMP expression levels did not sig-
nificantly differ between lesions of ASA-neutral and ASA-positive patients
(Supplementary Fig. 2). There must hence be another factor or event
allowing S. aureus to accumulate and outgrow competitive commensals. A
potential explanation might be that S. aureus strains colonizing MF lesions
differ from their nonlesional counterparts, since S. aureus is a common
commensal of human skin flora but also a frequent pathogen in many
diseases™”. To test this hypothesis, we used the tool PanPhlAn* to profile
bacterial strains in the MF microbiome by the presence and absence of genes
in the respective species’ pangenomes. Dimensionality reduction via prin-
cipal component analysis (PCA) revealed that strains of S. hominis, S. epi-
dermidis and C. acnes did not differ between MF lesions and nonlesional
skin. In contrast, S. aureus strains present on plaques had a unique gene
repertoire, clearly demonstrating that lesional S. aureus were of a different
strain than their nonlesional counterparts (Fig. 4).

In order to validate these observations, we examined whether strain
differences seen in the computational analysis could be transferred to the
same living isolates tested before. In a disk diffusion assay, S. aureus MFMZ1
was considerably more resistant towards antibiotics typically used in the
clinic than all other tested strains (Fig. 5). While Pat1-derived S. epidermidis
MEMZ]1 and healthy subject-derived S. epidermidis MVO01 showed com-
parable susceptibilities, S. aureus MFMZ1 was notably more resistant than
its counterpart from healthy skin (S. aureus EMO01). Remarkably, the other
clinical S. aureus DSM11823 strain was sensitive towards both p-lactam
antibiotics, ampicillin and carbenicillin, as well as gentamycin, whereas S.

aureus MFMZ1 was not (Fig. 5, Supplementary Table 1). We could further
determine that S. aureus MFMZ1 was a methicillin resistant S. aureus
(MRSA) strain, while S. aureus EMO1 was not (Fig. 5b, ¢). S. aureus MEMZ1
not only demonstrated reduced susceptibility to antibiotics but also exhib-
ited the strongest adaptation to the AMP conditions found on MF skin (Fig.
3b, ¢). In particular, this strain was not only resistant to hBD1, but its growth
was even promoted by the AMP. Given that the other skin bacteria we tested
in this assay did not show this effect, and were less resistant to other AMPs,
likely provided S. aureus with an advantage over other skin commensals on
plaques.

Taken together, S. aureus present on MF lesions was of a distinct strain
that differed from its nonlesional counterpart, probably outcompeting other
skin commensals by adapting more effectively to the unique environmental
conditions of MF skin.

S. aureus strains on plaque of ASA-positive patients are highly
virulent

Because S. aureus often acts as a pathogen™, we next evaluated the virulent
properties of the microbiome present on MF lesions. Utilizing ShortBRED",
we profiled the whole metagenome sequencing (WMS) reads against the
Virulence Factor Database (VFDB)* to detect the presence of virulence
factors. Differences in virulence factor abundance between nonlesional skin
and MF lesions were evaluated using MaAsLin 2.

Here, we found numerous virulence factors that were significantly
more prevalent on plaques (Fig. 6a). Notably, the VFDB and the
literature*”* link these virulence factors to S. aureus, affirming the exclusive
increased abundance of this pathogen in plaque stage. Considering that S.
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principal component (PC) 1 being the discriminating factor. Pat15 and Pat16 each
had the same strain present on plaque and nonlesional skin, indicating that S. aureus
present on plaque spread into nonlesional areas of the skin (a). For S. hominis (b), S.
epidermidis (c) and C. acnes (d) no such differences were found.

aureus was only upregulated in the ASA-positive subgroup (Fig. 2a, b), it is
highly likely that the enriched virulence factors originated from S. aureus of
ASA-positive patients.

Surprisingly, we did not find any superantigens, which are typically
associated with disease progression in S. aureus infected CTCL
patients'””>. However, we found an enrichment of a-hemolysin (hly/hla),
another virulence factor of S. aureus, which is linked to MF pathogenesis™"”.
hly/hla can form pores in human T cells, causing cellular damage”. In the
context of MF, it was demonstrated that hly/hla preferentially induces cell
death in benign T cells over malignant T cells* and inhibits cytotoxic T cell
mediated killing of malignant T cells”. Furthermore, we identified an
enrichment of several virulence factors that have not been associated with
MEF pathogenesis before (Fig. 6a). Most of the S. aureus-associated genes are
components of larger complexes that orchestrate nutrition, immune eva-
sion, spread of infection and secretion of virulence factors (Supplementary
Material 1 provides a comprehensive overview of these virulence factors and
their functional properties). In particular, we found a differential enrich-
ment of Immunoglubin G binding protein A (spa), along with iron-
regulated surface determinant protein A (isdA) and type VII secretion
system protein D (esaD).

Since isdA was reported to confer resistance to the AMP hBD2%, this
virulence factor might have enabled S. aureus outgrowth on plaque despite
the increased RNA-levels of hBD2 in these lesions (Fig. 3a). An additional
factor for S. aureus outgrowth may be esaD, which encodes a strong bac-
tericidal for other bacteria than S. aureus, suppressing growth of competing
commensals™.

Of particular significance was the upregulation of spa on plaques: As
previously reported, this virulence factor can activate the NF-«kB (Nuclear
factor kappa-light-chain-enhancer of activated B cells) pathway via tumour-
necrosis factor-a (TNF-a) receptor 1 (TNFRI1) through conserved IgG
binding domains™*. Several studies demonstrated that the TNF-a/NF-kB
pathway is dysregulated in a subset of MF patients with poor clinical
outcome™ ', and spa could hence be the activating factor. We therefore next
investigated spa in Patl-derived isolate S. aureus MFMZ1 (spa_MFMZ1)
and not only confirmed its presence within the genome (Fig. 6b), but also
identified mutations via sequencing: Compared to spa of the S. aureus
Newman strain serving as a reference (spa_NM, UniProt ID:
A0AOH3K686), spa_ MEMZ1 had an additional octapeptide repeat
(Ins373PGKEDNNK) in the conserved IgG binding domain, resulting in a
total of 12 repeats (Fig. 6¢). It is known that the spa IgG binding domain is
composed of a variable number of octapeptide repeats and activates
inflammatory responses via interaction with the Fc fragment of IgG**"".
Strains of S. aureus with >7 repeats are generally considered more virulent as
they can bind more precisely to the Fc fragment®®. Notably, the IgG
binding domain of spa also activates TNFRI signalling through the same
octapeptide repeats®** where we detected the mutational insertion. Hence,
the mutation-dependently increased number of octapeptide repeats of spa
in the strain derived from MFMZ1 may enhance spa binding efficacy to
TNFRI and in turn pronouncedly activate the TNF-a/NF-kB axis.

In summary, these results show that S. aureus strains on plaque of ASA-
positive patients were highly virulent and shaped environmental conditions
to evade the host immune response, spread infection and may fuel disease
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Fig. 5 | Antibiotic diffusion assay. The patient derived isolates S. aureus MFMZ1, S.
epidermidis MFMZ1, and S. hominis MEMZ1 as well as positive control S. aureus
DSM11823 and negative control strains derived from healthy patients S. aureus
EMO1 and S. epidermidis MV 01 were tested on resistance towards a set of commonly
used antibiotics in the clinic. a The antibiotics were applied using a Sensi-Disk
dispenser with (1) 25 ug ampicillin, (2) 100 pg carbenicillin, (3) (23.75 ug)

sulfamethoxazol + (1.25 ug) trimethoprim, (4) 15 ug erythromycin, (5) 10 ug gen-
tamycin, and (6) 5 pg novobiocin. b, ¢ The strains were additionally tested on
methicillin resistance using 5 ug and 20 pg methicillin applied on sterile filter disks.
The inhibition zone diameter for S. aureus MFMZ1 and DSM11823 strains was <
9 mm, which indicates resistance towards methicillin according to the clinical and
laboratory standards institute (CLSI'*).

progression, as deduced from the potential gain-of-function mutation of spa
in the MFMZ]1 strain.

S. aureus assaults the T cell receptor repertoire and might pro-
mote malignancy and dissemination via spa

To assess a potential impact of S. aureus and its identified virulence factors
on the malignant and benign T cell infiltrate, we further performed T cell
receptor (TCR) sequencing in the skin and blood of MF patients. Surpris-
ingly, although one might expect a skewed TCR repertoire in MF lesions due
to the expansion of malignant T cells, instead, abundance and diversity
increased with lesional stage (Fig. 7a, b). This augmentation might have been
caused by tumour infiltrating lymphocytes (TILs)”’ and the expansion of
more than just a single malignant clone resulting in oligoclonality”' ™.
Indeed, oligoclonality was detected in most MF lesions (Fig. 7d-k). Intri-
guingly, the TCR repertoire in plaques of the ASA-positive group was
reduced (Fig. 7a, b). In addition, gene usage analysis of the T cell receptor 8
variable (TRBV) revealed that TRBV5-1, which another research paper
linked to TILs in MF%, was strongly expanded in plaque of the ASA-negative
group but not in plaque of the ASA-positive group (Supplementary Fig. 3).
We assumed that the reduction of both total TCR repertoire as well as
TRBV5-1 in plaque of ASA-positive patients could be due to the virulence
factor hla. Hla is known to kill benign T cells in MF**”’, and we found this

virulence factor enriched in the ASA-positive subgroup (Fig. 6a). Collec-
tively, our data indicate that S. aureus affected the balance between malig-
nant T cells and benign tumour infiltrating T cells.

We next examined whether T cells of MF patients were directed against
the S. aureus virulence factors identified as enriched on plaque (Fig. 6a).
Corresponding epitopes were obtained from the Immune Epitope Database
(IEDB)”, or, when not available in the IEDB, computationally predicted for
both Major Histocompatibility Complex class I (MHC-I) and IT (MHC-II).
Binding Scores were calculated for the most abundant TCRs of a given
sample and each of the epitopes (obtained and predicted) of S. aureus
virulence factors. As expected, TCRs in patch, plaque and blood showed a
significantly higher affinity for S. aureus virulence factors compared to
TCRs in nonlesional skin (Fig. 7c). The increased binding affinity in blood
and patch might be due to recirculation of benign skin resident T cells being
called to sites of inflammation’®” as well as the recently described effect of
clonal seeding by malignant T cells”"”*”. Analogues to the TCR repertoire,
the binding affinity of TCRs in ASA-positive plaques was lower compared to
ASA-neutral plaques, probably caused by the virulence factor hla which
preferentially kills benign reactive infiltrate over malignant T cells™”".
Notably, dominant T cell clones of MF lesions were also detected in non-
lesional skin and the blood (Fig. 7d-k). In all tissues tested, the MHC-II
epitope of spa was among the epitopes that was recognized most often by
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Fig. 6 | Virulence factors of the MF microbiome. a Differential abundance analysis
of the virulence gene repertoire. Displayed are log2 fold-change (log2fc) of virolence
genes on patch (n =19) and plaque (n = 15) compaired to nonlesional (n = 31).

b Agarose gel electrophoresis of spa genes from Staphylococci isolates after PCR
amplification. From left to right: spa from S. aureus MFMZ1, S. aureus DSM11823
(positive control), S. epidermidis MVO01 (negative control), and S. aureus EMO1. All
detected spa genes are located between the 1500 and 2000 bp line. ¢ ClustalQ

alignment of spa from S. aureus MFMZ1 (spa_MFMZ1) with spa from the S. aureus
Newman strain (spa_NM, UniProt ID: AOAOH3K686). spa_ MFMZ1 was found to
be 24 bp/8 aa longer than spa_NM (1551 bp/516 aa vs. 1527 bp/508 aa) due to the
insertion of an additional octapeptide repeat (marked in orange) in the conserved
IgG binding domain (marked in green). Furthermore, amino acid variations could
be detected in the B-domain (S199A, K215N, marked light blue) and in one of the
octapeptide domains of spa_ MFMZ1 (N349K, G403N, marked in yellow).

TCRs (Supplementary Fig. 4). MHC-II interacts with the TCR of
CD4 + T cells, which is the T cell subset that undergoes malignant trans-
formation in MF”’. As already outlined above, spa is known to activate NF-
B and to trigger inflammation®**®, typical characteristics of progressive
MF. Collectively, our results indicate that the plaque-enriched S. aureus
virulence factors, and of these especially spa, were recognized by T cells in
MF lesions and that those clones might disseminate into other tissue
compartments, thus driving pathogenesis.

ASA-positive patients have an inferior event-free survival

We demonstrated that S. aureus strains on MF lesions differed from non-
lesional counterparts being highly virulent, and dominated the plaque
microbiome of ASA-positive patients, which had a comprised TCR reper-
toire that specifically recognized S. aureus virulence factors. Hence, the ASA-
positive subgroup might undergo a more severe course of disease. Therefore,
the clinical response of the MF study cohort was monitored while patients
were treated with approved MF therapy adequate to the patients’ individual
situation. Event-free survival (EFS) was evaluated using Kaplan-Meier
analysis. Events were defined as death, start of new therapy and disease
progression. Two out of 20 patients were lost to follow-up (LFU) for clinical
assessment and therefore excluded from analysis. 9 out of 18 patients

experienced an event during the observation period (2.5-18.4 months,
median 11.5). Metrics are summarized in Table 1.

Patients in the ASA-positive group exhibited a strikingly inferior EFS
with a hazard ratio of 11.91 (95% confidence interval 1.44 to 98.36) (Fig. 8).
Median EFS was 2.6 months in the ASA-positive group and not reached in
the ASA-neutral group. No EFS associations were found for age and gender,
however, EFS was significantly lower for patients treated systemically and
when undergoing radiotherapy, respectively (Supplementary Fig. 5a, b).
This is to be expected as these lines of therapy are chosen in advanced-stage
or refractory early-stage MF*, and are thus associated with poor clinical
course’. The cohort analysed consists of 14 patients in early-stage (IA-IIA)
MEF and 4 patients in advanced-stage (IIB) MF. Since advanced-stage MF
tends to progress faster than early-stages’, joining clinical stages should be
considered with caution. Notably, the four 4 stage IIB MF patients were
distributed equally between the ASA-subgroups (two each) and indepen-
dent Kaplan-Meier analysis of early- and advanced stage MF patients
yielded similar results (Supplementary Fig. 5d, e) as the joint analysis
depicted in Fig. 8.

This demonstrates that the skin-microbiome stratifies MF patients into
two subgroups with distinct clinical outcomes, opening-up the potential of
new treatment regimens.
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Discussion

An increasing body of evidence demonstrated the profound impact of
human body colonizing microbes on the cancer disease course, espe-
cially enabled by the advent of new sequencing technologies®'. While the
gut microbiome has been in the focus of investigations, the skin
microbiome is increasingly recognized for its role in modulating the
cutaneous immune system and its resulting implications for several
inflammatory and neoplastic skin conditions*. A convincing body of
evidence proposes the influence of single bacterial agents, especially S.

aureus, on MF pathogenesis'* . However, S. aureus is also a physiolo-
gical commensal on healthy skin”' and not every MF patient was found
to be skin colonized by this species'”". Additionally, while systemic or
topical antibiotic treatment successfully eliminated S. aureus in the
majority of culture-positive MF patients, only 53% - 58% responded to
therapy'**.

In this study, we investigated the role of the skin microbiome in 20 MF
patients using metagenomic sequencing. We obtained several findings that
give novel insights into the pathophysiological role of the skin microbiome
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Fig. 8 | Event-free survival Kaplan-Meier curves. Patient Enrolment started in
September 2020 and was completed in April 2021. The follow-up period lasted until
May 2022. The Log-rank test was used to determine differences between survival
curves (1 degree of freedom).

for MF progression along with potential mechanisms that underly these
distinct changes:

First, we were able to identify microbiome patterns that stratified our
patient cohort into the two subgroups ASA-positive and ASA-neutral. In the
ASA-positive subgroup, the relative abundance of S. aureus increased from
nonlesional skin to plaque, a significant dysbiosis existed on plaque, the TCR
repertoire was assaulted and EFS was strongly decreased.

Second, we observed an overexpression of AMPs in MF lesions as
compared to nonlesional skin, which is in accordance with previous
reports***. In addition, our results revealed that clinical isolates of MF skin
commensals were more resistant to several of these AMPs as compared to
microbial isolates from healthy skin. Notably, the AMP hBD1 even aug-
mented growth of plaque-derived S. aureus (Fig. 3c), probably acting like a
co-factor. Therefore, we reasoned that the sustained and sublytic expression
of AMPs might initially eradicate the physiological skin flora while, even-
tually, some commensals adopt to the new conditions and develop resis-
tances, allowing them to live under ectopic AMP levels of MF skin. Besides
this indirect disease promoting effect, AMPs may also directly drive MF
progression. In particular, AMPs were reported to recruit CD4" (memory)
T cells**”, which represent the neoplastic T cell subtype in MF”. This
interaction might result in a positive feedback loop in which the production
of AMPs recruits neoplastic T cells, that enhance the inflammatory
microenvironment and augment AMP levels. Although AMP expression
levels were increased in MF lesions, they did not differ between ASA-positive
and ASA-neutral patients. Thus, enhanced AMP levels might not explain
the molecular and clinical differences of the two patient subgroups.

Rather, this study identified that S. aureus strains on plaques of the
ASA-positive subgroup were distinct from their nonlesional counterparts,
displaying a unique gene repertoire and being considerably more resistant
towards commonly used antibiotics than all other tested bacteria. Further,
we identified several virulence genes that were enriched in the plaque
microbiome of ASA-positive patients. Interestingly, our analysis did not
reveal the presence of staphylococcal superantigens within the pool of
virulence genes, which have been regarded as a significant factor in S.
aureus-dependent MF progression so far””>*>, Instead, our attention was
drawn to the virulence factor spa. It has been shown that spa activates the
NF-kB pathway and induces inflammation by serving as ligand for the
TNFR1*%. Also, it was reported that S. aureus triggers the release of TNF-a
in keratinocytes™, which in turn may activate NF-kB in malignant T cells in
a paracrine fashion. In line, several studies showed that the NF-kB pathway
is recurrently deregulated in a subset of MF patients with an inferior disease
course™ ", Notably, our results revealed that spa of the plaque-derived S.
aureus isolate MFMZ1 contained a potential gain-of-function mutation that

may render it even more potent in activating the TNFRI1/NF-kB
axis™* % Therefore, stimulation of the NF-kB pathway by spa could
account for the inferior EFS of the ASA-positive subgroup. Consistent with
these findings, our results from TCRseq demonstrated that plaque-enriched
S. aureus virulence factors, and spa in particular, were recognized by T cells
in MF lesions. Given that those clones also presented in blood and nonle-
sional skin, indicates that these specific T cell clones might disseminate into
other tissue compartments, thus driving pathogenesis.

Collectively, our results provide a strong rationale for treating MF
patients with microbiome-modulating drugs. Since we showed that the
presence of S. aureus alone is not necessarily associated with an aggravated
disease course, we suggest stratifying MF patients into ASA-subgroups
rather than subjecting all S. aureus-positive MF patients to antibiotic
therapy'®”. In addition, more precise microbiome-modulating drugs are
warranted because antibiotics also eradicate the physiological skin flora and
provoke microbial resistances™”'. An appropriate therapeutic approach
could be bacteriotherapy by transferring the microbiome or a single bac-
terial species of nonlesional skin onto MF lesions. In previous reports, S.
epidermis was found to inhibit growth of malignant cells in skin neoplasms
in vitro and in vivo while sparing normal keratinocytes™. Moreover, a
clinical phase 1 trial showed that patients with atopic dermatitis (AD)
benefit from re-introduction of an S. hominis strain onto AD lesions that
was isolated from nonlesional AD skin”. AD and MF share some molecular
characteristics of the inflammatory microenvironment’” and, moreover,
some MF microbiome patterns identified by us in the present study were
also observed in AD. In particular, AD severity is associated with an increase
of S. aureus, concomitant a-diversity decrease™, and distinct S. aureus
strains between AD lesions and nonlesional skin’’. Thus, re-introduction of
S. hominis on MF plaque may be a therapeutic option. In addition, our
results suggest that S. epidermidis, S. hominis and C. acnes could help to
maintain stable disease in MF patients as those commensals were sig-
nificantly counterbalanced to S. aureus in the ASA-neutral group exhibiting
fewer progressive events. In line, all three commensals were found beneficial
for protection against S. aureus in clinical settings™ ™.

Limitations of our study are the small patient cohort, the location of the
two study centres that lie within the same geographic area which mightadd a
selection bias to the S. aureus strains’, the small amount of patients from
which clinical microbial species were isolated, and the relatively short
follow-up period for the usually indolent course of MF. Furthermore, the
lack of a healthy control group would have allowed for more definitive
conclusions on the composition and the functional properties of microbes
found in nonlesional skin of MF patients. In particular, our analysis could
not identify a specific factor or event that facilitated S. aureus outgrowth on
plaques of ASA-positive patients, after most of the normal skin flora is
eradicated upon the onset of aberrant AMP expression. Since we demon-
strated that lesional S. aureus strains differed from their nonlesional
counterparts, it may be possible that ASA-positive patients were overgrown
with this virulent S. aureus strain during a period of decreased microbial
defence barrier, opening a “window of opportunity”. In turn, ASA-neutral
patients did not experience such an event and their skin microbiome was
able to recover, (re-)building an intact microbial defence barrier. Additional
research involving larger patient cohorts, an expanded range of clinical
bacterial isolates, and functional assays is required to elucidate the under-
lying cause of S. aureus overgrowth in the ASA- positive subgroup.

Also, we cannot definitively determine whether the disturbance in the
microbiome was a consequence of our proposed mechanism, where initial
infiltration of malignant T cells led to ectopic AMP expression, or if the skin
was rather initially infected with a virulent and AMP-resistant S. aureus
strain, triggering ectopic AMP levels resulting in secondarily acquired
dysbiosis. Of note, S. aureus was more abundant on nonlesional skin of
ASA-positive patients (Fig. 2b), which would support the alternative
hypothesis at first sight. In contrast, our results indicate that the lesional S.
aureus strain may have spread into nonlesional areas of the skin, as sug-
gested by two ASA-positive patients with the same virulent S. aureus strain
present on both plaque and nonlesional skin (Fig. 4a). In line, it was shown
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that MF patients have a comprised physical skin barrier even in nonlesional
skin, rendering them more susceptible to infections®*.

Open issues also remain about the role of C. acnes in MF pathogenesis.
While this species displays anti-S. aureus-activity™, C. acnes also is an
opportunistic pathogen in various infectious diseases and induces secondary
aggregation as well as biofilm formation of S. aureus™'”. In addition, C.
acnes can cause inflaimmation, which is a chronic condition in MF and
boosts progression'>””. Linking C. acnes to the pathogenesis of (early-stage)
MF seems therefore plausible. Indeed, C. acnes was highly abundant on
patches of ASA-positive patients (Fig. 2f). Yet, our results involved only two
data points and C. acnes was upregulated in some patches of ASA-neutral
patients as well (Fig. 2f). Further research is therefore warranted to under-
stand if C. acnes plays a role in MF pathogenesis.

In summary, our study offers comprehensive insights into the skin
microbiome of MF patients and identified dysregulation of the skin
microbiome and concomitant outgrowth of virulent S. aureus strains as
critical components that can stratify MF patients into distinct subgroups of
ME severity. The microbiome perturbations might be caused by an aberrant
AMP production, enabling the outgrowth of AMP-resistant S. aureus.
Strains of this pathogen harboured several virulent properties, most notably
the virulence factor spa, which likely drove the pathogenesis in the ASA-
positive subgroup with inferior prognosis. Although our study is explora-
tory in its nature, our data provide a strong rational to treat the skin of MF
patients with drugs that either reconstitute a physiological skin flora or build
up epithelial integrity. One possibility could be bacteriotherapy with com-
mensals that we identified being counterbalanced to S. aureus. Further
studies are needed to explore the underlying mechanism why one subgroup
experiences S. aureus outgrowth while the other subgroup is spared, if S.
aureus activates NF-kB via spa to fuel MF progression, and to delineate the
role of other commensals such as C. acnes in MF progression.

Methods

Patient recruitment and clinical specimens

Patients were recruited from two skin cancer centres in Germany, the
Department of Dermatology, University Medical Centre Mainz, and the
Department of Dermatology, Venerology and Allergology, University
Hospital Frankfurt am Main. Eligibility criteria included diagnosis of MF,
aged between 18 and 90 years, no antibiotic treatment at a minimum of
1 month prior to sampling, no showering or application of cremes and
antiseptic agents at a minimum of 24 h prior to sampling. Patients with
allergies against local anaesthetics were excluded from skin biopsies. The
following clinical specimens were taken, all at the same visit: Microbiome
swabs from lesional and nonlesional skin, skin punch biopsies from the
same lesions and nonlesional skin, peripheral blood.

Microbiome sampling and DNA extraction
We sampled up to two separate lesions from each patient. To account for the
high individuality of microbiome profiles™'”', we included intra-patient
controls instead of other subjects with e.g., healthy skin or patients with skin
conditions other than MF. To this end, we collected nonlesional skin
samples from the contralateral site of lesional samples of the same MF
patient.

procedure and DNA extraction was performed as described previously
with a few modifications™**'””, A swab-scrape-swab procedure was used to
sample microbes from the skin. Yeast cell lysis buffer from the MasterPure
Yeast DNA Purification Kit (MPY80200, Lucigen, USA) was aliquoted into
individual collection tubes holding baskets with a semi-permeable valve
(NAO™ Basket 4103CS01, COPAN, USA). A sterile swab (FLOQSwab 4N6,
NAO™ Basket 4103CS01, COPAN, USA) pre-moistened in the aliquoted
buffer was brushed vigorously over the skin and placed back into the col-
lection tube holding the basket and buffer. Then, a surgical scalpel was
carefully scraped over the same skin area and placed into the tube holding
the buffer-containing basket. This was followed by brushing the skin with
the same swab used in the first step. The swab was placed into the collection
tube and the swab head was clipped off. The collection tube was directly

placed on dry ice and stored at —80 °C until DNA extraction. The whole
sampling procedure was performed wearing sterile gloves and
surgical masks.

To extract the DNA, frozen samples were first thawed at 37 °C for
10 min on a heated shaking block. Samples were then treated with 1 pl
ReadyLyse Lysozyme solution (MGP04100, Lucigen, USA) at 37 °C for
60 min on a heated shaking block. After incubation, the sample solution was
separated from the swab head with the help of the semi-permeable valve in
the baskets by centrifuging at 12,000 g for 2 min at room temperature. The
basket containing the swab head was discarded. Then, beads (Pathogen
Lysis Tubes, 19092, Qiagen, Germany) were added into the collection tube
to mechanically disrupt cells using a TissueLyser II (85300, Qiagen, Ger-
many) for 10 min at 30 Hz. Samples were then incubated at 67 °C for 30 min
and placed on ice for 5 min. After adding 150 ul MPC precipitation reagent
from the MasterPure Yeast DN A Purification Kit, cell debris was spun down
and the supernatant was transferred to a fresh DNA LoBind Tube
(0030108051, Eppendorf, Germany). Samples were combined with an equal
volume of 100% ethanol (15420665, Fisher BioReagents, USA) and purified
using the PureLink Genomic DNA Mini Kit (K182002, Invitrogen, USA)
according to the manufacturer’s instruction. Finally, DNA was eluted in
25ul 0.1 TE.

Preparation of metagenomic libraries and Whole Metagenome
Sequencing

Nlumina sequencing libraries were created using the NEBNext Ultra I FS
DNA Library Prep Kit (E7805L, New England Biolabs, USA) in combina-
tion with NEBNext Multiplex Oligos, Dual Index Set 1 (E7600S, New
England Biolabs, USA) according to the manufacturer’s instructions.
Library qualities were assessed with the 2100 Bioanalyzer (G2939BA, Agi-
lent, USA) and Qubit 2.0 (Q32866, Invitrogen, USA). Whole Metagenome
sequencing was performed on Illumina NovaSeq 6000 at 150 bp paired-end
to an average of 47,519 million raw reads (7.13 Gbp) per sample.

To control for consistency in DNA extraction and metagenomic
library preparation, we included a standardized mock community of inac-
tivated microbial cells (ZymoBIOMICS Microbial Community Standard,
Zymo Research, USA) and thereof derived microbial DNA (Zymo-
BIOMICS Microbial Community DNA Standard, Zymo Research, USA)
that we processed and sequenced alongside the MF-metagenomic samples.
Clustering analysis of the microbial community profiles obtained from both
standards revealed high similarity between each processing batch and
concordance with the manufacturer’s specifications (Supplementary Fig. 6).

Metagenomic profiling

Preparation steps and analysis of metagenomic samples were conducted
using the bioBakery toolsuit'”’. Raw reads were first quality checked, trim-
med and human reads were filtered out with KneadData version 0.7.10,
which integrates the tools FastQC 0.11.9'", Trimmomatic 0.33'", and
Bowtie2 2.4.1'". An average of 1,312 million non-human, quality-filtered
reads (0.34 Gbp) were obtained per sample and used for all subsequent steps.
More non-human reads were retained from nonlesional skin compared to
MF lesions, probably due to the nature of MF lesions being scaly’. In con-
sequence a greater proportion of human skin cells were sampled from MF
lesions compared to nonlesional skin. A similar effect was observed in a
study investigating the skin microbiome of Psoriasis using a similar analysis
pipeline'”.

Taxonomic profiles were generated with MetaPhlAn 3.0. suc-
cessfully for a total of N = 65 metagenomic samples. Relative abundances of
each clade were obtained with the flag —analysis_type rel_ab. Taxonomic
tables of each sample were merged with the merge_metaphlan_tables.py
script and only the species level retained. To profile virulence genes, protein
sequences were obtained from the Virulence Factor Database (VFDB)*.
These were used as input to the Identify-mode of ShortBRED". Briefly,
ShortBRED clusters proteins of interest into families and finds markers for
every built family that are unique against an exhaustive database of proteins
(UniRef90). Then, ShortBRED-Quantify uses translated search to quantify
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the identified protein markers in metagenomic reads and normalizes results
to produce a functional profile. Differential abundance analyses were con-
ducted with MaAsLin 2 building a generalized linear mixed model, with
stage being the dependent variable and patient and number of non-human
reads as co-variates. Relative abundances were log-scaled and nonlesional
skin was set to reference level for the dependent variable (i.e., stage). Other
settings were left to default.

Strain profiling was performed with PanPhlAn 3.1*. The tool char-
acterizes the gene composition of individual strains by mapping metage-
nomic samples against the pangenome of a species of interest. For profiling,
the least stringent option was carried out by adding respective flags as
described in the manual (--min_coverage 1 --left_max 1.70 --right_min
0.30). The resulting binary table showing presence/absence of genes was
loaded into Rl and a PCA was performed with the internal prcomp function.
Plots were generated with GraphPad PRISM 9 and ggplot2'®.

Diversity analysis and clustering of taxonomic profiles from rar-
efied metagenomic samples

Diversity metrics and clustering analysis was carried out from metagenomic
reads rarefied to common depth. To generate rarefaction curves, non-
human reads were subsampled to increasing depths using seqkit 0.15.0"°
with subsequent taxonomic profiling. Rarefaction curves resembled those of
another study investigating the skin microbiome of psoriasis patients using a
similar analysis pipeline'”’. Generally, more unique species were observed
on nonlesional skin than on MF lesions (Supplementary Fig. 7). This could
be associated with the higher sequencing depth of nonlesional skin. Yet, also
at a given subsampled depth nonlesional skin presented with more unique
microbial species, showing that the differences are rather of a biological than
a technical nature'””. For diversity analysis and clustering of taxonomic
profiles, metagenomic reads were subsampled to 141,703 reads. Lesional
skin samples tended to have less non-human reads and thus more lesional
samples were filtered out by rarefaction compared to nonlesional samples.
Thus, to maintain the intrapatient sample-control regimen, nonlesional
samples without a counterpart from lesional skin were filtered out, resulting
in a total of 32 samples for subsequent analyses. Shannon-Index and Bray-
Curtis dissimilarities were calculated with the R! package vegan''". The same
package was also used to calculate PERMANOV A with the adonis function
as well as PERMDISP with the betadisper function. A statistically significant
signal from adonis was only considered trustworthy with concomitant non-
significant signal from betadisper to rule out inhomogeneity of dispersion
among groups. Pairwise comparisons were performed with the R! package
pairwiseAdonis'”. Clustering and plotting of taxonomic profiles were done
with the R! package pheatmap.

Skin biopsies, peripheral blood, and RNA extraction

4 mm punch biopsies were obtained from the same lesions sampled for
metagenomics and at the same visit. The punch biopsies were immediately
shock frozen and kept in liquid nitrogen until processed. RN A was extracted
using the RNeasy Fibrous Tissue Mini Kit (74704, Qiagen, Germany) along
with the TissueLyser II (85300, Qiagen, Germany) according to the man-
ufacturer’s instructions. Peripheral blood mononuclear cells (PBMCs) were
isolated from freshly drawn blood using density gradient centrifugation
(Histopaque-1077, SIGMA-ALDRICH, Germany) and kept in liquid
nitrogen until processed. PBMCs were thawed at 37 °C, washed in pre-
warmed RPMI 1640 medium (31870-025, Gibco, USA) including 10% FCS
and counted using the Countess 3 machine (ThermoFisher Scientific, USA).
To enrich the T cell population, the Pan T Cell Isolation Kit human (Mil-
tenyi Biotec, Germany) was used according to the manufacturer’s instruc-
tions. Directly thereafter total RN A was extracted with the RNeasy Plus Mini
Kit (Qiagen, Germany) according to the manufacturer’s instructions.

RT-gPCR of AMPs

First, synthesize of first strand cDNA was carried out with M-MuLV Reverse
Transcriptase (M0253L) using both Random Hexamer Primer (S1330S)
and Oligo(dT) Primer (S1316S) (all from New England Biolabs, USA) at a

total reaction volume of 20 pl and incubated as noted in the manual. Final
c¢DNA was quantified on a NanoDrop 2000c (ND-2000, ThermoFisher
Scientific, USA). For RT-qPCR the primaQUANT SYBRGreen Master Mix
(SL-9902HRB, Steinbrenner Laborsysteme, Germany) was used with 400 ng
template as input at a total reaction volume of 25 pl. The 7300 Real-Time
PCR System (Applied Biosystems, USA) was used with an initial dena-
turation at 95 °C for 10 min followed by 40 cycles of 95 °C for 15 s and 60 °C
for 1 min. The runs were evaluated via melting curves. Primers for AMPs
and housekeeping gene were used from literature or self-designed and are
listed in Supplementary Table 2.

T cell receptor sequencing and analysis

Ilumina sequencing libraries were constructed with the NEBNext Immune
Sequencing Kit, human (E6320, New England Biolabs, USA) according to
the manufacturer’s instructions with 200 ng total RNA as starting material.
The optimal number of PCR cycles for target amplification was determined
for each sample by RT-qPCR as outlined in the manual. Final libraries were
quality checked via Qubit 2.0 (Q32866, Invitrogen, USA) and the 2100
Bioanalyzer (G2939BA, Agilent, USA). Because of the low T cell proportion
especially in nonlesional skin, samples with inappropriate TCR libraries
were excluded from further analysis. A total of 21 libraries (16 from MF skin,
5 from PBMC:s enriched for T cells) were pooled and then sequenced on a
MiSeq (Ilumina, USA) with 10% PhiX. Sequencing was performed running
300 bp PE using a 600-cycle V3 reagent kit to an average of 0.98 million
reads per sample.

The sequencing data were uploaded to the Galaxy web platform and
processed with the pRESTO toolkit'” implemented in a publicity available
workflow at  https://usegalaxy.org/u/bradlanghorst/w/presto-nebnext-
immune-seq-workflow-v320 using default parameters. Subsequently, the
R toolkit immunarch 0.7.0 was used to analyse the TCR repertoire and to
visualize T cell clonotype tracking as well as TCR gene usage'"’. To inves-
tigate if TCRs recognize S. aureus virulence factors that we identified as
enriched on plaque, we downloaded corresponding epitopes from the IEDB
(https://www.iedb.org/)”. If an epitope of was not available, it was predicted
with an online tool for both MHC-II and MHC-I (http://tools.iedb.org/
main/tcell/). A table was constructed containing pairs of the most abundant
TCR clones with each epitope (i.e., epitopes received from the IEDB and
epitopes predicted with the online tool). The python tool ERGO-II was used
to calculate a binding score of each TCR-epitope pair. The higher the
binding score, the higher the probability that the TCR recognizes and binds
the epitope'"”.

Although plaque samples of Patl and Pat7 did not show monoclonal
expansion according to our RNA-based TCR sequencing approach, we
confirmed the diagnosis of MF during the further clinical course: Patl
developed a tumour (T2b, >7 cm diameter), and several patch and plaque
lesions. Regarding Pat7, we detected T cell clonality against a polyclonal
background using the clinical standard-of-care BIOMED-2 protocol.
BIOMED-2 is a DNA-based TCR sequencing approach', whereas we
performed RNA-based TCR sequencing. Both methods differ in several
aspects, e.g., RNA-based TCR sequencing has a higher sensitivity and
detects more TCR clones'”""*.

Isolation of clinical microbial species and functional analyses

Clinical isolates of microbial species were obtained from the same MF
patients enroled in the metagenomic survey. The skin was swabbed several
times, spread on a Staphylococcus Vogel-Johnson agar [1% (w/v) casein
peptone, 1% (w/v) mannitol, 1% (w/v) glycine, 0.5% (w/v) yeast extract,
0.5% (w/v) lithium chloride, 0.5% (w/v) dipotassium phosphate, 0.0025%
(w/v) phenol red, 0.02% (v/v) potassium tellurite, 2% (w/v) agar, pH
7.2]"""*, and samples were incubated at 37 °C overnight. S. aureus colonies
should appear small, black surrounded by a green-yellow zone, while S.
epidermidis strains appear grey-black without zones. Putative S. aureus and
S. epidermidis colonies were picked and checked via colony PCR using
Staphylococcus tuf specific primers (TStaG422: GGCCGTGTTGAAC
GTGGTCAAATCA & TStag765: TIACCATTTCAGTACCTTCTGG
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TAA) according to'”'. The achieved fragments were sequenced to identify
the Staphylococcus strain.

Antibiotic diffusion assay was performed to determine antibiotic
resistances of clinical Staphylococci isolates. Therefore, 100 pl of an over-
night culture were pipetted into 20 ml melted 0.8% semi solid HD agar (w/v)
and poured into petri dishes. After solidification, 5 antibiotics (25 pg
ampicillin, 100 pug carbenicillin, 23.75 pg sulfomethoxazol + 1.25 ug tri-
metophrim, 15 pg erythromycin, and 5 pg novobiocin) were applied using
Sensi-Disc™ BD dispenser. Furthermore, resistance/sensitivity towards an
additional antibiotic, methicillin, was separately tested applying 5 pg and
20 pg on sterile filter disks. The plates were kept for 2 h at 4 °C to allow
antibiotics to diffuse. Afterwards the plates were incubated at 37 °C for 24 h.
Antibiotic sensitivity became visible as degradation zone around the filter
disks. Halo size was measured using Image].

Antibacterial assay was performed to test whether the clinical iso-
lates exhibit resistance towards selected AMPs, as described in'*.
Overnight cultures of bacterial strains were harvested, washed in 1x PBS
[137 mM NaCl, 2.7 mM KCl, 10 mM Na,HPO,, 1.8 mM KH,PO,, pH
7.2], and resuspended in 10 mM sodium phosphate buffer (NaPi; pH
6.8). Afterwards, 10l of a 10° cells/ml bacterial suspension were
inoculated into 190 pl of 10 mM sodium phosphate buffer (10* cells in
200 pl final volume) w/o various AMP concentrations (1 and 5 pg) and
incubated for 2 h at 37 °C. 100 ul of the reaction mixture were plated on
TSB agar plates [peptone/tryptone 1.7% (w/v), soy peptone 0.3% (w/v),
D(+)-glucose 0.25% (w/v), NaCl 0.5% (w/v), K2HPO4 0.25% (w/v),
meat extract 0.3% (w/v), pH 7.3] and then incubated at 37 °C overnight.
The number of CFU was determined and the antibacterial effect was
assessed by determining survival rate of AMP-treated S. aureus com-
pared to the total number of cells in the control experiment. Three
biological replicates were tested.

Identification and sequencing of spa was performed to determine
whether the spa gene was present in clinical isolates. Therefore, spa-
specific primers (Supplementary Table 2) were designed for gene
amplification and PCR was performed using Q5® high-fidelity DNA
polymerase from NEB according to the manufacturers protocol. As a
control, PCR was performed using S. aureus EMO1 and S. epidermidis
MVO1 obtained from the two healthy patients enroled in this study.
After detecting positive amplicons via 1.5% (w/v) agarose gel electro-
phoresis and purification with ,HiYield® PCR Clean-Up & Gel-
Extraction Kit” (SLG) the genes were sequenced through the Sanger
method'” by StarSeq® GmbH (Mainz). For sequencing the respective
primers for spa were used. For more accurate result the sample was
further sequenced using an additional primer spa_mid: cttaaaa-
gatgacccaagcc binding in the middle of the gene. Sequencing data were
analyzed, and alignments of gene and amino acid sequences were per-
formed using Benchling (https://www.benchling.com/) and the online
implementation of ClustalQ) (ref.124, https://www.ebi.ac.uk/Tools/msa/
clustalo/) using default parameters.

Reporting summary
Further information on research design is available in the Nature Research
Reporting Summary linked to this article.

Data availability

All relevant data are available from the authors: WMS Sequencing data and
associated analysis files can be accessed at the Gene Expression Omnibus
(GEO) under GSE221149 (https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgitacc=GSE221149). TCR Sequencing data and associated analysis files can
be accessed under GSE218874 (https://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE218874). Both are part of the SuperSeries GSE221150
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE221150).

Code availability
The code used for the analyses can be found at https://github.com/phlicht/
Code_for_analyses_and_graphs/tree/main.

Received: 27 November 2023; Accepted: 31 July 2024;
Published online: 29 August 2024

References

1. Hwang, S. T., Janik, J. E., Jaffe, E. S. & Wilson, W. H. Mycosis
fungoides and Sézary syndrome. Lancet 371, 945-957 (2008).

2. Dummer, R. et al. Cutaneous T cell ymphoma. Nat. Rev. Dis. Prim. 7,
61 (2021).

3. Olsen, E. et al. Revisions to the staging and classification of mycosis
fungoides and Sezary syndrome: a proposal of the International
Society for Cutaneous Lymphomas (ISCL) and the cutaneous
lymphoma task force of the European Organization of Research and
Treatment of Ca. Blood 110, 1713-1722 (2007).

4. Agar, N. S. et al. Survival Outcomes and Prognostic Factors in
Mycosis Fungoides/Sézary Syndrome: Validation of the Revised
International Society for Cutaneous Lymphomas/European
Organisation for Research and Treatment of Cancer Staging
Proposal. J. Clin. Oncol. 28, 4730-4739 (2010).

5. Scarisbrick, J. J. et al. The PROCLIPI international registry of early-
stage mycosis fungoides identifies substantial diagnostic delay in
most patients. Br. J. Dermatol. 181, 350-357 (2019).

6. Da Silva Almeida, A. C. et al. The mutational landscape of cutaneous
T cell ymphoma and Sézary syndrome. Nat. Genet 47,

1465-1470 (2015).

7. Choi, J. et al. Genomic landscape of cutaneous T cell lymphoma.
Nat. Genet. 47, 1011-1019 (2015).

8. Damsky, W. E. & Choi, J. Genetics of Cutaneous T Cell Lymphoma:
From Bench to Bedside. Curr. Treat. Options Oncol. 17, 33 (2016).

9. Rassek, K. & Izykowska, K. Single-Cell Heterogeneity of Cutaneous
T-Cell Lymphomas Revealed Using RNA-Seq Technologies.
Cancers (Basel) 12, 2129 (2020).

10. de Masson, A. et al. Allogeneic transplantation in advanced
cutaneous T-cell ymphomas (CUTALLO): a propensity score
matched controlled prospective study. Lancet https://doi.org/10.
1016/S0140-6736(23)00329-X (2023).

11.  Ansell, S. M. Non-Hodgkin Lymphoma: Diagnosis and Treatment.
Mayo Clin. Proc. 90, 1152-1163 (2015).

12.  Stadler, R. & Scarisbrick, J. J. Maintenance therapy in patients with
mycosis fungoides or Sézary syndrome: A neglected topic. Eur. J.
Cancer 142, 38-47 (2021).

13. Tan, R. S.-H., Butterworth, C. M., Mclaughlin, H., Malka, S. &
Samman, P. D. Mycosis fungoides—a disease of antigen
persistence. Br. J. Dermatol 91, 607-616 (1974).

14.  Mirvish, J. J., Pomerantz, R. G., Falo, L. D. & Geskin, L. J. Role of
infectious agents in cutaneous T-cell lymphoma: Facts and
controversies. Clin. Dermatol. 31, 423-431 (2013).

15.  Fanok, M. H. et al. Role of Dysregulated Cytokine Signaling and
Bacterial Triggers in the Pathogenesis of Cutaneous T-Cell.
Lymphoma J. Invest. Dermatol. 138, 1116-1125 (2018).

16.  Lindahl, L. M. et al. Antibiotics inhibit tumor and disease activity in
cutaneous T-cell ymphoma. Blood 134, 1072-1083 (2019).

17.  Jackow, C. M. et al. Association of Erythrodermic Cutaneous T-Cell
Lymphoma, Superantigen-Positive Staphylococcus aureus, and
Oligoclonal T-Cell Receptor VP Gene Expansion. Blood 89,

32-40 (1997).

18. Talpur, R., Bassett, R. & Duvic, M. Prevalence and treatment of
Staphylococcus aureus colonization in patients with mycosis
fungoides and Sézary syndrome. Br. J. Dermatol. 159,

105-112 (2008).

19.  Willerslev-Olsen, A. et al. Bacterial Toxins Fuel Disease Progression
in Cutaneous T-Cell Lymphoma. Toxins (Basel) 5, 1402-1421 (2013).

20.  Fuijii, K. Pathogenesis of cutaneous T cell lymphoma: Involvement of
Staphylococcus aureus. J. Dermatol. 49, 202-209 (2022).

21. Oh, J. et al. Biogeography and individuality shape function in the
human skin metagenome. Nature 514, 59-64 (2014).

npj Biofilms and Microbiomes | (2024)10:74

14


https://www.benchling.com/
https://www.ebi.ac.uk/Tools/msa/clustalo/
https://www.ebi.ac.uk/Tools/msa/clustalo/
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE221149
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE221149
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE218874
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE218874
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE221150
https://github.com/phlicht/Code_for_analyses_and_graphs/tree/main
https://github.com/phlicht/Code_for_analyses_and_graphs/tree/main
https://doi.org/10.1016/S0140-6736(23)00329-X
https://doi.org/10.1016/S0140-6736(23)00329-X
https://doi.org/10.1016/S0140-6736(23)00329-X

https://doi.org/10.1038/s41522-024-00542-4

Article

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Emge, D. A., Bassett, R. L., Duvic, M. & Huen, A. O. Methicillin-
resistant Staphylococcus aureus (MRSA) is an important pathogen
in erythrodermic cutaneous T-cell lymphoma (CTCL) patients. Arch.
Dermatol. Res. 312, 283-288 (2020).

Salava, A. et al. Skin Microbiome in Cutaneous T-Cell Lymphoma by
16S and Whole-Genome Shotgun Sequencing. J. Invest. Dermatol.
140, 2304-2308.e7 (2020).

Harkins, C. P. et al. Cutaneous T-Cell Lymphoma Skin Microbiome Is
Characterized by Shifts in Certain Commensal Bacteria but not
Viruses when Compared with Healthy. Controls J. Invest. Dermatol.
141, 1604-1608 (2021).

Zhang, Y. et al. “Alterations in the Skin Microbiota Are Associated
With Symptom Severity in Mycosis Fungoides”. Front. Cell. Infect.
Microbiol. 12, 1-10 (2022).

Dehner, C. A. et al. Malignant T Cell Activation by a Bacillus Species
Isolated from Cutaneous T-Cell Lymphoma Lesions. JID Innov. 2,
100084 (2022).

Hooper, M. J. et al. Nasal Dysbiosis in Cutaneous T-Cell Lymphoma
Is Characterized by Shifts in Relative Abundances of Non-
Staphylococcus Bacteria. JID Innov. 2, 100132 (2022).

Licht, P. & Mailander, V. Transcriptional Heterogeneity and the
Microbiome of Cutaneous T-Cell Lymphoma. Cells 11, 328 (2022).
Tracey, L. et al. Mycosis fungoides shows concurrent deregulation
of multiple genes involved in the TNF signaling pathway: an
expression profile study. Blood 102, 1042-1050 (2003).

Shin, J. et al. Lesional gene expression profiling in cutaneous T-cell
lymphoma reveals natural clusters associated with disease
outcome. Blood 110, 3015-3027 (2007).

Ungewickell, A. et al. Genomic analysis of mycosis fungoides and
Sézary syndrome identifies recurrent alterations in TNFR2. Nat.
Genet. 47, 1056-1060 (2015).

Byrd, A. L., Belkaid, Y. & Segre, J. A. The human skin microbiome.
Nat. Rev. Microbiol. 16, 143-155 (2018).

Luna, P. C. Skin Microbiome as Years Go By. Am. J. Clin. Dermatol.
21, 12-17 (2020).

Leung, M. H. Y., Wilkins, D. & Lee, P. K. H. Insights into the pan-
microbiome: skin microbial communities of Chinese individuals
differ from other racial groups. Sci. Rep. 5, 11845 (2015).

Mallick, H. et al. Multivariable association discovery in population-
scale meta-omics studies. PLoS Comput. Biol. 17,e1009442 (2021).
Shu, M. et al. Fermentation of Propionibacterium acnes, a
Commensal Bacterium in the Human Skin Microbiome, as Skin
Probiotics against Methicillin-Resistant Staphylococcus aureus.
PLoS One 8, €55380 (2013).

Cogen, A. L. et al. Selective Antimicrobial Action Is Provided by
Phenol-Soluble Modulins Derived from Staphylococcus
epidermidis, a Normal Resident of the Skin. J. Invest. Dermatol. 130,
192-200 (2010).

Nakatsuii, T. et al. Antimicrobials from human skin commensal
bacteria protect against Staphylococcus aureus and are deficient in
atopic dermatitis. Sci. Transl. Med. 9, eaah4680 (2017).

Williams, M. R. et al. Quorum sensing between bacterial species on
the skin protects against epidermal injury in atopic dermatitis. Sci.
Transl. Med. 11, eaat8329 (2019).

Lai, Y. et al. Commensal bacteria regulate Toll-like receptor
3-dependent inflammation after skin injury. Nat. Med. 15,
1377-1382 (2009).

Mangoni, M. L., Mcdermott, A. M. & Zasloff, M. Antimicrobial
peptides and wound healing: Biological and therapeutic
considerations. Exp. Dermatol. 25, 167-173 (2016).

Gallo, R. L. &Hooper, L. V. Epithelial antimicrobial defence of the skin
and intestine. Nat. Rev. Immunol. 12, 503-516 (2012).

Stolearenco, V. et al. Cellular Interactions and Inflammation in the
Pathogenesis of Cutaneous T-Cell Lymphoma. Front. Cell Dev. Biol.
8, 1-12 (2020).

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Park, A. J., Okhovat, J.-P. & Kim, J. Antimicrobial Peptides. in Clinical
and Basic Immunodermatology 81-95 (Springer International
Publishing, Cham, 2017). https://doi.org/10.1007/978-3-319-
29785-9_6.

Rosenbach, F. J. Mikro-Organismen Bei Den Wund-Infections-
Krankheiten Des Menschen. (Wiesbaden, 1884).

Scholz, M. et al. Strain-level microbial epidemiology and population
genomics from shotgun metagenomics. Nat. Methods 13,
435-438 (2016).

Kaminski, J. et al. High-Specificity Targeted Functional Profiling in
Microbial Communities with ShortBRED. PLOS Comput. Biol. 11,
1004557 (2015).

Liu,B.,Zheng, D., Zhou, S., Chen, L. & Yang, J. VFDB 2022: a general
classification scheme for bacterial virulence factors. Nucleic Acids
Res. 50, (2022).

Cheung, G.Y.C.,Bae, J. S. & Otto, M. Pathogenicity and virulence of
Staphylococcus aureus. Virulence 12, 547-569 (2021).

Otto, M. Staphylococcus aureus toxins. Curr. Opin. Microbiol. 17,
32-37 (2014).

Tan, S.-Y., Tay, S. S., Sumaria, N., Roediger, B. & Weninger, W.
Clinical and Basic Immunodermatology. Clinical and Basic
Immunodermatology (Springer International Publishing, Cham,
2017). https://doi.org/10.1007/978-3-319-29785-9.

Clarke, S. R. et al. The Staphylococcus aureus Surface Protein IsdA
Mediates Resistance to Innate Defenses of Human Skin. Cell Host
Microbe 1, 199-212 (2007).

Woetmann, A. et al. Nonmalignant T cells stimulate growth of T-cell
lymphoma cells in the presence of bacterial toxins. Blood 109,
3325-3332 (2007).

Willerslev-Olsen, A. et al. Staphylococcal enterotoxin A (SEA)
stimulates STAT3 activation and IL-17 expression in cutaneous
T-cell ymphoma. Blood 127, 1287-1296 (2016).

TOKURA, Y. et al. Cutaneous colonization with staphylococci
influences the disease activity of Sézary syndrome: a potential role
for bacterial superantigens. Br. J. Dermatol. 133, 6-12 (1995).
Bliimel, E. et al. Staphylococcal alpha-toxin tilts the balance
between malignant and non-malignant CD4 + T cells in cutaneous
T-cell ymphoma. Oncoimmunology 8, 1641387 (2019).

Blimel, E. et al. Staphylococcus aureus alpha-toxin inhibits CD8 + T
cell-mediated killing of cancer cells in cutaneous T-cell ymphoma.
Oncoimmunology 9, 1751561 (2020).

Cao, Z., Casabona, M. G., Kneuper, H., Chalmers, J. D. & Palmer, T.
The type VIl secretion system of Staphylococcus aureus secretes a
nuclease toxin that targets competitor bacteria. Nat. Microbiol. 2,
16183 (2017).

Gomez, M. I. et al. Staphylococcus aureus protein A induces airway
epithelial inflammatory responses by activating TNFR1. Nat. Med.
10, 842-848 (2004).

Gomez, M. |., O'Seaghdha, M., Magargee, M., Foster, T. J. & Prince,
A. S. Staphylococcus aureus Protein A Activates TNFR1 Signaling
through Conserved IgG Binding Domains. J. Biol. Chem. 281,
20190-20196 (2006).

Mendoza Bertelli, A. et al. Staphylococcus aureus protein A
enhances osteoclastogenesis via TNFR1 and EGFR signaling.
Biochim. Biophys. Acta - Mol. Basis Dis. 1862, 1975-1983

(2016).

Ledo, C. et al. Protein A Modulates Neutrophil and Keratinocyte
Signaling and Survival in Response to Staphylococcus aureus.
Front. Immunol. 11, 1-15 (2021).

ClaBen, A. et al. TNF receptor | on human keratinocytes is a binding
partner for staphylococcal protein A resulting in the activation of NF
kappa B, AP-1, and downstream gene transcription. Exp. Dermatol.
20, 48-52 (2011).

Claro, T. et al. Staphylococcus aureus protein A binding to
osteoblast tumour necrosis factor receptor 1 results in activation of

npj Biofilms and Microbiomes| (2024)10:74

15


https://doi.org/10.1007/978-3-319-29785-9_6
https://doi.org/10.1007/978-3-319-29785-9_6
https://doi.org/10.1007/978-3-319-29785-9_6
https://doi.org/10.1007/978-3-319-29785-9
https://doi.org/10.1007/978-3-319-29785-9

https://doi.org/10.1038/s41522-024-00542-4

Article

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

nuclear factor kappa B and release of interleukin-6 in bone infection.
Microbiology 159, 147-154 (2013).

Ren, L.-R. et al. Staphylococcus aureus Protein A induces
osteoclastogenesis via the NF-kB signaling pathway. Mol. Med.
Rep. 16, 6020-6028 (2017).

Martin, F. J. et al. Staphylococcus aureus activates type | IFN
signaling in mice and humans through the Xr repeated sequences of
protein A. J. Clin. Invest. https://doi.org/10.1172/JCI35879 (2009).
O’Halloran, D. P., Wynne, K. & Geoghegan, J. A. Protein A Is Released
into the Staphylococcus aureus Culture Supernatant with an
Unprocessed Sorting Signal. Infect. Immun. 83, 1598-1609 (2015).
Frénay, H. M. E. et al. Molecular typing of methicillin-
resistantStaphylococcus aureus on the basis of protein A gene
polymorphism. Eur. J. Clin. Microbiol. Infect. Dis. 15, 60-64 (1996).
Montesinos, I., Salido, E., Delgado, T., Cuervo, M. & Sierra, A.
Epidemiologic Genotyping of Methicillin-Resistant Staphylococcus
aureus by Pulsed-Field Gel Electrophoresis at a University Hospital
and Comparison with Antibiotyping and Protein A and Coagulase
Gene Polymorphisms. J. Clin. Microbiol. 40, 2119-2125 (2002).
Gaydosik, A. M. et al. Single-Cell Lymphocyte Heterogeneity in
Advanced Cutaneous T-cell Lymphoma Skin Tumors. Clin. Cancer
Res. 25, 4443-4454 (2019).

lyer, A. et al. Skin colonization by circulating neoplastic clones in
cutaneous T-cell lymphoma. Blood 134, 1517-1527 (2019).
Yawalkar, N. et al. Profound loss of T-cell receptor repertoire complexity
in cutaneous T-cell ymphoma. Blood 102, 4059-4066 (2003).

lyer, A. et al. Branched evolution and genomic intratumor
heterogeneity in the pathogenesis of cutaneous T-cell lymphoma.
Blood Adv. 4, 2489-2500 (2020).

lyer, A. et al. Clonotypic heterogeneity in cutaneous T-cell ymphoma
(mycosis fungoides) revealed by comprehensive whole-exome
sequencing. Blood Adv. 3, 1175-1184 (2019).

Vita, R. et al. The Immune Epitope Database (IEDB): 2018 update.
Nucleic Acids Res. 47, D339-D343 (2019).

Watanabe, R. et al. Human skin is protected by four functionally and
phenotypically discrete populations of resident and recirculating
memory T cells. Sci. Transl. Med. 7, 279ra39-279ra39 (2015).
Fonseca, R. et al. Developmental plasticity allows outside-in
immune responses by resident memory T cells. Nat. Immunol. 21,
412-421 (2020).

Kirsch, I. R. et al. TCR sequencing facilitates diagnosis and identifies
mature T cells as the cell of origin in CTCL. Sci. Transl. Med. 7,
1-14 (2015).

Campbell, J. J., Clark, R. A., Watanabe, R. & Kupper, T. S. Sézary
syndrome and mycosis fungoides arise from distinct T-cell subsets:
a biologic rationale for their distinct clinical behaviors. Blood 116,
767-771(2010).

Trautinger, F. et al. EORTC consensus recommendations for the
treatment of mycosis fungoides/Sézary syndrome. Eur. J. Cancer
42, 1014-1030 (2006).

Cullin, N., Azevedo Antunes, C., Straussman, R., Stein-Thoeringer,
C. K. & Elinav, E. Microbiome and cancer. Cancer Cell 39,
1317-1341 (2021).

Yu, Y., Dunaway, S., Champer, J., Kim, J. & Alikhan, A. Changing our
microbiome: probiotics in dermatology. Br. J. Dermatol. bjd.18088
https://doi.org/10.1111/bjd.18088 (2019).

Nakajima, R. et al. Decreased progranulin expression in Mycosis
fungoides: a possible association with the high frequency of skin
infections. Eur. J. Dermatol. 28, 790-794 (2018).

Suga, H. et al. Skin Barrier Dysfunction and Low Antimicrobial
Peptide Expression in Cutaneous T-cell Lymphoma. Clin. Cancer
Res. 20, 4339-4348 (2014).

Wolk, K. et al. Deficient Cutaneous Antibacterial Competence in
Cutaneous T-Cell Lymphomas: Role of Th2-Mediated Biased Th17
Function. Clin. Cancer Res. 20, 5507-5516 (2014).

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

108.

104.

105.

106.

107.

108.

109.

110.

Yang, D. et al. B-Defensins: Linking Innate and Adaptive Immunity
Through Dendritic and T Cell CCR6. Science (80-.). 286,

525-528 (1999).

Jinquan, T. et al. Psoriasin: A Novel. Chemotactic Protein J. Invest.
Dermatol. 107, 5-10 (1996).

Aufiero, B. et al. Staphylococcus aureus induces the expression of
tumor necrosis factor-? in primary human keratinocytes. Int. J.
Dermatol. 46, 687-694 (2007).

Park, J. et al. Genomic analysis of 220 CTCLs identifies a novel
recurrent gain-of-function alterationin RLTPR (p.Q575E). Blood 130,
1430-1440 (2017).

Garofalo, A. et al. The Length of the Staphylococcus aureus Protein
A Polymorphic Region Regulates Inflammation: Impact on Acute
and Chronic Infection. J. Infect. Dis. 206, 81-90 (2012).

Frieri, M., Kumar, K. & Boutin, A. Antibiotic resistance. J. Infect.
Public Health 10, 369-378 (2017).

Nakatsuiji, T. et al. A commensal strain of Staphylococcus
epidermidis protects against skin neoplasia. Sci. Adv. 4, (2018).
Nakatsuiji, T. et al. Development of a human skin commensal
microbe for bacteriotherapy of atopic dermatitis and use in a phase 1
randomized clinical trial. Nat. Med. https://doi.org/10.1038/s41591-
021-01256-2 (2021).

Krejsgaard, T. et al. Malignant inflammation in cutaneous T-cell
lymphoma—a hostile takeover. Semin. Immunopathol. 39,
269-282 (2017).

Brandt, B. E. Th2 Cytokines and Atopic Dermatitis. J. Clin. Cell.
Immunol. 2,110 (2011).

Kong, H. H. et al. Temporal shifts in the skin microbiome associated
with disease flares and treatment in children with atopic dermatitis.
Genome Res. 22, 850-859 (2012).

Byrd, A. L. et al. Staphylococcus aureus and Staphylococcus
epidermidis strain diversity underlying pediatric atopic dermatitis.
Sci. Transl. Med. 9, eaal4651 (2017).

Nubel, U. et al. Frequent emergence and limited geographic
dispersal of methicillin-resistant Staphylococcus aureus. Proc. Nat/
Acad. Sci. 105, 14130-14135 (2008).

Achermann, Y., Goldstein, E. J. C., Coenye, T. & Shirtliff, M. E.
Propionibacterium acnes: from Commensal to Opportunistic Biofilm-
Associated Implant Pathogen. Clin. Microbiol. Rev. 27, 419-440 (2014).
Wollenberg, M. S. et al. Propionibacterium-produced
coproporphyrin Ill induces staphylococcus aureus aggregation and
Biofilm formation. MBio 5, 1-10 (2014).

Grice, E. A. et al. Topographical and Temporal Diversity of the
Human Skin Microbiome. Science (80-) 324, 1190-1192 (2009).
Oh, J. Human, Bacterial and Fungal Amplicon Collection and
Processing for Sequencing. BIO-PROTOCOL 5, (2015).

Beghini, F. et al. Integrating taxonomic, functional, and strain-level
profiling of diverse microbial communities with bioBakery 3. Elife 10,
1-42 (2021).

Andrews, S. & Babraham I. FastQC: A Quality Control Tool for High
Throughput Sequence Data. (2010).

Bolger, A. M., Lohse, M. & Usadel, B. Trimmomatic: a flexible trimmer
for lllumina sequence data. Bioinformatics 30, 2114-2120 (2014).
Langmead, B. & Salzberg, S. L. Fast gapped-read alignment with
Bowtie 2. Nat. Methods 9, 357-359 (2012).

Tett, A. et al. Unexplored diversity and strain-level structure of the
skin microbiome associated with psoriasis. npj Biofilms
Microbiomes 3, 14 (2017).

Truong, D. T. et al. MetaPhlAn2 for enhanced metagenomic
taxonomic profiling. Nat. Methods 12, 902-903 (2015).

Wickham, H. Ggplot2: Elegant Graphics for Data Analysis. (Springer-
Verlag New York, 2016).

Shen, W, Le, S,, Li, Y. & Hu, F. SegKit: A Cross-Platform and
Ultrafast Toolkit for FASTA/Q File Manipulation. PLoS One 11,
0163962 (2016).

npj Biofilms and Microbiomes| (2024)10:74

16


https://doi.org/10.1172/JCI35879
https://doi.org/10.1172/JCI35879
https://doi.org/10.1111/bjd.18088
https://doi.org/10.1111/bjd.18088
https://doi.org/10.1038/s41591-021-01256-2
https://doi.org/10.1038/s41591-021-01256-2
https://doi.org/10.1038/s41591-021-01256-2

https://doi.org/10.1038/s41522-024-00542-4

Article

111. Dixon, P. VEGAN, a package of R functions for community ecology.
J. Veg. Sci. 14, 927-930 (2003).

Martinez Arbizu, P. pairwiseAdonis: Pairwise multilevel comparison using
adonis. at https://github.com/pmartinezarbizu/pairwiseAdonis (2020).
Vander Heiden, J. A. et al. pRESTO: a toolkit for processing high-
throughput sequencing raw reads of lymphocyte receptor
repertoires. Bioinformatics 30, 1930-1932 (2014).

ImmunoMind Team. immunarch: An R Package for Painless
Bioinformatics Analysis of T-Cell and B-Cell Immune Repertoires. at
https://doi.org/10.5281/zenodo.3367200 (2019).

Springer, ., Tickotsky, N. & Louzoun, Y. Contribution of T Cell
Receptor Alpha and Beta CDR3, MHC Typing, V and J Genes to
Peptide Binding Prediction. Front. Immunol. 12, (2021).

van Dongen, J. J. M. et al. Design and standardization of PCR
primers and protocols for detection of clonal immunoglobulin and
T-cell receptor gene recombinations in suspect
lymphoproliferations: Report of the BIOMED-2 Concerted Action
BMH4-CT98-3936. Leukemia 17, 2257-2317 (2003).

Genolet, R. et al. TCR sequencing and cloning methods for
repertoire analysis and isolation of tumor-reactive TCRs. Cell Rep.
Methods 3, 100459 (2023).

Mazzotti, L. et al. T-Cell Receptor Repertoire Sequencing and Its
Applications: Focus on Infectious Diseases and Cancer. Int. J. Mol.
Sci. 23, 8590 (2022).

Vogel, R. A. & Johnson, M. Modification of the Tellurite-Glycine
Medium for use in the Identification of Staphylococcus aureus.
Public Health Lab. 18, 131-133 (1960).

Zebovitz, E., Evans, J. B. & Niven, C. F. Tellurite-glycine agar: a
selective plating medium for the quantitative detection of coagulase-
positive staphylococci. J. Bacteriol. 70, 686-690 (1955).

Martineau, F. et al. Development of a PCR Assay for Identification of
Staphylococci at Genus and. Species Lev. J. Clin. Microbiol. 39,
2541-2547 (2001).

Midorikawa, K. et al. Staphylococcus aureus Susceptibility to Innate
Antimicrobial Peptides, 3-Defensins and CAP18, Expressed by
Human Keratinocytes. Infect. Immun. 71, 3730-3739 (2003).
Sanger, F., Nicklen, S. & Coulson, A. R. DNA sequencing with chain-
terminating inhibitors. Proc. Natl Acad. Sci. 74, 5463-5467 (1977).
Madeira, F. et al. The EMBL-EBI search and sequence analysis tools
APIs in 2019. Nucleic Acids Res 47, W636-W641 (2019).

Oladipo, I. C., Ogunsona, S. B. & Abayomi, M. A. Methicillin-resistant
Staphylococcus aureus (MRSA) as a cause of nosocomial infection
in Ibadan, Nigeria. Eur. J. Pharm. Med. Res. 135-139 (2019).

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.
124.

125.

Acknowledgements
This study received no funding.

Author contributions

Clinical data coordination: P.L., J.K., M.H., H.S., M.M., V.M.; Clinical
fieldwork: P.L., J.K., M.H., H.S., M.M.,, V.M.; Conceptualization: P.L., N.D.,
M.B., S.G.,V.M.,; Data curation: P.L.,N.D., S.P., J.K.,E.S.M.,K.S.H., ; Formal

analysis P.L., N.D., S.P., E.S.M., K.S.H.; Funding acquisition: P.L., V.M,;
Investigation: P.L., N.D., S.P., J.H., ES.M., KS.H., M.H., H.S., M.B., M.M,,
S.G., R.H., V.M.; Project Administration: P.L., N.D., J.K., S.G., V.M.;
Supervision: P.L., N.D., S.G., R.H., V.M.; Visualization: P.L., N.D.; Writing-
original draft: P.L., N.D., M.H.; Writing, review, and editing: all authors. All
authors read and approved the final manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors declare no competing interests.

Ethics declarations

Ethics approval and consent to participate All procedures in this study
were conducted in accordance with the Declaration of Helsinki from 1964
and its later amendments. Both local ethics committees responsible for the
two study centres assigned ethical approval: The Medical Association of
Rhineland-Palatine (Ethik-Kommisssion der Landesaerztekammer Rhein-
land-Pfalz), Germany (approval number: 2020-14813), and the ethics com-
mittee of the Faculty of Medicine, University of Frankfurt, Germany (approval
number: 2021-46). All patients provided written informed consent.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41522-024-00542-4.

Correspondence and requests for materials should be addressed to
Philipp Licht or Volker Mailéander.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

npj Biofilms and Microbiomes | (2024)10:74

17


https://github.com/pmartinezarbizu/pairwiseAdonis
https://github.com/pmartinezarbizu/pairwiseAdonis
https://doi.org/10.5281/zenodo.3367200
https://doi.org/10.5281/zenodo.3367200
https://doi.org/10.1038/s41522-024-00542-4
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/




Publication 2: The skin microbiome stratifies patients with cutaneous T cell

lymphoma and determines event-free survival

3.1 Supplementals of Publication 2

87






Supplementary Material 1
a b

100+ w Age p =0.62
r=-0.499, p = 0.004
BMI 4
I % poxxo ¥ i,
80 r=0.236,p=0.19 2

XXX >)(§\<><><><
4 XX
60 X < W

Age in years,
BMI,
respectively
-] &
F¥1
L |
« X
<
i
<«
gy < X
)
|
Shannon Index
- N
1 1
L o

T
7,
%
<
%
)
n,
.
4
4.

Shannon Index

p=0.96 p=0.88

[ ] L

Shannon Index
N
]
Shannon Index

0- 0 eedee
T T T T

female male Mainz FFM

Supplementary Figure 1: Associations of a-diversity (Shannon Index) with demographic data. Reads were rarefied to
common depth. a, Age in years and the BMI were correlated using spearman with the Shannon Index. b, Weekly Showering
frequency. Wk = weekly. Kruskal-Wallis test, n = 32 ¢, Sex-related differences, Mann Whitney test, n = 32 d, Differences
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being tumour infiltrating lymphocytes by another investigation [1].
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Supplementary Figure 4: Top epitope targets of T cell receptors. The epitopes that showed the highest binding score
(strongest affinity) to TCRs in each sample were denoted and counted. The epitope for spa, a virulence factor enriched on
Plaque of ASA-positive patients, is recognized by MHC-II with high affinity. spa was shown to trigger inflammation and
survival via NF-kB [2,3] and CD4+ T cells are the subset of T cells that are malignant in MF [4].
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Supplementary Figure 6: High concordance of Cell- and DNA-derived positive controls with the suppliers’ specifications.
Control standards comprising of either a mock community of inactivated microbial cells (i.e., Cell-derived) or thereof derived
microbial DNA (i.e., DNA-derived) processed with each batch of metagenomic sample DNA extraction and library preparation.
The suppliers specified microbial composition of both standards is annotated as ZymoBIOMICS. Overall, both Cell-derived and
DNA-derived standards showed high concordance between with the suppliers’ specifications. B. subtilis was mistakenly
classified as B. intestinalis and B. cereus group (very small read fractions in two Cell-derived control samples). A small fraction
of reads belonging to S. aureus was mistakenly classified as S. argenteus. The latter organism is highly similar to S. aureus and
was first described as a strain of this species, until S. argenteus was classified as individual organism [5,6]. Very small fractions
of reads were mistakenly assigned to A. junii in two DNA-derived samples. Clustering was performed using Euclidean
distance.
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Supplementary Figure 7: Rarefaction curves. Non-human, quality-checked metagenomic reads were subsampled to
increasing depths. For the analysis of diversity metrics and clustering taxonomic profiles samples were subsampled to 141,703
reads. At this point most metagenomic samples are still below the subsampling-threshold and the number of observed
species are maximized.



Supplementary Table 1: Antibiotic diffusion assay. The patient derived isolates S. aureus MFMZ1, S. epidermidis MFMZ1,
and S. hominis MFMZ1 as well as positive control S. aureus DSM11823 and negative control strains derived from healthy
patients S. aureus EMO1 and S. epidermidis MV0O1 were tested on resistance towards a set of commonly used antibiotics in
the clinic. a, The antibiotics were applied using a Sensi-Disk dispenser with (1) 25 pg ampicillin, (2) 100 pg carbenicillin, (3)
(23.75 pg) sulfamethoxazol + (1.25 pg) trimethoprim, (4) 15 pg erythromycin, (5) 10 ug gentamycin, and (6) 5 ug novobiocin.
Measurement of halos indicating (s) sensitive, (i) intermediate, or (r) resistance effect of the antibiotics towards the tested
Staphylococci strains. * indicates that the antibiotic showed an unclear categorization betweeniandr.

S.aureus  S. aureus S. aureus S. hominis S. epidermidis S. epidermidis
EMO1 DSM 11823 MFMZ1 MFMZ1 MFMZ1 MVo1
(1) Ampicillin | 24.0 mm 27.1mm () Omm(r) 34.4 mm (s) 33.4 mm (s) 36.1 mm (s)
(r)
(2) Carbenicillin | 26.0 (s) 24.1 mm (i) 0 mm (r) 26.2 mm (s) 26.2 mm (s) 36.6 mm (s)
(3) Sulfamethoxazole | 15.0 mm 11.8 mm (i) 12.0 mm (i) 21.0 mm (s) 20.8 mm (s) 15.3 mm (s)
+ Trimethoprim | (i)
(4) Erythromycin | 15.0 mm 20.1 mm (i) 20.0 mm (i) 25.1 mm (s) 28.2 mm (s) 22.3 mm (s)
(i)
(5) Gentamycin | 10.0 mm 14.9 mm (s) 12.0 mm 14.4 mm (s) 25.9 mm (s) 15.9 mm (s)
() (i-r)*
(6) Novobiocin | 24.0 mm 285 mm(s)  29.4 mm (s) 27.0 mm (s) 38.2 mm (s) 33.1mm (s)

(s)

Supplementary Table 2: Sequences of Primers for AMPs and quantification of Staphylococci quantification and virulence

genes.
Gene Primers Source
F: 5'-TCAAGGCTGAGAACGGGAAG-3’
GAPDH | ¢. 5'.CGCCCCACTTGATTTTGGAG-3' 71
peps | F:5-TGAGAACTTCCTACCTTCTGCTGTTT-3" -
R: 5'-GCCAAGGCCTGTGAGAAAGTTA-3’
vepa | F:5-TGATGCCTCTTCCAGGTGTTT-3 .
R: 5'-GGATGACATATGGCTCCACTCTT-3’
pp3 | F: 5 -TGAGGATCCATTATCTTCTGTTTGCT-3 -
R: 5'-TTCTGTAATGTGTTTATGATTCCTCCA-3’
F: 5'-TGACTTCAAGAAGGACGGGC-3’ .
LL-37 | R, 5'-AGGGCACACACTAGGACTCT-3’ AP
F: 5'-CTTCCTTAGTGCCTGTGACAAAAA-3’
SI00A7 | ¢ 5/ AAAGACAGAAACTCAGAAAAATCAATCT-3' [10]
F: 5'-ATGCCGTCTACAGGGATGAC-3’
SI00A8 | ¢ 5 ACGCCCATCTTTATCACCAG-3' [11]
F: 5'-CAGCTGGAACGCAACATAGA-3’
SI0049 | ¢ 5 TCAGCTGCTTGTCTGCATTT-3" [10]
o F: 5'-GATTTTGCGGTTTTAAGCC-3’ self-Desinned
p R: 5'-GAGTAGAAAGTGTTGAGGC-3’ g
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Supplementary Table 3: Differential Abundances Analysis of Microbial Species
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21

18

21

19

23

22

25

21

0,0209039
3

0,0231519
3

0,0232413
3

0,0244004

0,0272256

0,0296959

9

0,0296218
6

0,0333257
6

0,0340259
2

0,0369340
5

0,0402516
5

0,0334462
9

0,0358813
5

0,0358813
5

0,0370213

0,0406076
7

0,0428401
1

0,0428401
1

0,0473010
7

0,0475282
7

0,0507843
2

0,0544945
4

13



Anaerococcus_prevotii

Dermabacter_hominis

Faecalibacterium_prausnitzii

Enhydrobacter_aerosaccus

Staphylococcus_aureus

Cutibacterium_avidum

Actinomyces_oris

Staphylococcus_haemolyticus

Corynebacterium_kroppenstedtii

Staphylococcus_pettenkoferi

Faecalibacterium_prausnitzii

Patch

Plaque

Plaque

Patch

Patch

Patch

Plaque

Plaque

Patch

Plaque

Patch

2,0349696
5
1,7223105
5
-1,678031

3,1027816
7
1,7908851
3
-1,7732156

-2,5379307

1,0833003
5
1,4841868
3
0,9144611
8
-1,3174793

0,1306844
5

0,1786528
8

0,1867413
1
0,0449240
6

0,1668124
5

0,1697861
5

0,0790297
7

0,3384765
9

0,2266866

0,4007324

9

0,2678095
2

2,9358406
2
2,4847688
8
-2,420887

4,4763677
3
2,5837010
9
2,5582093
5
3,6614600
4
1,5628720
5
2,1412289
7
1,3192886
1
1,9007208
5

0,9748344

0,8619874

6

0,8471575

1,5610513
3

0,9088453
4

0,9074049
4

1,3045183
6

0,5779216
3

0,8011893
4

0,5155782
3

0,7605913
2

65

65

65

65

65

65

65

65

65

65

65

18

17

18

39

30

19

21

21

28

18

18

0,0423675
4

0,0516172
7

0,0530095
7
0,0532617
5

0,0554761
3

0,0566840
3

0,0580250
1

0,0681603
8

0,0710149
5

0,0824695
1

0,0894476
1

0,0564900
6

0,0677958
1

0,0679280
3
0,0679280
3

0,0697414
2

0,0702562
6

0,0709194
5

0,0821659
4

0,0844502
1

0,0967642
3

0,1035709
1
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Propionibacterium_namnetense Patch - 0,5441807 -0,8778422 0,3563034 65 21  0,0952169 0,1088193
0,6084738 4 7 6 8
5
Corynebacterium_kroppenstedtii Plaque -1,4970951 0,2237792 - 0,9007381 65 28 0,1038997 @ 0,1172201
7 2,1598516 6 2 9
8
Kocuria_palustris Plaque - 0,2444829 - 0,9092924 65 19 0,12836 0,141196
1,4086098 1 2,0321944 5
8 9
Anaerococcus_nagyae Patch - 0,3390796 - 0,6958318 65 23 0,1272617 0,141196
1,0815201 8 1,5603037 6
7 8
Micrococcus_luteus Patch - 0,3296498 - 0,8778293 65 39  0,2131158 0,2315332
1,1097241 7 1,6009935 5 7
8 7
Supplementary Table 4: Differential Abundances Analysis of Virulence Genes
feature value coef fc log2fc stderr N N.not.0 pval qval
(cap8M) type 8 capsular polysaccharide synthesis | Plaque 1,79447686 | 6,01632653 | 2,58888287 | 0,56140402 | 65 17 | 0,00238604 | 0,07158114
protein Cap8M [Capsule (VFO003) - Immune
modulation (VFC0258)] [Staphylococcus aureus
subsp. aureus MW2]
(hld) delta-hemolysin [-hemolysin (VF0007) - Plaque 1,63885211 | 5,14925533 | 2,36436381 | 0,59339576 | 65 7 | 0,00776988 | 0,10391755
Exotoxin (VFC0235)] [Staphylococcus aureus
subsp. aureus MW2]
(sak) Staphylokinase precursor [Staphylokinase Plaque 1,62416901 | 5,07420067 | 2,34318058 | 0,43220667 | 65 14 | 0,00044645 | 0,05357401

(VF0021) - Exoenzyme (VFC0251)]
[Staphylococcus aureus subsp. aureus MW?2]
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(essA) type VII secretion system protein EssA,
monotopic membrane protein [Type VIl secretion
system (VF0403) - Effector delivery system
(VFC0086)] [Staphylococcus aureus subsp. aureus
MW?2]

Plaque

1,59685407

4,93747502

2,30377345

0,64946357

65

10

0,01731959

0,10391755

(esaE) type VIl secretion system chaperone
protein [Type VIl secretion system (VF0403) -
Effector delivery system (VFC0086)]
[Staphylococcus aureus subsp. aureus MW?2]

Plague

1,571273

4,81277094

2,26686776

0,44427223

65

15

0,00093933

0,05635985

(esaB) type VIl secretion system protein EsaB
[Type VIl secretion system (VF0403) - Effector
delivery system (VFC0086)] [Staphylococcus
aureus subsp. aureus MW?2]

Plague

1,56951905

4,80433698

2,26433735

0,62031179

65

12

0,01444507

0,10391755

(esaD) type VIl secretion system secreted
protein, a nuclease toxin EsaD [Type VIl secretion
system (VF0403) - Effector delivery system
(VFC0086)] [Staphylococcus aureus subsp. aureus
MW2]

Plaque

1,53071132

4,62146299

2,20834963

0,57653013

65

13

0,01044238

0,10391755

(cap8B) type 8 capsular polysaccharide synthesis
protein Cap8B [Capsule (VFO003) - Immune
modulation (VFC0258)] [Staphylococcus aureus
subsp. aureus MW2]

Plaque

1,50781735

4,51686132

2,17532062

0,60849744

65

12

0,01665397

0,10391755

(cap8D) type 8 capsular polysaccharide synthesis
protein Cap8D [Capsule (VFO003) - Immune
modulation (VFC0258)] [Staphylococcus aureus
subsp. aureus MW2]

Plaque

1,50669137

4,51177829

2,17369617

0,59512364

65

11

0,01455379

0,10391755
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(isdA) iron-regulated surface determinant protein
A [Isd (VFO015) - Nutritional/Metabolic factor
(VFC0272)] [Staphylococcus aureus subsp. aureus
str. Newman]

Plaque

1,49726282

4,46943864

2,16009364

0,56152265

65

10

0,01010552

0,10391755

(geh) glycerol ester hydrolase [Lipase (VF0012) -
Exoenzyme (VFC0251)] [Staphylococcus aureus
subsp. aureus MW2]

Plaque

1,47054387

4,35160122

2,12154635

0,52854085

65

0,00734715

0,10391755

(spa) Immunoglobulin G binding protein A
precursor [SpA (VF0017) - Exotoxin (VFC0235)]
[Staphylococcus aureus subsp. aureus MW?2]

Plague

1,43449496

4,19752456

2,06953877

0,65002904

65

0,03153937

0,14556632

(esxA) type VIl secretion system secreted protein
EsxA [Type VIl secretion system (VF0403) -
Effector delivery system (VFC0086)]
[Staphylococcus aureus subsp. aureus MW?2]

Plague

1,42815607

4,17100105

2,06039368

0,49629191

65

21

0,00595724

0,10391755

(icaC) intercellular adhesion protein C, involved in
polysaccharide intercellular adhesin(PIA)
synthesis [Intercellular adhesion proteins
(VF0014) - Biofilm (VFC0271)] [Staphylococcus
aureus subsp. aureus MW2]

Plague

1,42733293

4,16756916

2,05920614

0,57095955

65

13

0,01585216

0,10391755

(esxB) type VIl secretion system secreted protein
EsxB [Type VIl secretion system (VF0403) -
Effector delivery system (VFC0086)]
[Staphylococcus aureus subsp. aureus MW?2]

Plaque

1,42065402

4,13982707

2,04957051

0,43971082

65

13

0,00228099

0,07158114

(isdD) iron-regulated surface determinant protein
D [Isd (VF0015) - Nutritional/Metabolic factor
(VFC0272)] [Staphylococcus aureus subsp. aureus
str. Newman]

Plaque

1,37213874

3,94377641

1,97957776

0,50296924

65

11

0,00881067

0,10391755
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(sspB) staphopain cysteine proteinase SspB
[Staphopain (VFO006) - Exoenzyme (VFC0251)]
[Staphylococcus aureus subsp. aureus MW2]

Plaque

1,35391851

3,87257054

1,95329152

0,54207889

65

12

0,01575994

0,10391755

(esxD) type VIl secretion system secreted protein
EsxD [Type VIl secretion system (VF0403) -
Effector delivery system (VFC0086)]
[Staphylococcus aureus subsp. aureus MW?2]

Plague

1,34144719

3,82457438

1,9352992

0,55125895

65

14

0,01873092

0,10703384

capN) capsular polysaccharide type 5/8
biosynthesis epimerase CapN [Capsule (VFO003) -
Immune modulation (VFC0258)] [Staphylococcus
aureus subsp. aureus MW?2]

Plague

1,32550829

3,76409814

1,91230424

0,58363711

65

19

0,02740781

0,1426702

(cap8F) type 8 capsular polysaccharide synthesis
protein Cap8F [Capsule (VFO003) - Immune
modulation (VFC0258)] [Staphylococcus aureus
subsp. aureus MW?2]

Plaque

1,31557888

3,72690779

1,89797913

0,52541653

65

13

0,01566541

0,10391755

isdB) iron-regulated surface determinant protein
B, haemoglobin receptor [Isd (VF0015) -
Nutritional/Metabolic factor (VFC0272)]
[Staphylococcus aureus subsp. aureus str.
Newman]

Plaque

1,29881047

3,66493451

1,87378742

0,52623901

65

15

0,01718483

0,10391755

(essB) type VIl secretion system protein EssB,
monotopic membrane protein [Type VIl secretion
system (VF0403) - Effector delivery system
(VFC0086)] [Staphylococcus aureus subsp. aureus
MW?2]

Plaque

1,29315565

3,64426846

1,86562924

0,5697769

65

13

0,02762377

0,1426702

(lip) triacylglycerol lipase precursor [Lipase
(VF0012) - Exoenzyme (VFC0251)]
[Staphylococcus aureus subsp. aureus MW?2]

Plaque

1,27337489

3,57289036

1,83709164

0,49845452

65

0,01388927

0,10391755
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(isdG) iron-regulated surface determinant protein
G [Isd (VFO015) - Nutritional/Metabolic factor
(VFC0272)] [Staphylococcus aureus subsp. aureus
str. Newman]

Plaque

1,2435211

3,46780247

1,79402172

0,55097313

65

12

0,02853404

0,1426702

(esaA) type VIl secretion system protein EsaA
[Type VIl secretion system (VF0403) - Effector
delivery system (VFC0086)] [Staphylococcus
aureus subsp. aureus MW2]

Plaque

1,24247471

3,46417571

1,79251211

0,56655199

65

17

0,03300159

0,14667374

(essC) type VIl secretion system protein EssC,
FtsK/SpolllE family ATPase [Type VIl secretion
system (VF0403) - Effector delivery system
(VFC0086)] [Staphylococcus aureus subsp. aureus
MW2]

Plaque

1,15810679

3,18389978

1,67079493

0,55363047

65

10

0,04168571

0,16606933

(icaR) ica operon transcriptional regulator IcaR
[Intercellular adhesion proteins (VF0014) -
Biofilm (VFC0271)] [Staphylococcus aureus subsp.
aureus MW?2]

Plaque

1,15236021

3,1656557

1,66250435

0,57975442

65

17

0,05198515

0,17704151

aur) zinc metalloproteinase aureolysin
[Aureolysin (VF0024) - Exoenzyme (VFC0251)]
[Staphylococcus aureus subsp. aureus MW?2]

Plaque

1,11031699

3,03532041

1,60184881

0,5025413

65

0,03135327

0,14556632

(hlgB) gamma-hemolysin component B [-
hemolysin (VF0011) - Exotoxin (VFC0235)]
[Staphylococcus aureus subsp. aureus MW?2]

Plaque

1,09618961

2,99274077

1,58146732

0,53335407

65

0,04465572

0,16606933

(cap8P) type 8 capsular polysaccharide synthesis
protein Cap8P [Capsule (VFO003) - Immune
modulation (VFC0258)] [Staphylococcus aureus
subsp. aureus MW2]

Plaque

1,09553203

2,99077343

1,58051862

0,58247511

65

14

0,0659863

0,19822864
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(set25) superantigen-like protein SSL10 [SSLs
(VF0990) - Exotoxin (VFC0235)] [Staphylococcus
aureus subsp. aureus MW2]

Plaque

1,03892936

2,82618956

1,49885823

0,54956235

65

13

0,06444136

0,19822864

(esxC) type VIl secretion system secreted protein
EsxC [Type VIl secretion system (VF0403) -
Effector delivery system (VFC0086)]
[Staphylococcus aureus subsp. aureus MW?2]

Plague

1,03131103

2,80474054

1,48786731

0,49975523

65

16

0,04422772

0,16606933

(hly/hla) Alpha-Hemolysin precursor [-hemolysin
(VF0001) - Exotoxin (VFC0235)] [Staphylococcus
aureus subsp. aureus MW?2]

Plague

1,03114068

2,80426279

1,48762155

0,49657481

65

11

0,04270114

0,16606933

(adsA) Adenosine synthase A [AdsA (VF0422) -
Immune modulation (VFC0258)] [Staphylococcus
aureus subsp. aureus MW2]

Plague

1,00479985

2,73136055

1,44961977

0,48931096

65

11

0,04566907

0,16606933

(ebp) cell surface elastin binding protein [EbpS
(VF0008) - Adherence (VFC0001)]
[Staphylococcus aureus subsp. aureus MW?2]

Plaque

0,99864452

2,71459974

1,44073949

0,51599598

65

16

0,05838319

0,18935088

scn) complement inhibitor SCIN [SCIN (VF0425) -
Immune modulation (VFC0258)] [Staphylococcus
aureus subsp. aureus MW2]

Plaque

0,92725376

2,52755837

1,33774441

0,49284981

65

0,06607621

0,19822864

(cap8E) type 8 capsular polysaccharide synthesis
protein Cap8E [Capsule (VFO003) - Immune
modulation (VFC0258)] [Staphylococcus aureus
subsp. aureus MW2]

Plaque

0,89285938

2,44210258

1,2881238

0,44915379

65

11

0,05208613

0,17704151

(IpxC) UDP-3-0-acyl-N-acetylglucosamine
deacetylase [LPS (VF0466) - Immune modulation
(VFC0258)] [Acinetobacter baumannii ACICU]

Plaque

0,34595691

0,70754298

0,49911032

0,16390827

65

0,04042482

0,16606933

(pilH) twitching motility protein PilH [Type IV pili
(VF0082) - Adherence (VFC0001)] [Pseudomonas
aeruginosa PAO1]

Patch

0,63699687

0,52887833

0,91899222

0,32202245

65

19

0,05311245

0,17704151
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(pilG) twitching motility response regulator PilG Plaque -1 0,45210693 -1 0,31467571 | 65 81 0,01511838 | 0,10391755
[TFP (VF1334) - Adherence (VFC0001)] 0,79383656 1,14526407

[Acinetobacter baumannii ACICU]

(adsA) Adenosine synthase A [AdsA (VF0422) - Patch - | 0,44454159 - | 0,44149748 | 65 11 | 0,07289897 | 0,21336284
Immune modulation (VFC0258)] [Staphylococcus 0,81071167 1,16960971

aureus subsp. aureus MW?2]

21



Publication 3: Multi-Omic Data Integration Suggests Putative Microbial Drivers of

Aetiopathogenesis in Mycosis Fungoides

4 Publication 3: Multi-Omic Data Integration Suggests
Putative Microbial Drivers of Aetiopathogenesis in

Mycosis Fungoides

Licht, P. & Mailander, V. Multi-Omic Data Integration Suggests Putative Microbial Drivers

of Aetiopathogenesis in Mycosis Fungoides. Cancers (Basel). 16, 3947 (2024). doi:

10.3390/cancers16233947

Full-text link: https://www.mdpi.com/2072-6694/16/23/3947

Supplementals: https://www.mdpi.com/article/10.3390/cancers16233947/s1

My contribution to this publication is detailed in the section Contributions to Publications

1,2, and 3.

111


https://www.mdpi.com/2072-6694/16/23/3947
https://www.mdpi.com/article/10.3390/cancers16233947/s1




cancers

Article

Multi-Omic Data Integration Suggests Putative Microbial
Drivers of Aetiopathogenesis in Mycosis Fungoides

Philipp Licht !

check for
updates

Citation: Licht, P; Mailander, V.
Multi-Omic Data Integration Suggests
Putative Microbial Drivers of
Aetiopathogenesis in Mycosis
Fungoides. Cancers 2024, 16, 3947.
https:/ /doi.org/10.3390/
cancers16233947

Academic Editors: Annunziata

Gloghini and Giancarlo Pruneri

Received: 17 September 2024
Revised: 16 November 2024
Accepted: 21 November 2024
Published: 25 November 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Volker Mailinder 1.2*

1
2

Department of Dermatology, University Medical Centre Mainz, 55131 Mainz, Germany; plicht@uni-mainz.de
Max Planck Institute for Polymer Research, 55128 Mainz, Germany
*  Correspondence: mailaend@mpip-mainz.mpg.de

Simple Summary: This research aims to better understand the causes of Mycosis fungoides (MF)—a
disease where a type of immune cell, the T cell, malignantly transforms into cancer. It is not yet fully
understood what triggers MF or how it progresses, partly because it varies so much between patients
and because there is debate about whether the disease begins in immature T cells (thymocytes) or
in more mature T cells (memory T cells). Recent findings suggest that bacteria living on the skin,
particularly a harmful strain of Staphylococcus aureus, may aggravate MF by triggering specific
pathways in T cells. To investigate this hypothesis, we explored the gene expression and microbial
abundance of MF patients’ skin with advanced statistical methods. We found that varied microbial
skin colonization between patients may explain why the skin gene expression is so different from
patient to patient. We also observed additional evidence that S. aureus might indeed trigger pathways
in mature T cells that fuel cancer progression. Further, our statistical model suggested that certain
viruses, like Epstein—Barr virus, could play a role in starting the disease by disrupting thymocytes
(immature T cells). Based on these results, we speculate that both perspectives on the origin of
MF could be correct, immature (thymocytes) and mature T cells: Thymocytes undergo malignant
transformation, possibly caused by viruses, and bacteria like S. aureus fuel the malignant T cells to
become prominent cancer cells. Our research could help uncover the complex interplay between
bacteria, viruses, and T cells in ME. The findings may pave the way for new treatments targeting the
skin microbiome or T cell pathways, offering hope for better management of this challenging disease.

Abstract: Background: Mycosis fungoides (MF) represents the most prevalent entity of cutaneous T
cell lymphoma (CTCL). The MF aetiopathogenesis is incompletely understood, due to significant
transcriptomic heterogeneity and conflicting views on whether oncologic transformation originates
in early thymocytes or mature effector memory T cells. Recently, using clinical specimens, our
group showed that the skin microbiome aggravates disease course, mainly driven by an outgrowing,
pathogenic S. aureus strain carrying the virulence factor spa, which was shown by others to activate
the T cell signalling pathway NF-kB. Methods: To explore the role of the skin microbiome in MF
aetiopathogenesis, we here performed RNA sequencing, multi-omic data integration of the skin
microbiome and skin transcriptome using Multi-Omic Factor Analysis (MOFA), virome profiling,
and T cell receptor (TCR) sequencing in 10 MF patients from our previous study group. Results: We
observed that inter-patient transcriptional heterogeneity may be largely attributed to differential
activation of T cell signalling pathways. Notably, the MOFA model resolved the heterogenous
activation pattern of T cell signalling after denoising the transcriptome from microbial influence. The
MOFA model suggested that the outgrowing S. aureus strain evoked signalling by non-canonical
NF-«B and IL-1B, which in turn may have fuelled the aggravated disease course. Further, the MOFA
model indicated aberrant pathways of early thymopoiesis alongside enrichment of antiviral innate
immunity. In line with this, viral prevalence, particularly of Epstein-Barr virus (EBV), trended higher
in both lesional skin and the blood compared to nonlesional skin. Additionally, TCRs in both MF skin
lesions and the blood were significantly more likely to recognize EBV peptides involved in latent
infection. Conclusions: First, our findings suggest that S. aureus with its virulence factor spa fuels MF
progression through non-canonical NF-«B and IL-1B signalling. Second, our data provide insights
into the potential role of viruses in MF aetiology. Last, we propose a model of microbiome-driven
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MF aetiopathogenesis: Thymocytes undergo initial oncologic transformation, potentially caused by
viruses. After maturation and skin infiltration, an outgrowing, pathogenic S. aureus strain evokes
activation and maturation into effector memory T cells, resulting in aggressive disease. Further
studies are warranted to verify and extend our data, which are based on computational analyses.

Keywords: cutaneous T cell lymphoma (CTCL); Mycosis fungoides (MF); microbiome; transcrip-
tomics; multi-omics; data integration; bioinformatics; computational biology; disease signalling;
NF-«B; IL-1B; Staphylococcus aureus; protein A; microbiome-driven pathogenesis

1. Introduction

Cutaneous T cell lymphoma (CTCL) is a heterogeneous group of non-Hodgkin T cell
lymphomas with skin homing properties. The most common entity is Mycosis fungoides
(MF), with an incidence rate of 4.1 cases per million in the USA [1,2]. MF patients present
with several to many cutaneous lesions that are formed by the infiltration of neoplastic
T cells and benign reactive lymphocytes. With disease progression, both neoplastic and
benign infiltrates accumulate, resulting in inflammatory reddening of skin lesions [1,3,4].
Depending on the degree of lymphocyte infiltration and inflammation, lesions are classified
into the stages patch, plaque, and tumour. As MF is a lymphoproliferative disorder which
can involve extracutaneous compartments like the blood, a clinical staging system considers
these events and classifies patients into stages IA-IVB [1,5]. In early stages (IA-1IA), MF
is an indolent disease with a 5-year disease-specific survival of 89%, which, however,
dramatically drops to ~20% in the most advanced stages [5]. Because the aetiology and
pathogenesis of MF are incompletely understood, treatment options are limited, and a cure
is almost not achievable [6,7].

MF is thought to arise from mature, skin-resident CD4+ T cells [8], which resemble the
phenotype of tissue-resident effector memory T cells [9]. However, others suggest that the
initial oncologic transformation takes place during early thymopoiesis, specifically during
the double-negative (DN) stages DN-1 through DN-3. Those “premalignant clones” may
then migrate to the skin, where they proliferate [10-15]. The causative agent responsible for
the oncogenic transformation of T cells in MF remains uncertain [1]. Viruses are among the
potential factors considered due to their involvement in various lymphoma types, including
even two other entities of CTCL [16]. Viral involvement in MF is further supported by
the elevated risk of MF patients to develop one or more virus-initiated lymphoma types,
either simultaneously with MF or later in time [17-23]. However, the role of viruses in the
aetiology of MF remains unclear, as findings from different studies have yielded conflicting
results [24-26].

Likewise, the molecular drivers of MF pathogenesis remain incompletely under-
stood [27,28]. In benign T cells, three signals orchestrate activity and proliferation: First,
an initial T cell response is initiated by antigenic stimulation of the T cell receptor (TCR)
together with CD3. Second, co-stimulation is required to augment TCR signalling, which is
mediated by various molecules, including CD28 and the tumour necrosis factor receptor
superfamily (TNFRSF). Downstream, both TCR signalling and co-stimulation converge
on PI3K/AKT, NFAT, and NF-«B [29]. Third, sustained T cell activity is promoted by
cytokines, which activate JAK-STAT. While CD8+ T cells require interleukin (IL) 12 and
interferon (IFN) ot/ to initiate signal three, CD4+ T cells require IL-1 [30,31]. Because
these pathways are frequently dysregulated in T cell lymphomas, a “three-signal model”
of T cell lymphoma pathogenesis has been proposed [32]. In MF, dysregulation of TCR,
TNFRSF/NF-kB, and JAK-STAT pathways is recurrently observed, demonstrating the in-
volvement of all three “T cell lymphoma promoting” signalling pathways [33-38]. However,
the MF transcriptome exhibits substantial variability between patients and among lesions
within the same patient [27,39], which impedes the identification of a shared pathogenic
pathway to date.
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It has been proposed that the skin microbiome contributes to or evokes transcriptional
heterogeneity [40]. In agreement, we recently identified a subgroup of MF patients with a
significantly aggravated disease course and outgrowth of a distinct, pathogenic S. aureus
strain on plaque lesions. Conversely, another MF patient subgroup presented with a
more balanced skin microbiome and a favourable prognosis. Reflecting the differing
prevalences of S. aureus between the two subgroups, we referred to the subgroup with
aggravated disease and S. aureus outgrowth as ASA-positive, while the other subgroup
was termed ASA-neutral. Notably, the virulence factor staphylococcal protein A (spa) was
highly abundant in the genome of S. aureus in the ASA-positive subgroup [41]. It has been
demonstrated that spa activates the NF-«B pathway [42,43], which is involved in T cell
co-stimulation [29], and is a component of the “three-signal model” of T cell lymphoma
pathogenesis [32]. Moreover, some studies observed aberrant NF-«kB activity in subsets of
MF patients with aggressive disease [44—46]. We thus theorized that the skin microbiome
shapes MF disease signalling, resulting in exacerbated malignancy.

To investigate our hypothesis, we here performed bulk RNA sequencing (RNAseq),
multi-omic data integration of the microbiome and the transcriptome using Multi-Omic
Factor Analysis (MOFA) (48), virome profiling, and T cell receptor sequencing (TCRseq).
Our analyses yielded three main findings:

First, our data indicated that inter-patient transcriptional heterogeneity was largely
driven by differential expression of pathways involved in T cell signalling. Strikingly,
denoising the transcriptome from microbial influence using MOFA pronouncedly reduced
the heterogeneous activation pattern of T cell signalling pathways. This advocated that the
skin microbiome had a substantial impact on MF disease signalling.

Second, the MOFA model suggested that S. aureus with its virulence factor spa induced
ectopic activity of both non-canonical NF-kB and IL-1B signalling. While non-canonical
NF-«B signalling leads to survival and proliferation of naive T cells and their differentiation
into effector memory T cells (49), IL-1B facilitates sustained CD4+ T cell activation [30,31].
Given that CD4+ effector memory T cells are the malignant T cell subset in MF (9), spa-
bearing S. aureus may induce or augment the phenotypic characteristics of MF, resulting in
aggressive disease.

Third, the MOFA model implied augmented antiviral immune response along with en-
riched pathways involved in early thymopoiesis between DN1 and DN3. Viral prevalence,
particularly of Epstein-Barr virus (EBV) and human papillomavirus 71 (HPV), trended
higher in both lesional skin and the blood. In line with this, TCRs in both MF skin lesions
and the blood were significantly more likely to recognize epitopes of EBV compared to
TCRs in nonlesional skin. Notably, the most frequently recognized EBV-epitopes were
derived from proteins orchestrating latent EBV infection. Collectively, our findings provide
evidence to support potential viral involvement in the aetiology of MF, considering that
(I) malignant MF T cells infiltrate the skin from the blood (50), (II) the initial oncologic
transformation of malignant T cells in MF was mapped between DN1 and DN3 (10-15),
and (III) latent EBV infection can induce non-Hodgkin lymphoma, including peripheral T
cell lymphoma [47,48].

Taking findings from our preceding and this study together, we present a speculative
model delineating microbiome-driven MF aetiopathogenesis: The initial oncologic transfor-
mation occurs during early thymopoiesis, possibly induced by viral infection. Following
maturation and skin infiltration, outgrowth of a spa-bearing S. aureus strain exacerbates
disease by activating both non-canonical NF-«B and IL-1B signalling, resulting in the differ-
entiation of naive T cells into effector memory T cells with sustained activity. Our study
sheds light on the critical role of the microbiome in MF aetiopathogenesis.

2. Materials and Methods
2.1. Patients and Clinical Specimens

The patient group comprised a subset of patients included in our previous study [41]
that were recruited from the Department of Dermatology, University Medical Centre Mainz,
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Germany. Clinical specimens included metagenomic samples from the skin, skin punch
biopsies, and peripheral blood (see Table 1). Metagenomic skin samples were obtained
using a swab-scrape-swab procedure described earlier [41]. In brief, a pre-moistened swab
was brushed over the skin, then the same skin area was gently scraped with a scalpel, and
then it was brushed again with the same swab. To address the interindividual profile of
skin microbiomes [49], nonlesional skin from the contralateral site of the sampled lesion
was used as a control. The skin biopsies were obtained with 4 mm punches from the same
MF lesions sampled for the metagenome and were immediately snap frozen and stored at
—80 °C until RNA extraction. Peripheral blood was drawn for the isolation of peripheral
blood mononuclear cells (PBMCs) and subsequently enriched for the T cell fraction. For
full details, please refer to [41].

Table 1. Study group, clinical specimens, and patient metadata. This study group is a subset of the
group enrolled in Licht et al. [41], in which we characterized the skin microbiome of MF patients.
We demonstrated that S. aureus abundance is increased on MF lesions compared to nonlesional
skin in a subgroup of patients (ASA-positive), while S. aureus abundance does not change in the
other subgroup (ASA-neutral). ASA-positive patients exhibit a poor clinical course compared to
ASA-neutral patients. Patient IDs in this study match the given patient IDs in Licht et al. [41]. NA =
not available; f = female; m = male.

. Clinical ASA- Stage of Lesion RNAseq: TCRseq:
Patient ID Sex Age (Years) Stage Subgroup (Body Site) Tissues Included Tissues Included
Patl f 81 IA positive plaque (hip) lesion, blood lesion, blood

Pat3 f 47 1B neutral patch (thigh) 1e51(?n, NA
nonlesional
1 ( lesion, lesion,
Pat4 m 70 1IB positive p aq}l;e l‘:l)PP er nonlesional, nonlesional,
ac blood blood
. lesion, lesion,
Pat5 f 73 IB neutral patch (thigh) nonlesional nonlesional
lesion, lesion
Pat7 m 54 IB neutral plaque (flank) nonlesional, .
nonlesional
blood
atch (upper lesion,
Pat8 m 82 1IB positive pate ppe nonlesional, lesion, blood
back)
blood
Pat9 m 63 1B neutral plaque (forearm) lespn, lesion
nonlesional
Pat10 m 49 IB neutral patch (gluteus) 1e51(?n, lesion
nonlesional
Pat13 m 66 1B neutral patch (lower leg, lesion, NA
back) nonlesional
1 (i 1 lesi lesion,
Patl14 m 62 1B neutral plaque flower feg, espn, nonlesional,
front) nonlesional blood

2.2. RNA Sequencing and Bioinformatic Analysis of the Transcriptome

Total RNA was extracted from skin biopsies and T cell enriched PBMCs as described
previously [41]. Total RNA was sent to Novogene Company Ltd. (Cambridge, UK) for
library preparation and sequencing. Briefly, after a quality check with Caliper Life Sciences
GX I (Hopkinton, MA, USA), 400 ng RNA was used as input for the NEBNext Ultra RNA
Library Prep Kit (New England Biolabs, Ipswich, MA, USA). One sample (nonlesional
skin of Patl) was excluded due to low RNA quality. After the quality check, libraries were
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sequenced on a NovaSeq 6000 (Illumina, San Diego, CA, USA) at 150 bp paired-end to an
average of 78.74 (range 63.82-94.20) million raw reads, with 11.81 (range 9.57-14.13) giga
base pairs (Gbp) per sample.

For the transcriptome analysis, raw reads were quality-checked with Fastqc version
0.11.9 [50], and subsequently aligned against the human reference genome Ensembl built
GRCh38.p13 using STAR 2.7.9a with the flag -quantMode GeneCounts [51]. The data were
loaded into DESeq2 version 1.36.0 [52], filtered for genes with a minimum of ten cumulative
counts over all samples, and normalized using the internal DESeq2 method. Subsequently,
a differential expression analysis using the Wald test was carried out, adjusted for influences
from individual patients which may have been introduced by the paired-sample design. To
account for multiple testing, p-values were adjusted using Benjamini-Hochberg and genes
with <0.05 adjusted p-value were considered significant. Volcano plots were created using
the R package EnhancedVolcano [53]. For principal component analyses, the data were
first transformed with the variance-stabilization method (vst) and then analysed using the
plotPCA function within DESeq2. The PCA was visualized using ggplot2 [54].

Gene set enrichment analysis was performed using the R package pathfindeR [55].
Log?2 fold-changes of significantly deregulated genes determined by DESeq2 were used
as input. The Reactome database [56] was used to find enriched pathways. Because we
were particularly interested in signalling pathways that might orchestrate MF pathogene-
sis, we screened the literature for pathways that were described as deregulated in T cell
lymphomas or CTCL. The Reactome database was subsequently filtered to retain only
pathways that contain at least one of the following terms (case-insensitive): cascade, signal,
signalling, signaling, pathway, transition, cycle, regulation, activation, keratinization, corni-
fied, antimicrobial, interferon, IFN, stimulation, stimuli, activate, receptor, TLR. Enriched
pathways were clustered using the pathfindeR function cluster_enriched_terms. Plots were
created using pathfindeR.

Upregulated pathways in the plaque stage that, according to the literature, may have
been elicited by S. aureus were further investigated using PCA. Therefore, the influence from
the paired-sample design was regressed out from the normalized and rlog-transformed
count matrix with the removeBatchEffect function from the limma package [57]. For three
differentially regulated pathways of interest in the plaque stage, up- and downregulated
genes according to pathfindeR were determined. The corrected count matrix was filtered
for the genes of interest and plaque stage samples and parsed into the prcomp R stats
function to perform PCA. ggplot2 was used for visualization.

2.3. Multi-Omic Data Integration

We utilized the R implementation of MOFA (Multi-Omic Factor Analysis) version
1.6.0 [58] to integratively analyse the microbiome and transcriptome datasets. MOFA
integrates multiple omics datasets by discovering latent factors that capture both shared
and omic-specific patterns of variation. These latent factors help to identify key biological
signals, denoise the data, and identify relationships between different omics layers.

The microbiome dataset was created in our preceding study where we characterized
the MF skin microbiome using shotgun metagenomics and MetaPhlAn 3.0.2 [41,59,60]. To
obtain absolute counts of microbial taxa (rather than the relative abundance, which is the
default in MetaPhlAn and was used in our previous study), the metagenome was re-profiled
including the flag -t rel_ab_w_read_stats using MetaPhlAn 3.0.2 with the intermediate
bowtie2 mapping files as input. The resulting profiles were filtered to retain only taxa on
the species level and normalized using the wrench method, which accounts for sparse
metagenomic count data and is implemented in the R package wrench [61]. The normalized
data were log2-transformed with a pseudocount of 1. To select highly variable species
for the MOFA model, 50 species with the highest variance were filtered (with the R base
function var) and used for all subsequent steps.

The transcriptome dataset was created in this study as described above. After mapping
and normalization with STAR 2.7.9a and DESeq?2 version 1.36.0 (described above), the data
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were transformed with the regularized logarithm using the rlog function implemented
in DESeq2 [52]. As recommended by the MOFA authors, the large transcriptome dataset
was restricted to not overrepresent the smaller microbiome dataset in the MOFA model.
Therefore, the top 5000 highly variable genes were selected based on the median absolute
deviation calculated with the R base function mad. The MOFA model was trained with
a single group, the option scale_views set to TRUE, convergence_mode set to slow, and
eight factors.

Gene set enrichment analysis was performed with the MOFA function run_enrichment,
which is based on principal component gene set enrichment (PCGSE) [62] using only genes
with positive weights as input. The Reactome database, filtered for pathways of interest
(see the above section of transcriptome analysis), was used as a background. Pathway
enrichment plots were generated with ggplot2.

For the heatmaps in Figure 2A,B, an identical set of genes were plotted using the R
package pheatmap (refer to the caption of Figure 2 for more details on gene selection). The
heatmap in Figure 2A shows the normalized gene counts, while the heatmap in Figure 2B
shows the denoised version of the data, explained by the latent factors of the MOFA
model. This means that the MOFA model reconstructs the input data (transcriptome
and microbiome) based on the latent factors and shows patterns that are shared between
the omics layers and that are omics-specific. The denoised heatmap in Figure 2B was
generated with the MOFA function plot_data_heatmap with argument denoise set to TRUE.
Internally, plot_data_heatmap uses pheatmap for heatmap plotting, with the MOFA trained
data as input. The code used for Figure 2B (and other figures) can be found in the Data
Availability Statement.

2.4. Virus Profiling

The virome present on superficial skin layers was profiled via re-analysis of the
microbiome dataset generated in our previous investigation [41]. Briefly, human skin was
brushed topically with swabs, and whole metagenomic sequencing was performed and
subsequently profiled with MetaPhlAn 3.0.2. While viruses were excluded in our previous
study, here we activated the flag for viral identification (--add_viruses). The resulting
profiles were filtered to retain only viruses.

The virome present in deeper skin layers was profiled using RNAseq reads generated
from skin punch biopsies. In contrast to the swabbing procedure, punch biopsies obtain the
entire depth of skin layers. Virome profiles from RNAseq reads were generated with the
VIRTUS pipeline [63]. Briefly, non-human reads were filtered out through alignment to the
human reference genome Ensembl built GRCh38.p13. Next, unmapped (i.e., non-human)
reads were aligned against 762 viral genomes. Heatmaps visualizing the virome profile
were generated with the R package pheatmap [64].

2.5. Assessment of TCR—Epitope Binding

To investigate whether T cells of MF patients recognize EBV-epitopes, the T cell
receptor was sequenced as described previously [41]. Briefly, RNA isolated from skin punch
biopsies and T cell enriched PBMCs of MF patients were subjected to library preparation
spanning the variable part of the TCR using the NEBNext Immune Sequencing Kit, human
(E6320, New England Biolabs, USA), and sequenced on a MiSeq (Illumina, USA) running
300 bp PE. The sequencing data were processed with the pRESTO toolkit [65] (https://
usegalaxy.org/u/bradlanghorst/w/presto-nebnext-immune-seq-workflow-v320, accessed
on 20 May 2019) and the R package immunearch [66]. EBV-epitopes were obtained from the
Immune Epitope Database (IEDB) (https://www.iedb.org/, accessed on 2 April 2019) [67].
The Tool ERGO-II [68] was used to determine binding scores of pairs of TCRs and EBV-
epitopes. The closer the binding score is to 1, the higher the probability that a TCR
recognizes the epitope [68].


https://usegalaxy.org/u/bradlanghorst/w/presto-nebnext-immune-seq-workflow-v320
https://usegalaxy.org/u/bradlanghorst/w/presto-nebnext-immune-seq-workflow-v320
https://www.iedb.org/
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3. Results
3.1. Study Group and Clinical Specimens

The study group consisted of 10 MF patients (mean age at sampling: 64.7 years; range:
47 to 82 years) and was a subset of patients that were enrolled in our preceding investigation
where we characterized the MF skin microbiome [41]. To ensure traceability, IDs of included
patients in this study were adopted from our previous investigation [41]. In that study, we
found that a subgroup of patients presented with an increased abundance of S. aureus on
MF lesions compared to nonlesional skin of the same patient. We termed this subgroup
ASA-positive as opposed to the ASA-neutral subgroup, where S. aureus abundance was
consistent between MF lesions and nonlesional skin of the same patient. The ASA-positive
subgroup had a strong dysbiosis and a significantly aggravated disease course compared
to the ASA-neutral subgroup [41]. Of the 10 MF patients included in the present study, 3
were in the ASA-positive subgroup and 7 were in the ASA-neutral subgroup.

Clinical specimens included skin swabs and punch biopsies of lesional skin (5 patch
stage and 5 plaque stage) and matched nonlesional skin of the same MF patients as an
intra-patient control (10 nonlesional skin samples). For more details about the rationale of
using internal controls, please refer to Licht, Dominelli et al. [41]. Additionally, blood was
drawn in four patients for the isolation of peripheral blood mononuclear cells (PBMCs).
All clinical specimens were taken at the same visit. Skin punch biopsies were used for
RNAseq. Where sufficient material was available, skin punch biopsies and PBMCs were
used for TCRseq. Shotgun metagenomics from skin swabs were initially carried out in
our previous investigation [41] and re-analysed in the present study in a multi-omic data
integration approach together with the skin transcriptome. Table 1 summarizes patient
metadata, clinical specimens, and data modalities used in the present study.

3.2. Transcriptional Heterogeneity May Be Largely Driven by Differential Activation of Pathways
of the “Three-Signal Model” of T Cell Lymphoma Pathogenesis

A number of studies investigated the CTCL transcriptome [27,39] and uncovered
various mechanisms of disease progression [33-38]. However, the transcriptome was also
found to exhibit significant heterogeneity among patients, complicating the identification
of a common pathological mechanism [27,39,46,69-73].

To explore the root of transcriptional heterogeneity, we employed differential gene
expression analysis and gene set enrichment analysis (GSEA). Principal component anal-
ysis (PCA) of the MF skin transcriptome clearly separated nonlesional skin, patch, and
plaque via principal component (PC) 1. However, lesional samples also spread along PC2,
demonstrating strong inter-patient transcriptional heterogeneity (Figure 1A). Likewise,
GSEA recovered several aberrant pathways known to promote MF exacerbation, such
as chemokine signalling [74] (Supplementary Material S2), but also showed substantial
activation differences between patients in both patch and plaque lesions (Supplementary
Material S3). Notably, pathways of the “three-signal model” of T cell lymphoma patho-
genesis exhibited different activation patterns between patch and plaque (Table 2): TCR
signalling was enriched in both patch and plaque, whereas interleukin-13 (IL-13) signalling,
CD28 co-stimulation, and co-stimulation through death receptors activating NF-«B [44,45]
were enriched solely in the plaque stage.

Next, we aimed to assess whether pathways of the “three-signal model” for T cell lym-
phoma pathogenesis [32] replicate transcriptional heterogeneity. To this end, we compiled
a list of genes that are (I) members of the “three-signal model” for T cell lymphomas and
(I) were differentially expressed in either or both patch and plaque stages. A clustered
heatmap of these genes closely resembled the pattern of the PCA of the entire transcriptome
(Figure 2A): Nonlesional skin and plaque samples formed separate clusters, while patch
samples exhibited intermediate expression levels. Importantly, plaque samples displayed
pronounced heterogeneity in RNA expression levels (Figure 2A). We thus reasoned that
inter-patient transcriptional heterogeneity can, at least to some extent, be attributed to
differential expression of pathways that orchestrate T cell lymphoma pathogenesis.
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Figure 1. Analysis of the MF skin transcriptome. (A) Principal component analysis (PCA) showing
inter-heterogeneity of plaque. (B) Volcano plots visualizing the distribution of gene fold-changes
and statistical significance between patch or plaque and nonlesional skin. For the complete results
table of DESeq?2 differential gene expression analysis, refer to Supplementary Material S1. (C) PCA
of genes belonging to upregulated pathways in the plaque stage that may have been elicited by S.

aureus according to the literature [75-79]. PC = principal component, NS = not significant.

Table 2. Gene set enrichment analysis. Displayed are selected pathways of interest. Please refer to
Supplementary Material S2 for the full GSEA list. log2fc = log?2 fold-change, NA = not available, padj
= p-value adjusted to multiple comparisons using Bonferroni.

Pathway II; agt;:?c padj Il’(l);;(;}lce padj
Keratinization 6.35 3.6 x 107° 1.18 7.1 x 1078

Antimicrobial peptides 8.69 14 x 1075 NA NA
TCR signalling 4.74 1.3 x 1077 1.63 1.4 x 10714
CD28 co-stimulation NA NA 1.74 1.1 x 107
Non-canonical NF-kB pathway NA NA 1.34 43 x 10711
Interleukin-13 signalling NA NA 141 6.2 x 1074
IFN-y signalling 8.32 6.7 x 107° 1.83 5.8 x 1073
Death receptor signalling NA NA 1.85 6.4 x 1072
Toll-Like Receptor 4 (TLR4) Cascade 2.55 1.5 x 1072 1.31 6.4 x 1071
NOD1/2 signalling pathway NA NA 1.84 43 x 107V
RHOA GTPase cycle NA NA 1.62 4x107%
Regulation of TP53 activity NA NA 1.28 1.8 x 10710
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Figure 2. Clustered heatmap of genes involved in the “three-signal model” of T cell lymphoma
pathogenesis. The clustered heatmap was created with genes involved in the “three-signal model” of
T cell lymphoma pathogenesis that were differentially expressed in the patch and/or plaque stage
and were included in the MOFA model (5000 highly variable genes; see Methods and Supplementary
Material S6). Raw gene counts were normalized using the median of ratios and rlog-transformed
with the DESeq2 package [52]. (A) Shown are normalized RNA expression levels before integration
of the microbiome. Notably, although only genes of the “three-signal model” of T cell lymphoma
pathogenesis were included, the clustering resembled the patterns of the PCA, which was based
on the entire transcriptome. Despite clustering together, plaque samples exhibited a high degree of
heterogeneity. (B) After data integration of the transcriptome with the microbiome, the heterogeneity
of plaque samples was largely resolved, suggesting that the microbiome had a strong impact on MF
disease signalling. Please refer to the Methods section for information on how the denoised heatmap
was generated.

3.3. The MF Skin Transcriptome Shows Responses to Microbial Stimuli

Since differential microbial skin colonization may contribute to transcriptional hetero-
geneity [40], and we recently identified that the skin microbiome stratifies MF patients and
determines the clinical course [41], our next objective was to identify microbial responses
in the skin transcriptome.

As expected, we uncovered enriched pathways likely activated by the skin micro-
biome (Table 2 and Supplementary Material S2). Notably, Toll-Like Receptor 4 (TLR4)
was upregulated in patch and showed attenuated activity in plaque. The pathway senses
lipopolysaccharides, a cell wall constituent of Gram-negative bacteria, and activates in-
flammatory responses as well as pyroptosis, which is a form of programmed necrosis.
Pyroptosis protects the host from microbial infection but, if overactivated, can also lead to
pathological inflammation [80], a typical condition of progressive MF [4]. In accordance, we
recently showed that the skin microbiome of patches is strongly dysbiotic, while dysbiosis
on plaques was observed only on a subgroup of MF patients [41], providing a potential
explanation for the differential TLR4 activation between patch and plaque.

Conversely, several microbe-associated pathways were uniquely upregulated in plaque
lesions, potentially driven by the outgrowth of a distinct S. aureus strain harbouring
virulence factors such as a-hemolysin and spa [41]. The innate immune sensor NOD2
(nucleotide-binding oligomerization domain 2) recognizes small peptides derived from the
peptidoglycan cell wall component of Gram-positive bacteria like S. aureus. Importantly,
NOD2 mediates protective responses specifically against S. aureus through its interaction
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with the virulence factor x-hemolysin [75,76]. Additionally, we observed enhanced activity
of the RHOA GTPase cycle, a pathway that S. aureus can exploit via its virulence factor
spa to facilitate epithelial invasion [77]. Further, we also noted enrichment of IL-13 sig-
nalling, consistent with reports that IL-13 expression is induced in healthy skin upon S.
aureus exposure [78,79]. Interestingly, malignant T cells in the skin of MF patients express
IL-13, whereas malignant T cells found in lymph nodes and blood do not [46]. To further
investigate whether the upregulation of NOD1/2 signalling, the RHOA GTPase cycle, and
IL-13 signalling might have been elicited by the microbiome, as suggested by the literature,
we conducted PCA of genes regulating these pathways (Figure 1C). Plaque samples with S.
aureus as the dominant species in the microbiome clearly separate from those with other
dominant species.

Collectively, we noted several enriched pathways that may be attributed to microbial
stimuli, consistent with the microbiome patterns identified on MF lesions in our preceding
study [41]. Consequently, our findings indicated that distinct microbial colonization led to
differential transcriptomic responses between patients.

3.4. Multi-Omic Data Integration of the Microbiome and the Transcriptome Resolves
Transcriptional Heterogeneity

To investigate whether differential skin colonization elicited the heterogeneous expres-
sion of genes related to the “three-signal model” for T cell lymphoma pathogenesis, we
performed data integration of the microbiome and the transcriptome using Multi-Omic
Factor Analysis (MOFA) [58]. Briefly, MOFA can be seen as a multi-omic implementation
of PCA and finds latent factors (comparable to principal components in PCA) that capture
the main sources of variation across different omic data modalities (which are called views
in the MOFA framework). Within the latent factors, weights are allocated to the features
of the different views. Consequently, latent factors are characterized by feature weights,
which indicate their importance or significance in the variation captured by the latent
factor. Downstream, additional analyses such as gene set enrichment analysis (GSEA)
can be conducted within each latent factor. The MOFA framework further enables the
identification of each view’s contribution to the variation captured by a latent factor across
the entire multi-omic dataset [58].

Regarding the multi-omic dataset in this study, the weights of the microbes (features
of the microbiome) and the weights of the genes (features of the transcriptome) characterize
the latent factors. The MOFA model showed a good fit to the multi-omic dataset, as the
patterns of the latent factors were congruent to the results observed in both the independent
transcriptome analysis (see above) and our previous study on the MF skin microbiome [41]
(see Supplementary Material S4). Latent factors 1 to 5 captured shared sources of variation
present in both data modalities, indicating a reciprocal influence between the transcriptome
and microbiome (Figure 3A). By leveraging the latent factors, MOFA reconstructs the input
data to separate shared and specific variations in each data modality, thereby denoising the
data and revealing underlying biological signals [58]. Strikingly, the differential expression
of genes involved in the “three-signal model” of T cell lymphoma pathogenesis was
resolved after integration of the microbiome and transcriptome data modalities (called
denoised in MOFA2 terms; Figure 2B). This indicated that the lesion-specific microbiome
heavily influences MF disease signalling. Please refer to the Methods section for information
how the denoised heatmap was generated.
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Figure 3. Overview of the latent factors of the MOFA model in the microbiome and transcriptome

data modalities. (A) Overview of the latent factors capturing variances in the microbiome and

transcriptome data modalities. Factor 4 captured the majority of variance in the microbiome, meaning

that this factor captured important impacts of the microbiome on the transcriptome. (B) Overview of

the feature weights of the microbiome per factor. (C—E) Gene set enrichment analysis. Factor 1 showed

pathomechanisms of high and sustained T cell activity in MF (TCR signalling, CD28 co-stimulation,

interleukin signals). Factor 4 showed pathways that were likely evoked by S. aureus. Factor 5 showed

strong antivirus responses along with enrichment of RUNX1 and RUNX2 signalling, which have

pivotal roles in thymopoiesis [81-84].

3.5. Spa-Bearing S. aureus Likely Activates Non-Canonical NF-xB and IL-1B Signalling

We next assessed the impact of the microbiome on MF disease signalling in more detail.
Factor 4 accounted for a substantial proportion of the total variance in the microbiome
(Figure 3A), and S. aureus was the only microbiome feature with a positive weight. No-
tably, microbes with anti-S. aureus properties, such as S. hominis and S. epidermidis [85-87],
displayed markedly negative weights. Thus, the microbiome feature weights exhibited a
pattern similar to plaque lesions of the ASA-positive subgroup. These patients presented
with S. aureus outgrowth and an aggravated clinical course [41].
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In the transcriptome, the following pathways controlling T cell activity were enriched:
Interleukin signalling, particularly IL-1B, and non-canonical NF-kB signalling (Figure 3D,
Supplementary Material S5). While non-canonical NF-«B serves as a co-stimulator and
generates and maintains effector memory T cells [88,89], IL-1B signalling facilitates sus-
tained activation of CD4+ T cells [32]. In agreement, the malignant T cell subset in MF is
thought to be CD4+ effector memory T cells [9]. Regarding IL-1B signalling, Chng et al. [90]
reported that human keratinocytes express IL-1B when challenged with S. aureus. This
suggests that outgrowth of virulent S. aureus may stimulate the tumour microenvironment
to activate malignant T cells via IL-1B in a paracrine fashion.

Regarding non-canonical NF-«B signalling, we intriguingly observed that the stimu-
lating ligand, TNF-« [91], displayed an almost neutral weight in factor 4 (Supplementary
Material S5), indicating an alternative stimulation route. Instead, we previously identified
high abundance of the virulence factor staphylococcal protein A (spa) in the genome of the
S. aureus strain colonizing ASA-positive patients. It was reported that spa can activate the
NEF-«kB pathway [42,43], and some studies associated aggressive CTCL with upregulated
NF-«B signalling [44—46]. Notably, several genes emphasized in these studies exhibited
positive weights in factor 4 (e.g., LTA, LTB, BIRC3, TNFSF13, TNFSF14, TNFRSF1B, and
TNFRSF7; Supplementary Material S5). Owing to the almost neutral weight of the NF-«B
stimulating agent TNF-« and the presence of spa as an alternative stimulator [41], we
theorized that outgrowing, spa-bearing S. aureus strains upregulated non-canonical NF-«B
signalling in MF patients with aggressive disease.

Collectively, the MOFA model indicated that the skin microbiome significantly influ-
ences MF disease signalling and is a major source of transcriptional heterogeneity. Further,
the MOFA model suggested that S. aureus fuelled malignant T cells to promote the ag-
gravated disease course of ASA-positive patients via two signalling axes: While spa may
activate non-canonical NF-kB signalling, resulting in survival, proliferation, and naive T
cell differentiation into mature, effector memory T cells, the neoplastic T cell subset in
MF [9], paracrine IL-1B signalling might facilitate sustained activation.

3.6. Aberrant Signalling of Early Thymopoiesis Alongside Enriched Antiviral Immunity Suggests
Viral Involvement in MF Aetiology

Additionally to factor 4, our attention was drawn to the results of factor 5. While the
microbiome weights showed only minimal signals (Figure 3B), GSEA identified significant
upregulation of host defence signals against viruses (Figure 3E), indicating that factor 5
represented a source of variation independent of bacteria. In particular, GSEA showed
upregulation of interferon alpha and beta (IFN-«/ ) signalling, which is the first line of
innate immune defence upon viral infection. Downstream, IFN-«/ 3 signalling stimulates
genes that inhibit the replication machinery of viruses at various mechanistic levels [92].
Several of these interferon-stimulated genes exhibited high weights in factor 5, for example
MX1, IFIT1, IFIT3, OAS1, OAS2, IFI27, and OASL (Supplementary Material S5). IFIT3,
which displayed the highest weight in factor 5, was shown to specifically boost antiviral
signalling by IFN-o/ 3 [93]. Further, GSEA found an enrichment of the ER-phagosome
pathway (Figure 3E), which can be hijacked by viruses for their own translation, replication,
and particle budding in order to spread into other host cells [94]. Notably, the phagosome-
pathway genes TAP1 and TAP2, which displayed high weights in factor 5 (Supplementary
Material S5), are highly expressed by Epstein—Barr virus (EBV)-infected lymphocytes [95],
and interact with Epstein—Barr-nuclear antigen 1 (EBNA1) [96].

Remarkably, EBV infection can lead to RUNX1 expression [97,98], and signalling by
RUNX1 and RUNX?2 was significantly enriched in factor 5 (Figure 3E). The RUNX family is
a frequent target of retroviral insertion [99-101], resulting in the development of several
T cell lymphoma entities [102,103]. RUNX1 regulates the expansion of mature CD4+ T
cells [82], which constitutes the neoplastic T cell subset in MF [9]. Interestingly, both RUNX1
and RUNX2 are important regulators of early thymopoiesis during the double-negative
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stages of T lymphocytes [81-84], a developmental step that has been mapped to the initial
oncologic transformation of T cells in MF [10-15].

Since the transcriptome dataset included in the MOFA model was restricted to
5000 genes (see Methods section), we screened the entire transcriptomic dataset to in-
vestigate signals of aberrant thymopoiesis in more detail. It has been reported that ectopic
expression of RUNX2 strongly expands immature thymocytes during the double-negative
stages, resulting in a preneoplastic state of thymocytes characterized by low proliferation
rates [81]. However, concomitant overexpression of MYC rescues proliferation and facil-
itates differentiation. Additionally, MYC and RUNX collaboratively inhibit the tumour
suppressor p53, resulting in decreased apoptosis of malignant T cells. Together, this ul-
timately leads to the accumulation of mature, neoplastic T cells [81,104]. In agreement
with these reports, several genes were aberrantly expressed in the MF transcriptome (Sup-
plementary Material S1): Besides RUNX1 and RUNX2, we identified enriched MYCBP2
(Figure 1B), which is a member of the c-myc family with the function to increase c-myc
activity [105]. Further, although the pathway to regulate p53 activity was upregulated
(Table 2), important components of the p53 machinery were downregulated (Figure 1B):
These included the p53 gene TP53 itself, the p53 stabilizing protein NOP53 [106], and
TP53AIP1, which is regulated by p53 and induces apoptosis [107]. A complete results table
of DESeq?2 differential gene expression analysis is available in Supplementary Material S1.

In summary, our data show dysregulation of pathways involved in early thymopoiesis,
probably representing the initial oncologic transformation of T cells in MF. Moreover,
factor 5 suggested a connection between viruses and MF aetiology given the concomitant
upregulation of host responses to viruses and RUNX1/2 signalling.

3.7. Increased Viral Prevalence and EBV-Epitope Recognition in MF Skin Lesions

In MF, malignant T cells circulate in the blood and infiltrate the upper dermis but
have not been described to be present in the most superficial layers of the skin [108]. To
determine whether viruses may be involved in in MF aetiology, we investigated viral
prevalence in different layers of the skin and the blood of MF patients. To this end, we
examined whole metagenomic sequencing (WMS) and RNAseq data. While the WMS data
were generated from skin swabs and thus only contain material from superficial skin layers,
the RN Aseq data were generated from both the blood and skin punch biopsies representing
the whole skin, including deeper skin layers like the epidermis and dermis.

In whole skin samples, total viral load trended higher in MF lesions compared to
nonlesional skin (Figure 4B). In contrast, total viral load did not differ in superficial skin
layers (Figure 4A). Among all viruses detected in MF lesions of whole skin samples, EBV
and human papillomavirus 71 (HPV71) displayed the highest prevalence, albeit HPV71 was
also frequently present in nonlesional skin. Remarkably, EBV and HPV71 were also present
in the blood of some patients (Figure 4B). Both EBV and various human papillomaviruses
are implicated in the development of cancer, including T cell lymphomas [109-111]. Since
MF is characterized by the infiltration of circulating T cells from the blood into the skin [108],
the concomitant presence of viruses in both compartments indicates a potential viral
involvement in MF.

Next, we evaluated whether T cells of whole skin samples or T cells in the blood
were directed against known EBV-epitopes obtained from the Inmune Epitope Database
(IEDB) [67]. We sequenced the TCRs of MF lesions, nonlesional skin, and blood and
utilized ERGO-II [68] to calculate binding scores for the most abundant TCRs of a given
sample with each of the EBV-epitopes. TCRs in MF lesions and the blood showed a
significantly higher probability to recognize EBV-epitopes than T cells in nonlesional skin
(Figure 4C), which agreed with the increased viral prevalence of MF lesions in whole skin
samples. Interestingly, latent membrane protein (LMP) 1, LMP2, and Epstein-Barr-nuclear
antigen (EBNA) 1 were the most frequently recognized EBV-epitopes by TCRs in the skin
and blood (Figure 4D). An expression pattern of LMP1, LMP2, and EBNA1 represents a
characteristic EBV gene profile of latency type I/1I, commonly observed in EBV-induced



Cancers 2024, 16, 3947

14 of 24

A Superficial Skin

Binding Score
TCRs vs. EBV epitopes

R

Lesion

-
=]
1
*
*
*
j

o
©
1

< —

T cell lymphomas [112,113]. In NK/T cell lymphoma, LMP1 upregulates CD274 (PD-L1)
via the NF-«B axis [114], which agreed with our results of enriched CD274 and NF-kB
signalling in the plaque stage (Table 2, Figure 1B).
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Figure 4. Viral association with MF. (A,B), Viral prevalence identified in WMS reads of superficial skin
(A) and RNAseq reads of whole skin (B). Viral prevalence in MF lesions of whole skin trended higher
compared to nonlesional skin, specifically EBV and HPV71 (B), whereas no difference was present
on superficial skin (A). In (A), the top 20 viruses with the highest variation between MF lesions and
nonlesional skin are shown. In (B), all viruses detected are shown. In (C,D), T cells in MF lesions
and the blood specifically recognize EBV-epitopes. (C) The probability of TCRs in blood, nonlesional
skin, and MF lesions to recognize EBV-epitopes was assessed using ERGO-II [68]. Binding scores
(1 = perfect binding, 0 = no binding) were calculated for each TCR with each EBV-epitope. n = 175;
displayed are violin plots with the median (red), 1st quartile, and 3rd quartile. Kruskal-Wallis test: *
for p < 0.05, **** for p < 0.0001. (D) Displayed are the EBV-epitopes that were recognized most often
by TCRs of MF patients.

Together, the trend of increased EBV and HPV71 prevalence in whole skin samples
along with a significantly higher probability of EBV-epitope recognition by TCRs in
MF lesions and the blood compared to nonlesional skin suggest viral involvement in
MF aetiology.

4. Discussion

The clinical course of MF varies greatly, with some patients having only minor progress,
whereas others suffer from fast progression and high disease burden [5,115]. Likewise,
the transcriptome is tremendously heterogeneous, exhibiting patient and even lesion
specificity [27,39,73]. Moreover, ambiguity exists about the initial oncologic transformation
of malignant T cells, as studies from different groups mapped the event to either early
thymocytes [10-15] or mature, effector memory T cells [9]. Consequently, a common
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pathogenic mechanism of all patients or patient subgroups is still in doubt, resulting in a
non-optimal treatment regimen [27]. We recently demonstrated that the skin microbiome
of MF patients is altered, and identified a subgroup of patients that was overgrown with a
distinct, pathogenic S. aureus strain. This subgroup exhibited a significantly aggravated
disease course, possibly owing to the virulence factor spa, which was present in the S. aureus
genome [41]. In line with this, others showed that spa can activate the NF-kB axis [42],
which is recurrently deregulated in MF patients with aggressive disease [34,44—46,116]. We
thus theorized that (I) the lesion-specific microbiome determines transcriptomic response,
thereby contributing to or causing heterogeneity [40], and that (II) spa-bearing S. aureus
elicits NF-«B signalling to fuel MF. Therefore, we investigated how the skin microbiome
affects the skin transcriptome in a subset of 10 MF patients that were enrolled in our
preceding study [41]. Using RNAseq, multi-omic data integration, virome profiling, and
TCRseq, we obtained novel insights into the role of the microbiome in both the aetiology
and pathogenesis of MF.

First, we recovered substantial transcriptomic heterogeneity on both gene and pathway
levels and observed that this heterogeneity may be largely driven by differential expression
of T cell signalling pathways. Strikingly, our results suggested that the differential T
cell signalling pattern may have been caused by the skin microbiome, since denoising
the transcriptome with the microbiome using MOFA considerably reduced heterogeneity
(Figure 2A,B).

Second, latent factor 4 implied that S. aureus elicited upregulation of both non-
canonical NF-kB and IL-1B signalling, which could explain the aggravated disease course of
MF patients overgrown with a spa-bearing S. aureus strain. Non-canonical NF-«kB signalling
is known to promote survival and proliferation of thymocytes and mature T cells, induce
differentiation of naive T cells into effector memory T cells, and support clonal expan-
sion [88,89], which are all common characteristics of malignant T cells in MF [1,8,9,117].
NEF-«B signalling is typically initiated by the interaction of TNF« with either TNFRSF1A
(also known as TNFR1) or TNFRSF1B (also known as TNFR2) [88,89]. However, the enrich-
ment of non-canonical NF-«B signalling in factor 4 appeared to be independent of TNF,
since it displayed a very low weight. Instead, we propose that the S. aureus virulence
factor spa induced non-canonical NF-«B signalling since Gomez et al. showed that spa
activates TNFRSF1A [42,43]. In general, TNFRSF1A induces the canonical form of NF-«B
signalling leading to apoptosis, while TNFRSF1B induces non-canonical NF-«B signalling
resulting in survival and proliferation. However, there is some level of crosstalk between
the two forms of NF-«B pathways. In highly activated T cells, such as the malignant T
cells in MF, activation of TNFRSF1A results in survival rather than apoptosis [88,89,118].
Further, the extracellular domains of TNFRSF1A and TNFRSF1B exhibit a high degree of
structural similarity [119], possibly allowing spa to activate both receptors. Additionally,
while TNFRSF1A is expressed nearly ubiquitously across various cell types throughout
the body, TNFRSF1B expression is considerably more restricted, including thymocytes
and T cells [89]. Thus, spa may activate either TNFRSF1A, TNFRSF1B, or both to initiate
non-canonical NF-kB signalling to fuel MF progression.

In agreement with our findings, a clinical study reported that systemic inhibition of
NEF-«B in CTCL patients induced a skin response in 30.4% of patients, whereas the blood
response was mixed [120-122] Further, Shin et al. identified ectopic NF-kB signalling in
30.6% of MF patients and that these patients had an aggravated disease course compared
to patients without ectopic NF-«B signalling [44]. We previously identified that 31.3% of
MF patients were overgrown with the virulent, spa-bearing S. aureus strain and had an
aggravated disease course [41]. Considering the comparable prevalences of the specified
subgroups and the presumed NF-«kB-activating effect of spa, this may suggest a potential
association between skin colonization by a spa-carrying S. aureus strain and exacerbation of
the disease in the aforementioned studies. Additional research on the spa-NF-«B interaction
including mechanistic assays with bigger patient groups is warranted.
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Regarding our finding of upregulated IL-1B signalling in factor 4, it was shown that
S. aureus induces secretion of IL-1B by eosinophils [123], which infiltrate MF lesions [124].
Furthermore, human keratinocytes, skin-derived dendritic cells, and lymphocytes produce
several cytokines, including IL-1A, IL-1B, and IL-4, when challenged with S. aureus or
spa [90,125,126]. This suggests a paracrine stimulation of malignant T cells by the tumour
microenvironment via cytokine signalling in response to S. aureus.

Last, we discovered evidence indicating viral involvement in the aetiology of MF.
Latent factor 5 captured a concomitant upregulation of innate antivirus defence mechanisms
and aberrant RUNX1/2 signalling. The latter is known to coordinate thymopoiesis during
double-negative (DN) stages DN1 through DN3 [81,82,127], which have been mapped
to the initial oncologic transformation in MF [10-15]. We further observed that viral
load, particularly of HPV71 and EBYV, trended higher in both deeper skin layers of MF
lesions and the blood compared to nonlesional skin, whereas superficial skin layers of
MF lesions showed no difference. HPV71 was shown to degrade p53 [128], which can
result in neoplasia [129]. Nevertheless, while certain papillomaviruses are categorized as
high-risk factors for the onset of solid cancers [130] and have also been loosely linked to an
elevated risk of lymphomas [131], HPV71 is generally regarded as having low oncogenic
potential [132]. In contrast, EBV is a well-known oncovirus [133-135]. Remarkably, we
found that T cells residing in MF lesions or in the blood were significantly more affinitive
to EBV-epitopes than T cells of nonlesional skin (Figure 4C). Moreover, the most frequently
recognized EBV-epitopes were epitopes of LMP1, LMP2, and EBNA1, which are genes
commonly expressed by EBV in latent infection [113]. Although EBV has a strong B cell
tropism, leading to B cell Hodgkin’s lymphoma (HL) and non-Hodgkin’s lymphoma
(nHL) [133-135], the virus also infects T cells, thereby causing some entities of T cell
nHL [47,48]. Notably, CTCL patients have an increased risk of developing secondary
HL and nHL [17-20]. It has been proposed that a single precursor malignant T cell can
trigger HL, CTCL, and lymphomatoid papulosis, a benign T cell neoplasm, in the same
patient [21,22]. Others reported the simultaneous presence of HL and CTCL within the
same lymph node and theorized that the two malignancies arise from distinct B and T
cells [23], indicating that a common trigger induced oncogenesis.

To the best of our knowledge, we were the first to investigate viral prevalence in
different skin compartments and found that EBV and HPV71 trended higher solely in
deeper skin layers of MF lesions, where malignant T cells in MF reside [108]. Collectively,
our data indicate that viruses, probably EBV and/or HPV71, might play a role in MF
aetiology. However, the sample size was rather small and not all lesional and blood samples
were positive for EBV and/or HPV71. Moreover, despite a significantly higher EBV-epitope
recognition of these tissues defined by computational estimation, mechanistic assays are
warranted for a definitive conclusion. Thus, hypotheses on viral involvement in MF need
to be considered speculative at this point. Additional investigations with more participants
and longitudinal viral monitoring across tissues and different skin compartments are
necessary to determine whether viruses are the aetiologic agent in ME.

An open question remains whether the age distribution of our patient group may have
influenced the skin condition/clinical appearance, since 7 out of 10 patients were aged 60
or older (4 ASA-neutral, 3 ASA-neutral). In skin-disease-free subjects, several skin integrity
parameters such as hydration, sebum production, or cytokine production decrease with
age [136,137]. Studies in MF have indicated that skin integrity and moisture levels are
lower in comparison to age-matched healthy subjects, which could lead to an increased
susceptibility to bacterial infection [138-140]. This implies that older MF patients could
experience a more severe skin barrier defect than younger MF patients and hence could
experience infections more frequently. Notably, a cut-point of 60 years of age has been
identified as a clinically prognostic outcome factor. Given that 70% of the patients in our
study group were aged 60 and older and were evenly distributed between the two ASA
groups, this indicates appropriate age matching within our study group. However, bigger
patient groups with a more diverse population are warranted.



Cancers 2024, 16, 3947

17 of 24

Further limitations of our study are the small patient group size, the mono-centric
nature of our study, and the lack of mechanistic assays to confirm our findings, which are
based on computational analyses from primary clinical specimens.

Additionally, the skewed distribution of patients between the two ASA groups could
have introduced bias. To mitigate this concern, we specifically opted to utilize MOFA2,
which is an unsupervised method agnostic of grouping variables. Analogous to PCA,
MOFA2 generates clusters based on integrated multi-omic profiles [58]. Therefore, the
input to MOFA2 entails the entire group rather than a comparison of two (potentially
imbalanced) groups. Importantly, despite the smaller size of the ASA-positive group
compared to the ASA-neutral group, the MOFA2 model identified substantial upregulation
of both non-canonical NF-«B and IL-1B signalling, which was largely disregarded by
conventional GSEA (Supplementary Material 52, plaque vs. nonlesional skin). Nonetheless,
our findings are based on a small patient group derived from our preceding study [41]. To
assess the robustness of the MOFA2 model, we performed a thorough evaluation of (a.) the
stability of our model throughout iterations and (b.) the robustness of our model against
technical noise. Our assessment suggests that MOFA robustly detects the same latent factors
and patterns with and without noise. Please refer to Supplementary Material S7 for the
full stability assessment. The current study represents an in-depth investigation of a rather
limited patient group, and further research is required for validation and generalization.

5. Conclusions

In this study, we provided novel insights into the role of the microbiome in MF
aetiopathogenesis. First, our results indicated that the skin microbiome largely contributes
to transcriptional heterogeneity. Second, our data suggest that a spa-bearing S. aureus
strain, which overgrows a subgroup of MF patients with aggravated disease course, might
evoke non-canonical NF-«kB and IL-1B signalling in the skin. Third, our data collectively
suggested that viruses, particularly EBV and HPV71, may be the aetiologic agent in MF.

Together with the results from our preceding study, these findings led us to propose a
model of microbiome-driven MF aetiopathogenesis (Figure 5): The initial oncologic trans-
formation could emerge during early thymopoiesis triggered by aberrant RUNX expression,
potentially caused by viral infection such as with EBV and/or HPV71. Malignant T cells
infiltrate the skin, leading the microenvironment to release AMPs. Eventually, this process
eliminates microbes, resulting in skin dysbiosis and a diminished epithelial barrier. Addi-
tionally, certain AMPs attract CD4+ T cells, which could include malignant T cells, thereby
augmenting the infiltration of (malignant) T cells into MF lesions. Over time, some mi-
crobes acquire resistance to AMPs and recolonize the lesions. In the ASA-neutral subgroup,
microbes with anti-S. aureus properties accumulate, resulting in a balanced microbiome
and favourable clinical course. However, in the ASA-positive subgroup, a virulent S. aureus
strain carrying the virulence factor spa outgrows and activates non-canonical NF-kB and
IL-1B signalling, resulting in the generation of mature effector memory T cells and poor
outcome. Hence, both perspectives on the cells of origin in MF may apply: early T cell
progenitors [10-14] and mature, effector memory T cells [8,9].

Additional research is warranted to validate and generalize our findings, which are
based on a rather small patient group. Furthermore, research allowing mechanistic insights
is needed to understand how the microbiome affects malignant T cells in MF.



Cancers 2024, 16, 3947

18 of 24

nonlesional

S. aureus

(]

O  S.epidermis

O S hominis

@ C(ames

& Virus
Keratinocyte

® Tell

@ malignantT-cell

_~*Y Chemotaxis

A7 Infiltration

7 Stimulation

AMPs) Antimicrobial peptides

Staphylococcus protein A ® Survival

Patch Plaque

(8) In ASA-neutral patients, the microbiome
recovers on Plaque lesions. MalignantT-cells
(2) MalignantT-cells trigger the secretion of AMPs. are not aberrantly stimulated by microbes.
This leads to skin dysbiosis and a diminished However, in ASA-positive patients, virulent
epithelial barrier. S. aureus strains outgrow and activate
1) non-canonical NF-kB via spa and
I1) may trigger keratinocytes to express IL-B
that in turn activates JAK-STAT.

= A S. aureus positive
== A S. aureus neutral

p =<0.0001
n=18 Hazard Ratio = 11.91

T
12 16 20

o 4 8
’ Time (Months)

PFS (%)

(1) Perturbation of genes (3) Infiltration of benign and
involved in thymopoiesis ~ malignant T-cells. Some
(RUNX1/2) drives malig- AMPs were described to

nant transformation. attract CD4+ T-cells, there-
Probably caused by viral by enhancing infiltration.
infection.

o sustained T-cell activation

()  Interleukin 1B -Proliferatio_n
DI o Inflammation

%— TNF Receptor Superfamily Members  Generation and maintenance of effector memory T-cells

Figure 5. Proposed model of microbiome-driven MF aetiopathogenesis. T cell precursors undergo
initial oncologic transformation due to aberrant expression of RUNX1 and RUNX2, probably caused
by viruses like EBV and/or HPV71. After maturation and skin infiltration, the malignant T cells
trigger the microenvironment to secrete AMPs. AMPs kill most of the physiological skin microbiota,
resulting in dysbiosis and a diminished epithelial barrier. In addition, AMPs may recruit benign and
malignant CD4+ T cells, establishing a loop of sustained dysbiosis and T cell infiltration. Since AMP
levels remain constant over the disease course, some microbes eventually acquire resistance and
recolonize the lesions. In the ASA-neutral subgroup, microbes with anti-S. aureus activity accumulate,
resulting in a balanced microbiome that does not fuel the disease. However, in the ASA-positive
subgroup, virulent S. aureus strains bearing the virulence factor spa overgrow and activate non-
canonical NF-«B as well as IL-1B signalling. The two pathways cause inflammation, sustained activity,
survival, and proliferation of T cells, as well as the generation and maintenance of effector memory T
cells. These characteristics are hallmarks of malignant T cells in MF and may explain the significantly
aggravated clinical course of the ASA-positive subgroup.
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Publication 3: Multi-Omic Data Integration Suggests Putative Microbial Drivers of

Aetiopathogenesis in Mycosis Fungoides

4.1 Supplementals of Publication 3

As the supplementary materials of Publication 3 contain non-text files, including Excel
spreadsheets and multi-page PDF documents in non-standard formats, they are not
included in the print version of this thesis. Readers are referred to the online distribution

of the supplementary materials, which can be accessed at:

https://www.mdpi.com/article/10.3390/cancers16233947/s1
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Overall Discussion

5 Overall Discussion

This thesis set out to investigate the contribution of the skin microbiome to the
pathogenesis and clinical course of Mycosis fungoides, a malignancy marked by
substantial clinical and molecular heterogeneity [1]. Although the microbiome has long
been suspected to influence MF progression, microbial dysbiosis had not been firmly
established, and its mechanistic relevance remained poorly defined [2]. Together with
my co-authors, I performed a holistic in-depth analysis of the MF skin microbiome.
Through an integrative multi-omic approach, complemented by molecular and culture-
based microbiology techniques, the studies presented in this thesis provide novel
evidence for microbial dysbiosis as a clinically relevant, disease-modifying factor in MF,
with implications for prognosis, pathogenic signalling, and potential therapeutic

targeting.
5.1 Microbiome Dysbiosis in MF Skin

One of the most striking outcomes of this thesis is the identification of a taxonomically
altered skin microbiome in MF patients, marking the first conclusive demonstration of
dysbiosis in MF skin. This finding not only corroborates the hypothesis that microbial
dysbiosis associates with disease progression in MF [3], but also addresses a critical gap
in the current literature [2]. Previous sequencing-based studies had failed to detect such
differences, likely due to limitations such as small sample sizes [4,5], insufficient patient
stratification [6], the absence of intrapatient nonlesional controls [4], restriction to early-
stage patients [5], or methodological constraints such as low-resolution 16S sequencing

[5,7.8].

In contrast, this work employed whole metagenome shotgun sequencing, enabling
species- and strain-level resolution and allowing for a more nuanced characterization of
microbial community structure. Given the high interindividual variability of skin
microbiome profiles [9,10], this work used non-lesional samples as intrapatient control.
Notably, according to a case-report even non-lesional, unaffected-appearing MF skin
may harbour malignant T cells and early pathologic changes, even in the absence of

visible lesions [11]. Therefore, inclusion of healthy controls would have provided a more
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definitive baseline to distinguish MF-specific dysbiosis from background variation.
Moreover, sampling was performed during clinically active disease (i.e., reddish patches
or plaques), which may have enhanced signal detection. These factors, along with
rigorous stratification and deeper sequencing resolution, may explain why this work was

able to detect dysbiosis where previous studies did not.

Another possible reason for the disparate findings regarding cutaneous S. aureus shifts
between this work and other studies may lie in the geographic origin of patient
recruitment: while patients in this work were recruited in Central Europe, other
investigations enrolled participants in Northern Europe and various regions of the United
States (i.e., east coast, Florida, Great Lakes area). Phylogeographic analysis have shown
that Methicillin-resistant Staphylococcus aureus (MRSA) strains display distinct
geographic lineages, including North America and Europe, with highest diversity
observed within the European clade [12]. Future studies across broader geographic and
clinical cohorts will be needed to validate the generalizability of the finding of

microbiome shifts observed in this thesis.
5.2 Microbiome-based Stratification and Potential Prognostic Utility

Building on the demonstration of microbial dysbiosis, a central advancement of this
thesis is the stratification of MF patients into prognostically distinct subgroups based
solely on skin microbial composition. The identification of two microbiome-defined
subtypes — termed ASA-positive and ASA-neutral — demonstrates that microbial profiles
hold clinical relevance beyond merely reflecting disease stage or lesional morphology.
Notably, some patients with clinical and/or lesional advanced stage were classified as
ASA-neutral and presented with a more favourable course. This suggests that the
microbiome profile does not simply mirror disease severity, but rather acts as an
independent prognostic biomarker, capable of stratifying patients by risk of disease
progression irrespective of lesional or clinical stage. This represents the first
microbiome-based stratification approach in MF and provides the first evidence that the
skin microbiome can adversely influence clinical outcomes, beyond previously
hypothesized clinical correlations and anecdotal case reports [13-17], as well as

experimental in vitro [17-19] and murine studies [20,21].

140



Overall Discussion

Interestingly, the findings of this thesis align with observations from Hooper et al. [8],
who investigated microbiome shifts associated with narrowband UVB therapy, which is
a standard-of-care treatment particularly effective in early-stage MF [22]. Patients who
responded to UVB therapy displayed distinct skin microbiome profiles compared to non-
responders. At baseline, responders exhibited higher colonization with S. capitis and S.
warneri [8], two coagulase-negative staphylococci (CoNS) known to suppress S. aureus
virulence via quorum sensing interference [23]. Post-treatment, S. lugdunensis
colonization increased in responders [8], another CoNS species that competitively

inhibits S. aureus colonization [24], coinciding with a decline in S. aureus abundance [8].

Although we did not perform treatment stratification in the observational setting of this
thesis, my findings closely parallel those of Hooper et al.: Higher CoNS levels were
negatively correlated with S. aureus abundance, and improved clinical outcomes were
observed in patients with reduced S. aureus colonization (see chapter 3; Publication 2).
The consistent association between microbial profiles and clinical course suggests that
the microbiome may also hold predictive value, supporting its potential use in guiding
therapeutic decisions. Interventional studies are warranted to validate these

observations.

5.3 Potential Drivers of Microbiome Shifts: A Role for AMPs and

Opportunistic Colonization

A key question arising from this work is what drives the observed shifts in microbial
community structure, particularly the depletion of commensals and the overgrowth of S.
aureus in ASA-positive patients. One plausible contributing factor is the upregulation of
AMPs in lesional MF skin, which was demonstrated by qPCR. Functional culture-based
experiments further supported this mechanism: control isolates from healthy skin failed
to thrive under elevated AMP conditions, whereas plaque-derived S. aureus isolate
exhibited markedly higher resistance. These findings suggest that AMP-mediated
disruption of the physiological skin flora may create a niche environment that favours

colonization by more resistant, potentially pathogenic strains.

However, since AMP levels did not differ significantly between ASA-positive and ASA-

neutral patients, the question remains why only some patients experience pathogenic S.
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aureus overgrowth. A critical insight provided by this thesis is that the S. aureus strains
isolated from plaque lesions in ASA-positive patients were genetically distinct from those
on non-lesional or healthy skin and exhibited higher virulence potential. This points to a
two-step model: first, AMP-induced eradication of commensals, and second,
opportunistic replacement by a more virulent S. aureus strain in susceptible individuals

(see chapter 3; Publication 2).

This model is further supported by external clinical evidence. A study by @dum et al. [25]
reported that severe bacterial infections in MF patients typically occur only after
diagnosis has been established. Considering that MF diagnosis takes a median of three
years from symptom onset [26], it is conceivable that the overgrowth by virulent S. aureus
strains in the ASA-positive group may result from nosocomial transmission during the
course of clinical management. In contrast, ASA-neutral patients may not experience this
unfortunate event, providing skin commensals the required time to adopt to elevated
AMP levels and re-colonize the lesions, resulting in microbial balance preventing

pathogenic outgrowth.

5.4 Functional Microbiome—Host Interactions Driving Disease
Signalling in MF

Beyond the discovery of taxonomic shifts and its relationship with clinical stratification,
this thesis also investigated the functional properties of the skin microbiome and its
influence on host transcriptome dynamics. One of the key findings was the identification
of Staphylococcus aureus protein A (SpA) as a highly enriched virulence factor on MF
lesions, corroborated by bioinformatic and culture-based virulence typing. Interestingly,
genetic analysis indicated that the SpA variant present on MF lesions may even carry a
gain-of-function mutation, potentially enhancing its pathogenic activity (see chapter 3;
Publication 2). SpA is a multifunctional factor known to activate NF-kB signalling via
several means, including activation of TNFR1 and stimulation of keratinocytes to release
TNF-q, thereby inducing inflammation [27-31]. Notably, aberrant activation of the NF-«kB
axis has previously been associated with poor clinical outcomes in MF patients [32,33].
This convergence of molecular findings raised the hypothesis SpA may be a driving factor

in disease signalling. Moreover, given the widely observed transcriptional heterogeneity
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in MF [34], it seemed plausible that differential microbial colonization might account for

at least part of this variability.

To test this, I applied integrative multi-omic analysis of both the microbiome and host
transcriptome using MOFA (Multi-Omics Factor Analysis), an unsupervised statistical
framework that identifies shared sources of variation across multi-omics layers [35].
These analyses revealed that the skin microbiome exerts a strong influence on host
transcriptional programmes, indicating that differences in microbial colonization
account for a substantial proportion of the observed transcriptional heterogeneity.
Moreover, MOFA enabled mechanistic inference that S. aureus — and likely SpA — drives
non-canonical NF-kB activation in lesional skin of ASA-positive patients. These findings
support a model in which microbial constituents modulate oncogenic signalling
pathways and local immune dynamics, contributing to the clinical and molecular

heterogeneity of MF (see chapter 4; Publication 3).

Importantly, non-canonical NF-kB is typically activated via TNFR2 and it remains unknown
whether SpA can directly engage this receptor, as it does with TNFR1, the receptor for
canonical NF-kB signalling. Nonetheless, known crosstalk between the two forms of NF-
KB signalling [36,37] may activate non-canonical NF-kB through TNFR1, and high
structural similarity between TNFR1 and TNFR2 [38] could enable dual activation by SpA.
On the other hand, however, it cannot be precluded the MOFA-derived association may
reflect correlation rather than causality, as studies found that the TNFR2-non-canonical
NF-kB axis is recurrently mutated in CTCL, leading to enhanced activity [39,40].

Mechanistic studies such as in vitro or in mice are needed to validate these findings.

In addition to the previously discussed findings, further clinical and molecular evidence
supports a pathogenic role of staphylococcal protein A (SpA) in MF. Beyond its capacity
to activate the NF-kB, SpA has been shown to stimulate ADAM17 (also known as TACE)
via EGFR signalling, resulting in the proteolytic shedding of TNFR1 and TNFR2 from the
cell surface into the circulation [28,41,42]. In line, RNAseq analysis in this thesis revealed
upregulation of ADAM17 expression alongside increased EGFR signalling in plaque-stage
MF lesions, albeit statistical significance was narrowly missed for ADAM17 (see chapter 4;

Publication 3, Fig. 1D and Suppl. Material 1).
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Notably. circulating levels of TNFR2 have been identified as prognostic markers in
patients with peripheral T cell lymphoma (PTCL) [43], a group of non-Hodgkin T cell
lymphoma involving peripheral organs such as the skin and gut. In case of skin
involvement, PTCL shares some characteristics with MF and is classified as an entity of
CTCL (primary cutaneous PTCL) [44-46]. Strikingly, PTCL patients with mucocutaneous
involvement are at increased risk compared to those without barrier organ infiltration —
a pattern that may be attributable to chronic microbial exposure, such as S. aureus [47-

50].

The findings of this thesis — namely, the overgrowth of SpA-expressing S. aureus strains
and the concomitant upregulation of ADAM17 and EGFR signalling in MF patients with an
aggravated disease course — suggest the existence of a shared, microbiome-dependent
pathogenic mechanism in both MF and epidermal barrier-involving forms of PTCL,
potentially mediated via the SpA/NF-kB axis. Further studies are warranted to elucidate
whether disease severity is fuelled by shared microbiome-dependent pathomechanisms

across different CTCL entities.
5.5 Aetiopathogenesis: A Proposed Two-Hit Model

In addition to the inferred SpA-mediated fuelling of MF pathogenesis, the integrative
analysis of microbiome and host transcriptome uncovered traces of viral sequences and
transcriptomic signatures potentially associated with early oncogenic events. Although
of correlative and speculative nature, these findings together with the results from
chapter 3; Publication 2 led me to propose a potential two-hit model of MF
aetiopathogenesis. While this conceptual model has already been outlined in chapter 4;
Publication 3, it is briefly recapitulated here, as it synthesizes and contextualizes key

observations made throughout this thesis:

In this model (see Figure 5), the first hit represents an oncogenic priming during early
thymopoiesis, potentially driven by aberrant RUNX expression, which may be triggered
by viral infections such as Eppstein-Barr Virus (EBV). Malignant T cells subsequently
infiltrate the skin, where the epithelial microenvironment responds by releasing
antimicrobial peptides (AMPs), leading to microbial eradication and barrier disruption.
The resulting dysbiosis facilitates a “second hit” — re-colonization by AMP-resistant,

virulent S. aureus strains expressing SpA, which acts as an inflammatory amplifier by
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activating non-canonical NF-kB and IL-1B signalling in already primed T cells, promoting
the generation of mature effector memory T cells and fuelling disease progression. This
model integrates both the early progenitor [51-55] and mature T cell [56,57] hypotheses

of MF origin into a coherent, sequential framework.
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Figure 5: Proposed two-hit model of MF pathogenesis.

Oncogenic transformation during thymic T cell development is triggered by aberrant RUNX7/2 expression,
possibly induced by viral infections (e.g., EBV). Upon skin infiltration, malignant T cells provoke AMP
secretion, leading to dysbiosis and barrier disruption. While some patients develop a balanced microbiome
(ASA-neutral), others (ASA-positive) are overgrown by virulent S. aureus strains expressing SpA, which
activate non-canonical NF-kB and IL-1B signalling, driving inflammation, T cell survival, and effector memory
differentiation, which are hallmarks of MF progression [1].

PFS: Progression Free Survival

In support of the proposed two-hit model, the integrative MOFA analysis from chapter 4;
Publication 3 assigned high weight to the chemokine receptor CXCR4, a molecule known
to be overexpressed in MF [58,59], where it promotes skin tropism [60] and is implicated
in malignant T-cell proliferation and survival [59]. Notably, CXCR4 has been shown to be
transcriptionally regulated by RUNX2 in T-cell acute lymphoblastic leukaemia (T-ALL),
where it mediates chemotaxis, adhesion, and tissue homing of malignant T cells. [61]. T-
ALL is an aggressive haematologic malignancy arising from early T-cell precursors [62].
Given that RUNX2 is a central regulator of early T cell lymphopoiesis [63,64], and this
thesis identified RUNX2 overexpression alongside antiviral signatures in MF lesions, it is

145



Overall Discussion

tempting to speculate that viral perturbations could dysregulate RUNX2 and CXCR4
during early T cell development, potentially seeding the initial oncogenic events that later
manifest as MF [55]. While correlative, these findings fit within the proposed model of an

early developmental "first hit" that predisposes cells to later disease progression.
5.5.1 Possible Routes of Viral Perturbation

If the hypothesis of a viral-initiated oncogenic first hit in MF holds true, it remains

uncertain in which anatomical compartment this event may occur.

One plausible site for a potential viral-initiated oncogenic event in MF is the thymus,
where early T cell development and lineage commitment occur [65,66]. Under
physiological conditions, B cells transiently populate the thymus to present self-antigens
and support central tolerance, including co-stimulatory signalling to developing
thymocytes [67-69]. In angioimmunoblastic T cell lymphoma (AITL), this mechanism is
thought to be hijacked by EBV-infected B cells, which chronically present viral antigens
such as EBNA1 and provide persistent stimulation, potentially triggering neoplastic T cell
transformation [70]. Similar mechanisms have been implicated more broadly in T cell
lymphomas, where EBV-driven disruption of thymocyte development either indirectly via
chronic activation or directly via infection has been described [71,72]. In support of a
related process in MF, this thesis identified high counts of TCRs targeting EBV-associated
antigens including EBNA1 in patient-derived blood, nonlesional, and lesional skin
samples (chapter 4; Publication 3), suggesting that EBV-infected B cells may chronically

overstimulate developing T cells, possibly within the thymic microenvironment.

Another plausible site is the blood compartment. After differentiating from
hematopoietic stem cells (HSCs) in the bone marrow, T cell progenitors enter the
circulation as so-called circulating T cell progenitors (CTPs) in order to home to the
thymus, where they proceed their development into mature and functional T cells of
multiple lineages [73-75]. Interestingly, EBV-DNA detected in blood plasma was found to
be a well correlating biomarker with EBV-initiated diseases, including peripheral T cell
lymphoma [76]. Thus, circulating T cell progenitors may be exposed to EBV in the blood

stream, possibly creating a vulnerable window for viral entry and immune manipulation.
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Altogether, literature evidence and findings of this thesis support a model in which EBV
and/or other viruses may contribute to early oncogenic priming during thymopoiesis,
either through direct infection of progenitor cells or via infected B cells in the thymic

niche, ultimately predisposing cells to transformation in MF.
5.5.2 Limitations and Alternative Explanations for a Viral Role in MF

While this thesis presents multi-omic evidence suggestive of viral involvement in the
aetiopathogenesis of MF (see chapters 4; Publication 3, and 5.5.1), several limitations and
alternative explanations must be considered. Most importantly, all findings are
correlative in nature, and no causal link between viral infection and the initiation or

progression of MF has been established.

First, increased antiviral interferon signalling in MF lesions may not reflect active viral
infection but could instead represent an antiviral-like immune response directed against
malignant T cells. Interferons play a central role in cancer immunosurveillance by
enhancing antigen presentation, activating dendritic cells, and promoting cytotoxic T cell

responses [77].

Second, EBV is a ubiquitous virus, with over 90% global seroprevalence [78,79]. Thus,
detection of EBV antigens or EBV-reactive TCRs in MF skin or circulation does not, in itself,
imply pathogenic relevance. These signals could derive from memory T cells, bystander

B-cell infection, or general immune activation [80-82].

Third, RUNX2 overexpression may be an intrinsic feature of the malignant T-cell
programme in MF [83], unrelated to external viral triggers. As a key regulator of early T
cell development and oncogenic reprogramming [63,84-86], RUNX2 could become

aberrantly activated through virus-independent mechanisms.

Finally, previous studies have yielded inconsistent or negative findings regarding viral
nucleic acid or antigen detection in MF skin lesions, weakening the argument for a
unifying viral aetiology [3,87]. If viral oncogenesis were a central feature of MF, one would
expect broader reproducibility across independent cohorts and methodological
platforms. However, it was speculated that existing virus profiling studies may have

missed “hit-and-run” agents, i.e., transient infections that trigger neoplastic
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transformation but later disappear [88]. This hypothesis would support the presented

two-hit-model in this thesis (Figure 5).

Together, although a viral component remains a plausible hypothesis particularly within
a multi-step model of MF pathogenesis and given the convergence of several individual
findings, current evidence remains speculative. Further research will be required to
determine whether viruses contribute directly to malignant transformation in MF, simply
modulate the immune landscape of an already transformed lesion, or instead host anti-

viral signalling rather represents an anti-tumoral response.
5.6 Technical Considerations and Limitations

As outlined in sections 1.5 Workflow of Microbiome Research and 1.5.1 Challenges of Human
Skin Microbiome Research, skin microbiome profiling comes with several considerations
that stem from inherent complexities and technical limitations. Therefore, a key step of
this thesis was to ensure integrity through diligent and precise experimental design and
execution, including choice of proper controls, quality checks of workflow steps, and

precluding or minimizing contamination.

As the field of microbiome research was entirely new to the Department of Dermatology
and the working group of Prof. Mailander, I independently established a complete end-
to-end workflow for skin microbiome profiling — encompassing sample collection, DNA
extraction, library preparation, and bioinformatic processing — and initiated external
collaborations where needed. As a starting point, I screened the literature for common
and possible pitfalls, best-practice workflows, and optimization strategies for skin

microbiome analysis.

For the sampling workflow, I adapted and modified a protocol [89] which performs a
procedure of swabbing, followed by scraping with a scalpel, and swabbing again to
maximize microbial yield. DNA extraction followed the same source protocol with
modifications to accommodate available resources and to enhance DNA yield. This
included the mechanical disruption step using a Qiagen TissueLyser II at the Institute for
Translational Immunology at the University Medical Centre Mainz. Finally, library
preparation protocols were optimized to accommodate ultra-low DNA inputs, and

extensive quality control steps were implemented prior to sequencing.
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The following subsections outline key technical challenges encountered during this
journey, the rationale behind specific methodological choices (e.g., WMS vs. 16S), and

potential directions for methodological refinement in future research.
5.6.1 Analysis and Interpretation of Control Samples

As recommended by Eisenhofer et al. [90], particularly for low-biomass WMS studies, I
implemented both negative and positive controls at multiple critical stages of the
microbiome wet-lab workflow to monitor contamination and ensure methodological
integrity. During sampling, a negative swab-sampling control was included. Each batch
of DNA extraction was accompanied by a negative extraction control as well as a positive
control consisting of mock bacterial cells. Similarly, each library preparation batch

included a positive control using DNA extracted from the same mock community.

For negative controls, this thesis quantified DNA concentration using the highly precise
fluorescence-based Qubit assay by ThermoFisher Scientific. All negative controls yielded
readings of 0 ng/pl and were thus interpreted as negative. Nonetheless, despite Qubit’s
ultra-low detection threshold of 0.0005ng/upl (as specified by the manufacturer),
undetected low-level contamination cannot be entirely ruled out. To address this
possibility, future studies could leverage declining sequencing costs to also process and
sequence negative controls. If microbial signals are detected, researchers may take a
conservative approach by removing overlapping taxa from case samples, or apply
nuanced contaminant filtering strategies [90]. For the latter, the R package decontam
provides a statistical framework to identify contaminants by testing whether taxa appear

more frequently in negative controls than in true samples using Fisher’s exact test [91].

For positive controls, this thesis performed sequencing and taxonomic profiling
alongside the case samples. The resulting profiles aligned well with the expected species
composition of the mock community (see Supplementary 6 of chapter 3; publication 2),
thereby validating the performance and reproducibility of the sequencing pipeline.
Nonetheless, controls starting at the microbial cell lysis step deviated more from the
ground truth than those starting at the DNA level. Moreover, certain taxa consistently
diverged from the expected abundances across batches. These discrepancies may reflect

day-to-day variability in sample processing or subtle fluctuations in laboratory conditions
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and equipment performance.

It is also important to acknowledge that the precision of WMS taxonomic assignment can
vary by microbial feature [92]. MetaPhlAn, the tool used in this thesis, infers taxonomic
composition based on a set of clade-specific marker genes [93,94]. Its accuracy thus
depends on the quality and representativeness of those markers for the taxa present. As
such, the choice of metagenomic profilers should be guided by their suitability for the

biological and technical context of the study.

Currently, no consensus exists on how to best handle discrepancies between observed
and expected results in positive controls. Future improvements may include the use of
mock communities that better reflect the microbial complexity and biomass of human
skin samples, as opposed to the commercially available ZymoBIOMICS standard used

here.
5.6.2 Advantages of WMS over 16S in the Context of MF Skin Microbiome Profiling

This thesis employed WMS over 16S due to several reasons: As outlined in section 1.5
Workflow of Microbiome Research, WMS provides superior taxonomic resolution and
enables functional profiling of microbial communities, including the identification of
virulence factors and antibiotic resistance genes [95]. These advantages are particularly
relevant in the context of MF, where fine-scale taxonomic discrimination is critical.
Notably, 16S sequencing has been shown to inadequately distinguish Staphylococcus and
Propionibacterium species in skin microbiome studies [96], two of the key genera
associated with MF lesions in this thesis. Furthermore, functional predictions using
PICRUSt, a commonly applied inference tool for 16S data [97], have produced incomplete
results in skin microbiome applications, omitting key microbial functions [96]. Odds are
that functional interference with 16S would have missed out on the identification of the

staphylococcus gene spa, which potentially serves as a highly exacerbating factor in MF.

5.6.3 Impact of Sequencing Depth on Diversity Estimates in Low Microbial Biomass

Samples

While WMS offers significant advantages over 16S sequencing, it also comes with notable
trade-offs. Unlike 16S, which selectively amplifies microbial DNA (albeit with

amplification-induced bias [98]), resulting in high sequencing depths, WMS captures all
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DNA in a sample, including the host genome [99]. In skin microbiome research, this poses
a particular challenge, as skin samples are characterized by low microbial biomass and a
disproportionately high fraction of host DNA, exceeding 90-95%. Consequently, even
with high total read counts, microbial sequencing depth may be limited, potentially

underestimating microbial diversity [50,100,101].

Nonetheless, several studies have demonstrated that WMS, even at shallow sequencing
depths, provides results comparable to those of ultra-deep WMS [102-104]. However,
also shallow WMS depends on achieving sufficient microbial DNA coverage, which is
inherently challenging in low- or ultra-low-biomass samples such as those from the skin
or water [105]. Two studies provide practical guidance on thresholds: one recommends
>50 million raw reads per sample when host DNA comprises ~90% of total content [101],
while another suggests that >500,000 final microbial reads are adequate to capture

overall diversity, though low-abundance taxa may still be underrepresented [102].

In this thesis, the skin microbiome samples largely met these thresholds. On average,
47.2 million raw reads were generated per sample (see chapter 3; publication 2), closely
approximating the 50 million raw read benchmark. Regarding the 500,000 final microbial
read benchmark, results varied by sample type. Roughly one half of nonlesional samples
exceeded this threshold, while only 4 patch and 5 plaque samples met it. As shown in
Figure 6, nonlesional samples yielded significantly more microbial reads than lesional

samples (Wilcoxon test, p < 0.05).

As discussed in chapter 3; publication 2, this pattern mirrors findings from a psoriasis
skin microbiome study, where lesional samples similarly contained more human DNA,
likely due to the scaly nature of affected skin. This increases the likelihood of sampling
human cells such as keratinocytes over microbes during swab collection [100]. However,
despite lower final microbial read counts in lesional samples, rarefaction curves indicate
that sequencing depth was largely sufficient to capture the true microbial diversity in
these samples. In contrast, microbial diversity in nonlesional samples was likely
underestimated due to insufficient sequencing depth (see Supplementary 7 of chapter
3; publication 2). Since microbial dysbiosis was assessed by comparing nonlesional skin

to lesional samples using PERMANOVA and linear modelling, the underestimation of
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diversity in nonlesional skin may have led to a conservative estimate of the dysbiosis on

lesional skin.

Clean Reads Distribution
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Figure 6: Number of final and clean microbial sequencing per stage.

Violin and Box plots showing the distribution of microbial sequencing reads per stage. Box plots show 15t
and 3" quantiles and median. Dark Red points show mean. Blue dotted line represents the threshold defined
by Hillmann et al. [102] at which shallow WMS largely recapitulates ultra-deep WMS taxonomic profiling
results. For better visualization, y-scale is log10 transformed. Wilcoxon-test was carried out on
untransformed data. *** p < 0.001, * p < 0.05, n.s.not significant. Plot and statistical test were generated
using R 4.3.1 with packages ggplot2, scales, ggsignif, and rstatix.

5.6.4 Room for Improvement: Statistical Modelling of Differential Abundance Analysis

To identify microorganisms that are differentially abundant in Patch and Plaque lesions
compared to nonlesional skin, this thesis employed MaAslin2, a generalized linear
modelling framework [106,107]. In accordance with the authors’ recommendations and

a landmark paper on microbial rarefaction [108], samples were analysed at their
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individual full sequencing depth. To adjust for variability in sequencing depth across
samples, the final microbial read count per sample was included as a covariate in the
model. However, as discussed above, required sequencing depth to sufficiently capture
microbial diversity may differ systematically between lesional and nonlesional skin,
potentially leading to overcorrection when using a single global adjustment term. A more
nuanced approach could have incorporated a nested or interaction-based adjustment.
Specifically, including an interaction term between lesion status and sequencing depth
would enable differential correction depending on whether the sample originated from

lesional or nonlesional skin. Such a model could be specified as follows:

~ stage + sequencing depth + lesion:sequencing depth + (1 |PatientID)

Where stage refers to the type of skin lesion (nonlesional, patch, plaque),
sequencing depth denotes the final microbial read count, lesion is a binary indicator
for lesional vs. nonlesional samples, and (1 | PatientID) specifies a random intercept

to account for repeated measures within patients.
5.6.5 Room for Improvement: Wet-Lab Handling

On the wet-lab side, future skin microbiome studies in MF using WMS may benefit from
optimized sampling strategies. This thesis employed a three-step swab-scrape-swab
procedure, where a surgical scalpel is used to gently scrape the skin surface between two
swabbing steps to increase biomass yield. However, the force applied during scraping
was not standardized prior to study initiation. Additionally, skin from different
individuals—and even different sites or lesion types—responded variably depending on
factors such as lesion status, skin integrity, and patient age. As consequence, it was

already visible that some skin samples yielded more human cells, others less.

To minimize the collection of excessive host DNA, future studies could aim to standardize
scraping force, adjust pressure based on skin condition, or explore alternative
approaches such as tape stripping. In this technique, an adhesive tape is pressed onto
the skin and then removed, capturing the outermost layer(s) of the stratum corneum
along with associated microbial cells [109]. Taxonomic profiles obtained via tape
stripping have shown high concordance with those obtained from swab-based sampling

[110-112]. Notably, one study reported that tape stripping yielded 13.5% microbial DNA
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[112], which exceeds the typical 5%-10% microbial DNA content of swabs [100]. It is worth
noting, however, that tape stripping tends to remove more of the superficial skin layers
than swabbing, allowing it to access slightly deeper layers of the stratum corneum. As
different layers of the skin are known to harbour distinct microbial communities [113-
115], the choice of sampling method may influence the observed microbiome

composition and should therefore be aligned with the specific aims of the study.

Another approach is to optimize microbial DNA extraction and host DNA depletion.
Serghiou et al. [116] developed an optimized protocol for extracting highly intact
microbial DNA, specifically for the use of swab-sampling from skin. Nonetheless, they
used an automated nucleic acid purification platform which is likely not available in most
molecular biology laboratories in academia. Further, in a real-world assessment 37.5% of
skin samples did not yield detectable amounts of DNA [116], questioning the applicability

of this protocol.

Other approaches aim to increase the proportion of microbial DNA through either host
DNA depletion or microbial DNA enrichment strategies [117]. Protocols targeting deplete
host DNA employ enzymatic and chemical lysis steps that selectively degrade human
cells and extracellular DNA from both host and dead microbial sources [117-119]. Several
commercially available kits apply such combinations of chemical and enzymatic
treatments [120,121]. In addition, Duarte and Porcellato [122] described a protocol that
combines host DNA depletion with microbial DNA amplification. While this approach can
compensate for low DNA concentrations in challenging samples, it is also prone to

amplification bias [122].

Benchmarking studies yielded conflicting results which protocol or commercially
available kit performs best. While Qiagen’s QIAamp DNA Microbiome Kit and Zymo
Biomic’'s Zymo HostZERO Microbial DNA Kit consistently ranked among the top
performers [120,121,123], only Heravi at al. reported that these kits did not introduce
community distortion [121], whereas others reported skewing towards gram-positive
bacteria [120,123]. This is particularly relevant in the context of MF skin microbiome

research, as S. aureus is Gram-positive and could be disproportionately enriched.

Nonetheless, all studies and consistently demonstrated that host DNA depletion
substantially increases microbial the DNA proportion, resulting in higher detection
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sensitivity, improved taxonomic and functional resolution, and significantly reduced
sequencing costs [120-123]. Researchers in the field of MF skin microbiome should
carefully follow the development of depletion strategies and probably try out one or the

other protocol prior to future studies.
5.6.6 Challenges of Skin Virome Profiling

While this thesis primarily focused on bacterial and fungal components of the skin
microbiome, it also aimed to characterize viral constituents following the identification
of antiviral immune signatures in host transcriptomic data. To this end, shotgun whole-
genome sequencing reads and mRNA-seq data were utilized to profile superficial and
deeper skin layers, respectively (chapter 4; publication 3). However, virome profiling via
shotgun sequencing presents several challenges beyond those encountered in bacterial

or fungal profiling.

First, the issue of low viral abundance relative to high host background is particularly
pronounced. Viruses contain orders of magnitude less DNA than bacterial cells and are
vastly outnumbered by host cells, resulting in reduced sensitivity of viral detection [124-
126]. Moreover, the absence of a universal marker gene such as the bacterial 16S rRNA
gene precludes the use of targeted amplicon sequencing for viruses [125,127]. As a
result, enrichment of the viral fraction is commonly applied, and a variety of methods
have been developed for this purpose [128,129]. While such approaches can substantially
reduce host-derived background, they also introduce method-specific biases and may
lead to the loss of certain viral taxa [124]. Since this thesis did not employ virus-specific
enrichment protocols, it is likely that the viral diversity in the analyzed samples has been

underestimated.

Second, current databases are biased towards double-stranded DNA viruses, as these
are easiest to sequence and annotate with available technologies [124]. As a
consequence, more than half of reads in typical virome studies fall into the so-called viral
“dark matter”; sequences with no known homologs or taxonomic assignment [127]. For
instance, while version 2 of MetaPhlAn, a state of the art metagenomic taxonomic
classification tool also used in this thesis, can distinguish approximately 13,000 bacterial

taxa, it includes only around 3,500 viral species [94]. Likewise, VIRTUS, the mRNA-based
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virome profiling pipeline employed in this study to analyze RNA-seq data, is limited to

765 viruses [130].

Next, DNA-based metagenomic approaches are inherently unable to distinguish
between transcriptionally active viruses in the lytic phase and dormant viruses in the
lysogenic state [131,132]. Thus, DNA-based detection should be interpreted with caution,
since the mere presence of viral DNA does not necessarily imply biological activity or

relevance to the host condition under investigation.

Finally, there is currently a lack of standardized computational pipelines for viral profiling
[133]. The field of viral taxonomic classification remains highly fragmented, and no single
approach has yet emerged as a gold standard for either shotgun metagenomics or RNA-
seq-based virome studies [133,134]. While recent updates to MetaPhlAn have
substantially expanded its viral database, this extension is largely focused on the human
gut virome and may offer limited coverage for other body sites, such as the skin

[135,136].

Despite these hurdles, preliminary viral signals in MF observed in this thesis invite deeper
investigation, particularly with optimized wet-lab protocols for viral enrichment and
depletion of host background. Until a consensus on bioinformatic processing is
established, a pragmatic strategy may involve running multiple classification pipelines in
parallel and comparing the overlap of detected viral taxa to increase confidence in the

results.
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5.7 Conclusions and Outlook

This thesis presents a comprehensive, multi-layered investigation into the role of the skin
microbiome in the pathogenesis and clinical progression of Mycosis fungoides, the most
common entity of cutaneous T-cell lymphoma [1]. Through end-to-end generation,
analysis, and integration of multiple molecular layers from clinical specimens, this work
provides additional evidence that the skin microbiome shapes the clinical outcome of
patients, beyond previous clinical observations [87,137], therapeutic responses to
antibiotics [19], associations between TCR oligoclonality and S. aureus [138,139], or

findings from mechanistic in vitro [140-142] and murine models [20].

Specifically, this thesis was the first to identify microbial shifts in MF lesions among
patients with an inferior clinical course. Using high-resolution metagenomic sequencing
and well-matched controls, it overcomes limitations of earlier studies [4-8]. Notably, S.
aureus strains carrying SpA - an activator of NF-kB - were enriched in the microbiome of
aggressive cases, positioning SpA as a previously unrecognized immunomodulatory
virulence factor. These findings suggest that the skin microbiome actively modulates
disease signalling, with implications for diagnostic stratification and therapeutic

intervention.

Several questions remain, including how the ASA-positive group acquires virulent S.
aureus strains and why others are left unaffected. Nosocomial exposure during a
vulnerable window of skin flora eradication is speculated in this work, but this hypothesis
requires further investigation. At the same time, additional mechanistic insight is needed
to determine whether S. aureus and SpA actively drive non-canonical NF-kB signalling in
MF. It also remains to be clarified whether SpA acts via TNFR2 or through TNFR1. Given
that TNFR2 is recurrently mutated in MF [39], it is essential to establish whether the
MOFA-identified associations reflect true mechanistic convergence or mere statistical co-

variation without causal underpinning.

Although this thesis analysed several molecular levels, but, however, did not use one
potentially informative dimension: the microbial transcriptome. Although the necessary
RNAseq data had been generated, the analysis focused on host gene expression. Since

the biopsies were taken from the same sites as the metagenomic swabs,
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metatranscriptomic analysis would have been feasible and could have provided
complementary insight into microbial activity. Unlike metagenomics, which reveals
functional potential, metatranscriptomics captures actual gene expression. Several
promising tools have been developed [151-155], including one that supports joint
analysis of host and microbiome transcriptome and their interaction [154]. Exploring this

layer could be the focus of a future small-scale retrospective study.

Nevertheless, the findings of this thesis highlight the potential of microbiome-
modulating interventions. Given the pathogenic role of S. aureus in MF, targeted
antimicrobial interventions could represent novel adjunctive therapies. While S. aureus
eradication has shown benefit in other inflammatory skin diseases such as AD [143], MF-
associated strains may be more virulent, potentially necessitating tailored approaches.
Future studies may explore S. aureus-targeted therapeutic options including phage-
derived lysins [144,145], bacteriotherapy [23,146,147], and probiotic approaches

[148,149], to restore microbial balance in MF patients [150].

Looking beyond MF, it would be interesting to investigate whether microbiome-
dependent pathomechanisms, particularly through SpA, are generalizable to other T-cell
lymphoma entities that arise at mucocutaneous barriers. Notably, PTCL patients with
mucocutaneous involvement are at increased risk [47-50], possibly due to close contact
between neoplastic T cells and microbial communities that may drive similar immune-

modulatory interactions.

Methodologically, while this thesis applied state-of-the-art techniques and yielded
impactful findings, the data remain observational. As such, the associations identified
cannot establish causality [156]. This limitation is a common challenge in microbiome
research [99,157,158], where studies often confront the “chicken-or-egg” dilemma: it

remains unresolved whether microbial shifts are a cause or consequence of disease.

In summary, this thesis makes a significant contribution to the understanding of MF
pathogenesis by establishing a clinically relevant link between microbial dysbiosis and
host signalling. It provides compelling evidence that the skin microbiome is not merely a
bystander but an active modulator of disease biology, with implications for diagnosis,
prognosis, and therapeutic innovation. These insights pave the way for microbiome-
informed precision medicine strategies in Mycosis fungoides.
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Simple Summary: Glioblastoma (GB) is the most common primary brain tumor in adults, but it
remains incurable due to its high degree of therapy resistance. Glioblastoma stem-like cells (GSCs)
are believed to drive the initiation, progression, and therapy resistance of GB, making them an
ideal therapeutic target to improve patient outcomes. However, due to their heterogeneity, there
are no universal markers to identify GSCs. We evaluated GARP as a novel marker for GSCs and
found that GARP is more stably and uniformly expressed by human GSCs, across cellular states and
disease stages, than the commonly used GSC marker, CD133. Additionally, we showed that GARP is
intranuclearly localized in GSCs, and we are the first to show that nuclear GARP levels (GARPNU*)

are associated with poor patient survival. Our findings indicate that GARP/ GARPNU+

expression is
an improved marker for GSCs and suggest a potential application of GARP as a prognostic biomarker

for GB.

Abstract: Glioblastoma (GB) is notoriously resistant to therapy. GB genesis and progression are
driven by glioblastoma stem-like cells (GSCs). One goal for improving treatment efficacy and patient
outcomes is targeting GSCs. Currently, there are no universal markers for GS5Cs. Glycoprotein A
repetitions predominant (GARP), an anti-inflammatory protein expressed by activated regulatory T
cells, was identified as a possible marker for GSCs. This study evaluated GARP for the detection of
human GSCs utilizing a multidimensional experimental design that replicated several features of
GB: (1) intratumoral heterogeneity, (2) cellular hierarchy (GSCs with varied degrees of self-renewal
and differentiation), and (3) longitudinal GSC evolution during GB recurrence (GSCs from patient-
matched newly diagnosed and recurrent GB). Our results indicate that GARP is expressed by GSCs
across various cellular states and disease stages. GSCs with an increased GARP expression had
reduced self-renewal but no alterations in proliferative capacity or differentiation commitment.
Rather, GARP correlated inversely with the expression of GFAP and PDGFR-«, markers of astrocyte
or oligodendrocyte differentiation. GARP had an abnormal nuclear localization (GARPNU*) in GSCs
and was negatively associated with patient survival. The uniformity of GARP/GARPNU* expression
across different types of GSCs suggests a potential use of GARP as a marker to identify GSCs.

Keywords: GARP; nuclear GARP; GARPNU+: LRRC32; glioblastoma; glioblastoma stem-like cells
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1. Introduction

Glioblastoma (GB) is one of the most aggressive tumors, with an overall survival
rate of approximately 15 months [1,2]. The current standard therapy consists of surgical
removal of the primary tumor, radiation, and treatment with the chemotherapeutic agent,
temozolomide (TMZ) [3]. A high degree of tumor infiltration into the surrounding tissue
is a characteristic feature of GB, limiting the clinical efficacy of neurosurgical resection.
Despite multi-modal therapy, GB recurrence after initial treatment is almost inevitable [4-6].
Besides the immunosuppressive properties of tumor cells, which suppress anti-tumor
immune responses through microglial cells or regulatory T cells, poor prognosis is also
attributed to a high degree of therapeutic resistance, either inherent or acquired by therapy,
and the extraordinary intratumoral heterogeneity of GB, manifesting via the diversity of
molecular and cellular subtypes/cellular states associated with GSCs [7-10].

The notorious therapeutic resistance of GB has been attributed to glioblastoma stem-
like cells (GSCs), which comprise a subset of tumor cells that possess some fundamental
properties of cancer stem cells, including unlimited self-renewal, aberrant differentiation
response, and inherent plasticity. These characteristics enable GSCs to undergo reversible
transitions between distinct cellular states in response to environmental signals [11,12].

These unique properties render GSCs capable of adapting to and surviving cytotoxic
treatments that are otherwise lethal to non-stem glioma cells, thereby endowing them
with the potential to reconstitute the tumor during or after therapy. GSCs are currently
considered the main determinants of therapy resistance and drivers of tumor recurrence
in GB. Therefore, they are arguably the most clinically relevant cellular target in gliomas.
Assessments of GSCs in tumor specimens face several methodological challenges. These
include: (I) the relatively low percentage of GSCs compared to the rest of the tumor cells,
which are thought to be comprised primarily of non-stem glioma cells or differentiated
progenies of GSCs [13,14], (II) an inhomogeneous distribution of GSCs within the tumor,
which are located in specialized niches that provide a proper environment for maintaining
their undifferentiated state [14], and (III) the phenotypic diversity and inherent high plas-
ticity of GSCs, enabling dynamic transitions between different cell states accompanied by
morphological alterations and changes in their phenotypic make-up [15,16]. Furthermore,
GSCs possess a high degree of plasticity, which renders them capable of switching between
different cellular states and distinct morphological phenotypes. Lack of definitive markers
that are stably expressed on GSCs poses a further challenge to the diagnostic stratification
of GB based on the evaluation of GSC content in tumor specimens [17].

Although a range of molecules like CD15, LICAM, SOX2, and Promininl/CD133
have been implicated as identification markers of GSCs, their diagnostic utility has been
limited due to the phenotypic heterogeneity within the GSC compartment, constituted by
cells in hierarchically distinct states [18-23]. For example, expression of Prominin1/CD133,
historically one of the most investigated and arguably the best validated GSC marker,
is sample specific, being restricted to only a subset of GSCs [24-27], and fluctuates sig-
nificantly during cell cycle [28]. Furthermore, a reversible loss of CD133 expression in
CD133" GSCs was shown to accompany tumor propagation, as revealed in an experimental
in vivo model of GB [24]. Considering that the tumor-propagating capacity of CD133™
GSCs is comparable to that of CD133* GSCs [24], the diagnostic utility of CD133 remains
uncertain [29]. Phenotypic diversity and plasticity of GSCs as a means of adaptation to the
tumor microenvironment have important implications for the continuing search for GSCs
markers that would be universally applicable for different subsets of G5Cs and would be
expressed unambiguously, regardless of cellular state.

In this regard, Glycoprotein A repetitions predominant (GARP) has recently emerged
as a potential marker of human GSCs [7,30]. GARP is a type I transmembrane protein nor-
mally expressed on the surface of activated regulatory T cells, where it mediates tolerogenic
functions in the tumor microenvironment of GB [7]. GARP consists of 662 amino acids
and is composed of an extracellular domain with 20 leucine rich repeats, a hydrophobic
transmembrane domain, and a 15 amino acid intracellular part. Recently, we have found
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that GARP is also expressed by different types of GB cells, including GSCs, where it shows
an atypical pattern of subcellular distribution characterized by GARP localization on both
the cell surface and within the nucleus (GARPNU*) [7]. Up until now, GARP expression in
GSCs has only been shown in vitro, with several open-ended questions remaining. Namely,
is GARP/GARPNU* expression associated with a particular cellular state (self-renewal
or differentiation) or a particular subtype of GSCs? Does the associated expression of
GARP/GARPNU* in GSCs persist during GB progression after therapy?

In the present study, these questions were addressed in vitro and in vivo by analyzing
the expression of GARP/GARPNU* in different subtypes of patient-derived GSCs with
consideration of intratumoral heterogeneity and the longitudinal changes accompanying
GB recurrence. For the first time, the present study examined the potential link of nuclear
GARP expression with patient outcomes.

2. Materials and Methods
2.1. Cell Culture

The human glioblastoma cell line T98G was purchased from the ATCC (CRL-1690)
and was cultured in Minimum Essential Medium Eagle supplemented with 10% FCS,
1% Glutamine, and 0.1% Primocin. The human melanoma cell lines, Mewo and Ma-Mel-
19, were obtained from Dr. Daniela Kramer (Mewo, RRID:CVCL_0445, Cellosaurus) in
Mainz, Germany, in 2021 and from Dr. Annette Paschen (Ma-Mel-19, RRID:CVCL_A156,
Cellosaurus) in Essen, Germany, in 2014. Mewo cells were cultured in Dulbecco’s Modified
Eagle Medium supplemented with 10% FCS and 0.1% Primocin. Ma-Mel-19 cells were
grown in RPMI 1640 supplemented with 10% FCS, 1% Glutamine, and 0.1% Primocin.
T98G, Mewo, and Ma-Mel-19 cells were passed every 2 to 3 days by using Trypsin-EDTA.
The cell lines T98G and Ma-Mel-19 were authenticated in August 2022 by PCR single
locus technology. The results were compared to the online databases of the DSMZ and
Cellosaurus (Eurofins Genomics Europe). Patient-derived GSC lines used in this study were
established as previously described and have been well characterized in previous studies, in
terms of their stem cell frequency (SCF) and expression of various GSC markers [28,31-33].
Additional information regarding their origin, SCF, predominant phenotype (Nestin*/~,
GFAP*/~), and percentage of CD133-positive cells, as well as an exemplary analysis
of the GSC markers, CD133, platelet-derived growth factor receptor alpha (PDGFR-w),
and aldehyde dehydrogenase 1 family member A3 (ALDH1A3), can be found in Figure
51[28,33,34]. In brief, excess glioblastoma tumor tissue was obtained from patients operated
on at the Department of Neurosurgery of the Johannes Gutenberg University Medical
Center Mainz (JG-UMC), with informed consent. The use of tumor tissue for research
purposes was approved by the JG-UMC Institutional Review Board (permission 08.06.2017
#837.211.12(8312-F). For GSC isolation, a combined enzymatic and mechanical titration
procedure was used as previously described [28]. To promote self-renewal, glioma cells
were cultured in serum-free NeuroBasal (NB) medium supplemented with the following
factors: B27 supplement (Invitrogen, Darmstadt, Germany) and the recombinant human
cytokines, basic fibroblast growth factor 2 (bFGF) (10 ng/mL) and epidermal growth
factor (EGF), (20 ng/mL) (Biochrom GmbH, Merck KGaA, Darmstadt, Germany). For
in vitro differentiation, cells were subjected to EGF and bFGF withdrawal and assessed
for the expression of neural lineage specific markers after 7 days. Self-renewal promoting
conditions are hence referred to as “NB+bFGF/+EGF” whereas differentiation is indicated
by “NB-bFGF/-EGF” in the manuscript.

2.2. Western Blot

Protein preparation and Western blotting were performed as previously described
in Miiller et al., 2023 [35]. Membranes were probed with the following antibodies: anti-
CD133/1 (clone: W6B3C1), anti-PDFGR-o (D13C6) (Cell Signaling, #5241T, Danvers, MA,
USA), anti-ALDH1A3 (Thermo Fischer Scientific, MA5-25528, Waltham, MA, USA), anti-
p53 (DO-1) (Cell Signaling, #18032), anti-actin (C4) (Santa Cruz Biotechnology, sc-47778,
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Dallas, TX, USA), anti-glial fibrillary acidic protein (GFAP) (DAKO, Z0334, Santa Clara,
CA, USA), anti-p21 (Cell Signaling, #2947), anti-phosphorylated-histone H3 (Ser28) (Cell
Signaling, #9713S), anti-HSP70 (Enzo Life Sciences Inc., Farmingdale, NY, USA), anti-mouse
IgGk light chain-binding protein horseradish peroxidase (Santa Cruz Biotechnology, sc-
516102), goat anti-rabbit IgG H&L horseradish peroxidase (Abcam, ab205718, Cambridge,
UK), goat anti-mouse IgG horseradish peroxidase (Santa Cruz Biotechnology, sc-2055),
and goat anti-rabbit horseradish peroxidase (Santa Cruz Biotechnology, sc-2054). Signal
intensity was analyzed via densitometry (https://imagej.nih.gov, accessed on 17 October
2023) [36].

2.3. Flow Cytometry

For flow cytometric analysis, the following fixable viability dye and antibodies were
used: FVD506 (eBioscience #65-0866-14, San Diego, CA, USA), anti-GARP (Miltenyi #130-
103-820 and 130-103-890, updated ordering numbers: 130-125-511 and 130-125-532, Bergisch
Gladbach, Germany), anti-CD133 (epitope AC133, Miltenyi # 130-113-111), and their respec-
tive isotype controls (Miltenyi #130-113-434 and Miltenyi #130-113-200). Cells were stained
with fixable viability dye prior to surface antibody staining of anti-GARP and anti-CD133.
Cells were not fixed for the analysis.

Extensive validation of the anti-GARP antibodies mentioned above and a demon-
stration of their specificity can be found in Figures S2 and S3 as well as in previous work
by Zimmer et al., 2019 [7]. In more detail, the anti-GARP antibodies from Miltenyi were
validated against two other flow cytometry certified antibodies (Biolegend, 352506, San
Diego, CA, USA; Origene, TA337028, Rockland, MD, USA) (Figure S3) and against the
polyclonal anti-GARP antibody used in this study (Origene, AP17415PU-N) (Figure S2).
Antibody specificity was demonstrated using GARP-overexpressing Mewo cells, resulting
from transient transfection using the LOX-IMVI Cell Avalanche Transfection Reagent (EZ
Biosystems, EZT-LOXI-1, College Park, MD, USA) as well as a LRRC32 overexpression
plasmid (Origene, SC116699) and an empty vector control plasmid (Origene, PS100001)
(Figure S3). Transfection was performed in accordance with the manufacturer’s recommen-
dations. Cells were stained with fixable viability dye and for surface GARP as described
above 48 h post-transfection.

Flow cytometry was performed on a BD LSRII flow cytometer (Heidelberg, Germany)
and was analyzed using Cytobank [37]. Doublets, debris, and dead cells were excluded
from analysis (Figure 54).

2.4. Confocal Microscopy

Confocal imaging was performed on a Leica SP8 with HyD detector (Wetzlar, Ger-
many) at the Imaging Core Facility (ICF) of the Forschungszentrum fiir Inmuntherapie
(FZI) of the University Medical Center Mainz as described before [7]. The following
antibodies were used in the study: anti-nestin (Abcam, ab22035), anti-GARP (Origene,
AP17415PU-N), and secondary antibodies goat anti-mouse Alexa Fluor 488 or goat anti-
rabbit Alexa Fluor 555 (both Thermo Fisher Scientific, Waltham, MA, USA). Validation
and specificity of the anti-GARP antibody (Origene AP17415PU-N) for its use in confocal
microscopy can be found in Figure S5 and in previous work by Zimmer et al., 2019 [7].

2.5. Animal Experiments

Animal experiments were performed at the Translational Animal Research Facility
(TARC) of the JG-UMC, Germany, in accordance with the guidelines of the European
Convention for the Protection of Vertebrates Used for Scientific Purposes and under the
approval of the State Office of Chemical Investigations of Rhineland-Palatinate (permission
#23 177-07 /G12-1-020). Immunodeficient mice (strain NMRI) were purchased from a com-
mercial supplier (Charles River Laboratories Germany). After an adaptation period of one
to two weeks, mice were subjected to intracerebral injection of GSCs using a standardized
procedure as described previously [34,38]. In brief, single-cell suspensions were prepared


https://imagej.nih.gov

Cancers 2023, 15, 5711 50f22

from glioma sphere cultures by using a combined trypsin/mechanical titration procedure.
Cells were washed twice in PBS and re-suspended in PBS at 2 x 10* cells/pL. Cell viability
was determined by trypan blue staining. Single-cell suspensions were injected at 5 uL into
the caudato-putamen of the right hemisphere using a stereotactic frame (TSE Systems, Bad
Homburg, Germany) and the following stereotactic coordinates in reference to the bregma:
1 mm (anteroposterior axis), 3 mm (lateromedial axis), 2.5 mm (vertical axis). Mice were
sacrificed at the first manifestation of tumor-associated neurological symptoms.

2.6. GARP Immunohistochemistry and Immunofluorescence

Tumor-bearing mouse brains were extracted and fixed in 4% paraformaldehyde in
PBS for at least 24 h at 4 °C as described previously [38]. Briefly, after fixation, brains
were paraffin-embedded, dissected into 1-3 um thick coronal sections and analyzed by
immunohistochemical or immunofluorescence staining using antibodies specific to human
nestin (R&D Systems GmbH, Wiesbaden-Nordenstadt, Germany), GFAP (DAKO, Z0334),
or GARP (Origene, AP17415PU-N). Previous work has demonstrated the specificity of the
anti-GARP antibody (Origene, AP17415PU-N) for its use in immunohistochemistry and
immunofluorescence [7,39]. For analysis, Image]2 (Available online: https://imagej.net/
Image]2, accessed on 16 August 2021) was used [40].

A GB patient cohort from Zimmer et al., 2019 [7], was reanalyzed to correlate the
frequency of GARPNU* cells in tumor tissue to patient overall survival regardless of IDH
status. Patient characteristics are described in detail in Figure 1 of Zimmer et al., 2019 [7].
In brief, the patient cohort consisted of 35 newly diagnosed (WHO stage IV) GB patients
from the Department of Neurosurgery in Idar-Oberstein, Germany, between January 2009
and May 2015. The median high and low survival times were 12 and 4 months. Primary
tumor tissue was resected and stained for GARP via immunohistochemistry. Description
of the immunohistochemical staining process can be found in Zimmer et al., 2019 [7]. The
frequency of GARPNU* was semi-quantified in tumor tissue with regions of labeled nuclei
(categorized as >90%, >50%, >10% GARPNU* cells) at the Institute of Neuropathology,
University Medical Center Mainz, Germany [7].
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Figure 1. (A) Flow cytometric analysis of surface GARP and CD133 on different GSCs and the
control, non-stem, GB cell line, T98G. Doublets, debris, and dead cells were excluded from the
analysis. Mean fluorescence intensity (MFI) was normalized to the MFI of the respective unstained
control. (B) Confocal images of GARP- and nestin-expressing GSCs and T98G. Cells were stained
for GARP (red) and nestin (green). Cells were counterstained for their nuclei with Hoechst (blue).
Note the intranuclear localization of GARP (NU*). Scale bar corresponds to 20 um. (C) Percentage of
GARPNY* cells were determined by counting GARP stained nuclei. “No.” indicates the number of
counted cells for the analysis.

2.7. Cell Sorting

Single-cell suspensions of the GSC line, #1095, were stained sequentially with the
following: fixable viability dye FVD780 (eBioscience #65-0865-14), unconjugated anti-GARP
antibody (Origene, AP17415PU-N) or a control unconjugated IgG rabbit isotype antibody
(R&D Systems, AB-105-C), followed by a PE-conjugated goat anti-rabbit secondary anti-
body (Invitrogen, P2771MP). Cells were sorted into GARP'®" and GARP"8" populations.
Cell sorting gates were defined as the lower 10th (GARP!°V) and upper 90th percentiles
(GARPh8h) of all cells. An example gating strategy and proof of positive GARP staining
can be found in Figure S6. Debris, doublets, and dead cells were excluded from analysis.
Sorting was performed using BD Aria II and III cell sorters at the Core Facility Flow Cytom-
etry (CFFC) of the Forschungszentrum fiir Inmuntherapie (FZI) of the University Medical
Center Mainz.
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2.8. Extreme Limiting Dilution Assay

The self-renewal capacity of GSC lines was analyzed by extreme limiting dilution assay
(ELDA). In brief, single-cell suspensions were serially diluted in self-renewal promoting
medium (NB+bFGF/+EGF) and seeded into 24 well plates. The number of replicates used
for each serial dilution are indicated as follows: 12 for 100 cells/well, 18 for 50 cells/well,
24 for 25 cells/well, 58 for 12.5 cells/well, 24 for 6.25 cells/well, 18 for 3.125 cells/well,
and 12 for 1.56 cells/well. Cells were incubated for three weeks to develop neurospheres.
Wells were assessed for neurosphere formation; a positive result was recorded for each
dose (number of seeded cells/well) if the examined well contained at least one neurosphere.
Each experiment was repeated independently three times. Stem cell frequency (SCF) was
calculated using the ELDA: Extreme Limiting Dilution Analysis webtool from the Walter
and Eliza Hall Institute of Medical Research (https://bioinf.wehi.edu.au/software/elda/,
accessed on 6 September 2023) [41].

2.9. Bioinformatic Pipeline

In a previous work, Kim et al., 2020, performed Illumina RNA-Sequencing on a total
of 155 glioblastoma samples derived from 28 patients [32]. These consisted of primary,
recurrent, and secondary recurrent tumors (128 samples) as well as GSC cultures developed
from freshly resected tumor tissue (27 samples). We obtained unnormalized gene counts
through the Gene Expression Omnibus database (GEO) under the accession number:
GSE139533. Gene counts were normalized with DESeq2 and analyzed using the likelihood
ratio test to decipher the effect of progressing tumor stages on transcript levels within the
same patient [42]. Normalized counts for CD133 and GARP were plotted with GraphPad
Prism version 9.3.1 for Windows, GraphPad Software, San Diego, CA, USA, www.graphpad.
com.
Survival analysis of CD133 and GARP was performed using OncoLnc (http://www.
oncolnc.org/, accessed on 8 July 2023) which is based upon data generated by The Cancer
Genome Atlas (TCGA) Research Network (https:/ /www.cancer.gov/tcga, accessed on 8
July 2023) [43-45].

2.10. Statistics

Statistical analysis was performed with Student’s t-test, the likelihood ratio test, the chi-
squared test, or two-way ANOVA as indicated. Data are displayed as mean values £+ SEM
or £SD as indicated. Survival curve comparison was analyzed using the log-rank (Mantel—-
Cox) test using GraphPad Prism. Statistical significance is indicated as follows: * p < 0.05,
**p <0.01, ** p < 0.001, *** p < 0.001, and ns (not significant).

3. Results
3.1. GARP Expression Is Conserved across Different Types of GSCs In Vitro and In Vivo

We have previously shown that GARP is expressed by three human GSC lines and by
the conventional human glioblastoma cell line, T98G [7]. The questions that remained were
whether GARP expression is restricted to a particular type of GSCs or if it represents a com-
mon phenotypic trait shared by different subsets of GSCs. To address these questions, we
analyzed the expression of GARP in a panel of heterologous GSC lines, differing in their self-
renewal capacity, degree of differentiation, and expression of CD133, a proposed marker
for GSCs in the past (Figure S1A). All GSCs used in this study invariably expressed nestin,
a neural stem cell marker, but they varied in their expression of the astrocyte differentiation
marker, GFAP, and CD133, a putative GSC marker (Figure S1A). A non-stem glioblastoma
cell line, T98G, (ATCC CRL-1690) was analyzed in parallel as a control. Flow cytometry
revealed that the surface expression of GARP varied across heterologous GSCs (Figure 1A).
Notably, variations in GARP expression paralleled variations in CD133 levels indicating
that GARP and CD133 are not mutually exclusive markers (Figure 1A). Line-dependent
variations in GARP expression were also confirmed by microscopic evaluation of intracel-
lular GARP (Figure 1B,C). Confirming our previous observations, microscopic analysis
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revealed that GARP localization in GSCs is not restricted to the cell membrane, a normal
localization site for GARP, but it also extends to the nuclear compartment (Figure 1B) [7,30].
The nuclear localization of GARP was evident in confocal microscopy with co-staining
for nestin, an established marker of neural stem/progenitor cells expressed in the cyto-
plasm. The prevalence of cells with nuclear GARP (termed hereafter as “GARPNU*”) varied
between different GSC lines (Figure 1B,C) and mirrored the levels of surface-expressed
GARP (Figure 1A), indicating a possible relationship between the two forms. For example,
the GSC lines #1051 and #1095 had the highest levels of surface-membrane-associated
GARP (Figure 1A), and they also exhibited a high proportion of cells with GARPNU* (92.1%
and 87.2%, Figure 1B,C). Vice versa, GSCs with moderate levels of surface GARP (#1043
and #1063, Figure 1A) had lower proportions of cells with GARPNU* (40.9% and 29.7%,
Figure 1C).

Our in vitro findings prompted us to test if GARP/GARPNU* expression is sustained
in vivo in GSCs involved in tumor propagation. To this end, we analyzed xenograft tumors
grown from two GSC lines that express the lowest (line #1043) and highest (line #1051)
levels of GARP in vitro (Figure 1). Both lines gave rise to highly invasive brain tumors as
ascertained by immunohistochemical staining with an antibody specific for human nestin
(Figure S7) and had comparable rates of tumor growth [34]. Inmunofluorescence staining
for GARP revealed its expression in both #1051 and #1043 xenografts (Figure S8). Notably,
GARP expression in #1043 xenograft (low expressor in vitro, Figure 1) was comparable with
that in #1051 xenograft (high expressor in vitro, Figure 1), suggesting that GARP expression
in GSCs might be even more profound in the tumor context. Concordant with our in vitro
findings, tumor-propagating GSCs also showed GARP localization in both the cytoplasm
and nucleus (Figure S8). Additionally, GARPNUY* was observed to be co-expressed with
nestin (Figure S8). These results further support the conclusion that GARP/GARPNU*
expression might be a common trait stably sustained (or even augmented) in GSCs involved
in tumor propagation.

3.2. Intratumoral Heterogeneity of Subcellular Distribution Patterns of GARP

GBs are known for their high degree of intratumoral heterogeneity, which is thought
to reflect the hierarchical diversity of cellular states generated by GSCs [12,46]. Our obser-
vation that heterologous GSCs vary in their levels of GARP/GARPNU* (Figures 1 and S8)
prompted us to check if this is a mere reflection of intertumoral diversity, GARP/GARPNU*
association with a particular GSC subtype or cellular state, or a hierarchical diversification
taking place during tumor growth. To address these questions, we made use of isogenic
GSCs (lines IT-726-#1, IT-726-#2, IT-726-#3a, IT-726-#3b, and IT-726-#4) that have been
isolated from different regions of the same tumor (Figure S9—Cohort 2”—comparison line
1) and provide a unique model for analyzing the impact of intratumoral heterogeneity in
an isogenic background [31,32]. Indeed, despite their identical genetic background, iso-
genic GSCs from the IT-726 set displayed notable morphological differences, considerable
variations in their self-renewal capacity, and expression of G5C-associated markers CD133,
ALDH1 A3, and PDGFR-« (Figure S1) [31,32].

Interestingly, we found no apparent correlation between CD133 expression and the
degree of self-renewal activity. For example, the lines IT-726-1 and IT-726-3B had compa-
rable degrees of self-renewal activity (Figure S1A), but they differed profoundly in the
expression of surface CD133 (glycosylated epitope AC133) (Figure 2). Vice versa, the line
IT-726-4 expressed similar levels of surface CD133 as the lines IT-726-2, IT-726-3A, and
IT-726-3B, (Figure 2), but it stood out markedly from the other lines in terms of its extremely
low self-renewal capacity (Figure S1A). In contrast to CD133, the expression of surface
GARP was very similar across isogenic lines, and it did not parallel the striking difference
in CD133 expression between the IT-726-1 line and its isogenic counterparts (Figure 2). In
comparison to the uniform expression of surface GARP, the patterns of GARP subcellular
distribution between IT-726 lines were heterogeneous, with the proportion of GARPNU*
cells varying across different isogenic lines (Figure 3A). The highest level of GARPNU*
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was found in line IT-726-2, which had a prominent expression of nuclear GARP in nearly
every cell (Figure 3B, IT-726-2 upper panel). GARP expression was also examined on
IT-726 cell lines grown in self-renewal-promoting (NB+bFGEF/+EGF) versus differentiation-
promoting (NB-bFGF/-EGF) conditions. Interestingly, IT-726-2 displayed a prominent
expression of nuclear GARP in almost every cell regardless of culture condition. In contrast,
other isogenic IT-726 lines exhibited a mixed pattern of GARP localization in both nuclear
and cytoplasmic compartments in self-renewal-promoting conditions (NB+bFGF/+EGF)
(Figure 3B, shown for IT-726-4). Notably, the nuclear localization of GARP appeared to be
more profound when cells were grown in differentiation-promoting conditions (NB-bFGF/-
EGF), suggesting an inverse correlation between GARPNU* and self-renewal capacity. The
IT-726-2 line, in which the GARPNY* pattern was predominant (Figure 3B), had a lower
self-renewal capacity when compared to the other isogenic counterparts (Figure S1A),
consistent with this interpretation.
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Figure 2. GARP expression in isogenic GSCs derived from newly diagnosed GB IT-726. Flow
cytometric analysis of IT-726-1, -2, -3a, -3b, and -4. Doublets, debris, and dead cells were excluded
from analysis. Mean fluorescence intensity (MFI) was normalized to the MFI of the unstained control.
Histograms display one representative result of three independent measurements. Data are displayed
as mean values + SEM.
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Figure 3. Analysis of expression and localization of GARP in isogenic GSC cell lines, which vary
in differentiation states derived from different regions of the same tumor. (A) Number of GARP
positive nuclei for GSC lines IT-726—1, -2, -3A, and -4 were analyzed by counting double positive
(Hoechst and GARP) cell nuclei (NU"). “No.” indicates the number of counted cells for the analysis.
(B) Confocal images of GARP- and nestin-expressing GSC IT-726 -2 and -4. Cells were stained for
their nuclei with Hoechst (blue), GARP (red), and nestin (green). Note the intranuclear localization of
GARP. Scale bar corresponds to 20 um.
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3.3. Relationship between GARP Expression and GSCs Stemness

The dual capacity of self-renewal and differentiation are the fundamental and unique
properties of stem cells. We therefore sought to determine if there is an association between
GARP expression and self-renewal. To this end, cell populations differing in GARP expres-
sion (GARPM&" or GARP'®") were FACS sorted from the GSC line #1095 and compared
with respect to self-renewal activity by ELDA. A demonstration of the sorting efficacy
and quantification of surface GARP expression on GARPM#" vs. GARP!W sorted cells
via flow cytometry can be found in Figure S6A. The GSC line #1095 was chosen for these
investigations because of its well-established stemness attributes as well as molecular and
cellular responses to clinically relevant treatments in vitro and in vivo [28,33-35]. The
results of ELDA assessments revealed that GARP"8" and GARP'®" populations of GSCs
differ in their self-renewal propensity, which was significantly (p = 2.48 x 10~1¢) lower in
the GARPM8" subpopulation compared to GARP!V subpopulation (Figure 4).

As loss of self-renewal is a prerequisite for stem cell differentiation, the outcome
of the ELDA experiments raised the possibility that GARP expression may be related to
differentiation of GSCs. To address this question, GARP"8" and GARP'®Y GSCs were
subjected to comparative assessments for the differentiation-inducing factor p21 and the
differentiation-associated markers, GFAP and PDGFRe, activated during astrocyte or
oligodendrocyte differentiation. The results showed that GARP"8" GSCs had considerably
higher steady-state levels of p21 compared to GARP'®" GSCs, which seems consistent with
the interpretation that increased expression of GARP is associated with a more differentiated
state. However, an elevated level of p21 was unaccompanied by increased expression of
GFAP or PDFGRa in GARPM8" GSCs. Quite the contrary, the expression of either GFAP
or PDFGR« was found to be lower in GARPMgh GSCs than in GARP!®Y GSCs (Figure 5)
with the difference in PDGFR« levels being especially profound (Figure 5B). Although the
difference in GFAP expression between GARPM8" and GARP'® GSCs was less profound, it
was also confirmed by using a different approach, namely the estimation of GFAP-positive
differentiating cells by immunofluorescence staining (Figure 510). A decline in proliferative
activity is an important functional hallmark of normal stem cell differentiation. Deviating
from this rule, GARP"&" GSCs, which had a reduced self-renewal capacity in comparison
to GARP'®Y GSCs (Figure 4), had comparable levels of the proliferation marker PHH3
(Figure 5). Collectively, our data indicate that increased expression of GARP correlates with
reduced self-renewal but not with the cessation of proliferation or induction of phenotypic
traits of neural differentiation.

3.4. GARP mRNA and Surface Protein Levels Do Not Predict GB Patient Survival

Having established that GARP is expressed in patient-derived GSCs, we sought to
determine whether a correlation exists between GARP expression and GB patient survival.
To address this question, gene expression and survival data from the TCGA database were
analyzed for GARP and CD133 by using OncoLnc.org (Figure S9—Cohort 1) [43-45]. Based
on the TCGA dataset, consisting of 152 patients with newly diagnosed glioblastomas, all
patients analyzed were stratified by their expression levels of GARP into either “GARP-
high” (upper 50%) or “GARP-low” (lower 50%) groups and were analyzed for their survival
rates via the online tool OncoLnc [43]. We could not find any significant difference in
survival between GARP-high and GARP-low groups (Figure 6A). Similarly, no significant
correlation was found between survival and CD133 expression (Figure 6A). In a second
approach, GARP and CD133 transcript levels were compared between newly diagnosed
glioblastomas (ndGB) and progressed recurrent glioblastomas (recGB) as depicted in Figure
S9—Cohort 2—comparison line 2. To this end, we retroactively analyzed RNAseq data
from a database that compiles RNAseq data for ndGBs (23 patients) or recGBs (21 patients)
as well as 27 primary cultures derived from either ndGB (ndGB-GSCs, 17 cultures) or
recGB (recGB-GSCs, 10 cultures) [34]. GARP and CD133 mRNA expression were compared
between ndGB samples (ndGB tissues and ndGB-GSC cultures) and recGB samples (recGB
tissues and recGB-GSCs). The results showed that expression levels of GARP do not differ
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significantly between ndGB and recGB samples whereas CD133 levels were found to be
significantly reduced in recGB samples compared to ndGB samples (Figure 6B). In a third
approach, surface GARP expression was compared between isogenic ndGB-GSCs and
recGB-GSCs isolated from ndGB and recGB tumors of the same patient (Figure S9—Cohort
2—comparison line 3). Both ndGB-GSCs and recGB-GSCs showed virtually the same
levels of surface GARP expression, whereas the level of CD133 was significantly lower in
recGB-GSCs in comparison to ndGB-GSCs (Figure 6C). This agreed with the results of the
RNAseq analysis (Figure 6B) as both GARP transcript and surface GARP (Figure 6C) levels
were consistently expressed regardless of disease progression. Interestingly, in contrast to
GARP transcript and surface GARP levels, it was found that the percentage of GARPNU*
cells were elevated in the recurrent GSC line, IT-654 (Figure 6D).

Group 1095GARPHigh
Group 1095GARPLo

log fraction nonresponding

p=351x10"
o
@ -
! \ v
T T T T T T
0 20 40 60 80 100
dose (number of cells)
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subline Lower Estimated Upper
GARPHigh 18.75 16.30 14.16
2.48 x 1016
GARP'¥ 8.58 7.49 6.53

Figure 4. Quantitative assessments of self-renewal capacity by extreme limiting dilution assay
(ELDA). (A) Representative results. (B) The pooled results from three independent experiments are
indicated in the table. GARP"8" and GARP'®" correspond to isogenic GSCs differing in their GARP
expression, which were FACs sorted from the GSC line #1095. Estimates of the stem cell frequency
(SCF) are framed in red, while lower and upper indicate the confidence intervals for 1/SCF. Statistical
significance between groups was calculated by chi-squared tests.
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Figure 5. Comparative assessments of glial fibrillary acidic protein (GFAP), platelet-derived growth
factor receptor alpha (PDGFR-«), p21, and phosphorylated histone H3 (PHH3) in FACs-sorted
GARPM8h and GARPlow isogenic GSCs (#1095) by Western blot. (A) Representative results. HSP70
was used as a loading control. The following antibodies were used to probe the membranes: anti-
GFAP (DAKO, Z0334), anti-PDFGR-o (D13C6) (Cell Signaling, #5241T), anti-p21 (Cell Signaling,
#2947), anti-phospho-histone H3 (Ser28) (Cell Signaling, #9713S), anti-HSP70 (Enzo Life Sciences
Inc.), anti-mouse IgGk light chain-binding protein horseradish peroxidase (Santa Cruz Biotechnology,
s¢-516102), and goat anti-rabbit IgG H&L horseradish peroxidase (Abcam, ab205718). (B) PDGFR-x
and p21 bands were quantified by densitometry.

Collectively, these results obtained via different experimental approaches indicate that
expression of GARP mRNA and surface protein remain at a constant level throughout
GB progression and after therapy—in contrast to the fluctuating expression of CD133.
This sustained expression of surface GARP and GARP transcript levels in ndGBs and
recGBs suggests the potential utility of GARP as a reliable GSC biomarker, which persists
at different tumor stages, possibly allowing for the detection of potential residual disease
of a remarkably invasive cancer type.
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Figure 6. GARP expression in GB is unaffected throughout therapy. (A) Survival analysis of GARP
and CD133 based on data available through The Cancer Genome Atlas (TCGA). GARP and CD133
mRNA expression data of 152 primary glioblastomas were divided 50/50 into either “low” expres-
sion or “high” expression and were analyzed for patient survival. (B) Retrospective analysis of
transcriptomic data of 155 GB samples from 28 patients of Kim et al., 2020 [32]. ndGBs, first, and
second recurrent tumors were analyzed for their GARP and CD133 mRNA levels across tumor
stages. (C) Flow cytometric analysis of IT-619 and IT-654. Doublets, debris, and dead cells were
excluded from analysis. Recurrent IT-654 GSCs exhibited stable surface GARP levels after TMZ and
radiotherapy, whereas expression of CD133 decreased after treatment. The MFIs were normalized
to the unstained control. n = 3. Significance was calculated by Student ’s t-test and is indicated as
follows: * p < 0.05, *** p < 0.001, and ns (not significant). (D) Number of GARP-positive nuclei for
GSC IT-619 and IT-654 were analyzed by counting double-positive (Hoechst and GARP) cell nuclei.
“No.” indicates the number of counted cells for the analysis.
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3.5. Nuclear Localization of GARP Correlates with Poor Survival in Patients with GB

As we observed an upregulation of the percentage of GARPNU* cells in the recurrent
GSC line, IT-654 (Figure 6D), we wanted to explore a possible link between GARPNU*
and the survival rate of GB patients (Figure S9—Cohort 3). Therefore, we retroactively
assessed GARPNU* levels in tumor tissue from a cohort of 35 newly diagnosed GB patients
(WHO stage IV) and correlated them to patient overall survival (Figure 7, representative
images) [7].
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Figure 7. Nuclear GARP is a potential new prognostic biomarker for GB patient survival. (A) Im-
munohistochemistry of GARP in glioblastoma. GB (WHO grade IV) with low frequency of labeled
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nuclei (magnification x20 and x40) and GB with palisading necroses and a high frequency of stained
nuclei (magnification x20 and x40). Normal brain tissue had no detectable GARP expression. Bar
corresponds to 50 pm (40x) and 200 pm (20 %), respectively. (B) Survival analysis of 35 GB patients
based on their GARP-positive nuclei counts (1: high frequency, n = 16 and 2: low frequency, n = 19).
Comparison of survival curves was performed by log-rank (Mantel-Cox) test (** p < 0.01).

Notably, all GB patients in the cohort were found to express GARPNU* but varied
in their frequency of GARPNU* cells. Therefore, we divided the cohort into two groups
based on their frequency of GARPNU* expression. The first group encompassed 19 GB
patients with tumors having a low frequency (~50%) of GARPNY* cells. The other group
included 16 patients with a high frequency (>90%) of GARPNU* cells. In striking contrast
with the transcriptomic analysis, which showed a consistent lack of correlation between
GARP mRNA levels and patient survival (Figure 6A), stratification by GARPNU* revealed
a significant correlation between GARPNU* and GB patient survival (Figure 7B). The
results showed that patients with a low frequency of GARPNY* had a significantly longer
overall survival in comparison to patients with a high frequency of GARPNU* (medians
low: 12 months, high: 4 months; p = 0.0026, Figure 7B). These results indicate that the
abundance of the GARP protein in the nuclear compartment—not GARP transcript levels—
is associated with survival in patients with GB.

4. Discussion

GSCs comprise a heterogenous and highly volatile group of cells, which can switch
between different phenotypes and molecular programs in response to environmental
changes. The high degree of phenotypic plasticity displayed by GSCs poses a challenge
in the development of GSC-based diagnostic and GSC-targeting therapeutic strategies.
The continuing search for GSC-associated markers has led to the identification of several
molecules expressed in some but not all subtypes of human GSCs or associated with some
but not all cellular states [11,12]. One approach to counterbalance the phenotypic diversity
of GSCs is to simultaneously target multiple markers associated with different types of
GSCs, in order to increase the diagnostic coverage of the GSC content in a highly hetero-
geneous milieu of GBs [11,28,32,47,48]. An alternative possibility is that some phenotypic
traits may be conserved across heterogeneous GSCs. Our data indicate that expression
of GARP/ GARPNU* may be one such trait. We provide several lines of evidence that
GARP/GARPNU* is expressed in otherwise phenotypically distinct GSCs (Figures 1 and 3)
and persists invariably across different cellular states (Figure 3). In the past, several groups
have tried to identify universal GSC markers. One challenge is that most of the previously
identified putative markers of GSCs, e.g., CD133, are not universally expressed in all types
of GSCs, which limits the diagnostic utility of such markers for estimating GSC content
in tumors [26]. In this regard, both surface GARP and GARPNU* expression appear to
be invariably expressed in phenotypically distinct GSCs including CD133* and CD133™
subtypes, under in vitro and in vivo experimental conditions (Figures 1, 3 and S8) and in
different stages of GB progression (ndGBs or recGBs) (Figure 6).

Our data indicate that GSC-associated expression of GARP persists in different cel-
lular states. However, the degree of GARP expression varies between different cellular
states. Interestingly, we find that expression of GARP is elevated in the state associated
with a reduced self-renewal but not proliferative capacity and in conjunction with loss
of differentiation-associated traits (Figures 4, 5 and S10). Such a pattern is reminiscent
of the transit-amplifying state during neurogenesis whereby slow-cycling neural stem
cells must first exit from the state of self-renewal and convert into more differentiated
but uncommitted and fast-proliferating transit-amplifying progenitors, prior to entering
the lineage-commitment stage and differentiation [49]. The simultaneous reduction in
self-renewal and differentiation-associated traits without loss of the proliferation activity
seen in GARPM8" GSCs suggests that GARP may have a role in GSCs’ transition from the
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slow-cycling self-renewal state to a more differentiated and proliferation-competent state
similar to that of transit-amplifying progenitors. It should be noted that even the complete
loss of self-renewal does not lead to a loss of the tumor-propagating capacity of GSCs, and
recent evidence indicates that GB propagation is driven primarily not by self-renewing
GSCs but their non-self-renewing progenies [50].

It is important to note that GARP expression is not limited to GSCs alone. Cancer cells,
including glioblastoma (as shown in this work with T98G in Figure 1A), activated regulatory
T cells and B cells, and platelets are all known to express GARP on their surfaces [28].
Therefore, GARP alone cannot be used to identify GSCs but rather in combination with a
panel of other markers to better distinguish between GSCs and other GARP-positive cells
in the tumor microenvironment. In this regard, our finding that elevated GARP expression
coincides with a significant increase in p21 expression suggests that dual assessments for
GARP and p21 may enable a distinguishment between GSC and non-GSC cells. Considering
that p21 plays important roles in the maintenance of neural stem cells and is one of the
factors implicated in GB radioresistance, the concomitant elevation of p21 and GARP
in GSCs further supports the potential merits of GARP as a predictive and prognostic
biomarker for GB [51,52]. A limitation of this exploratory work is that it mainly analyzed
the expression of GARP in comparison to one GSC reference marker, CD133. Future studies
are needed to analyze in depth the association of GARP expression with an expanded panel
of putative GSC markers to further evaluate how universally and stably expressed GARP is
on GSCs, and on different cellular components of the tumor microenvironment, especially
those that are known to express GARD, like activated regulatory T cells and platelets.

Intriguingly, whereas GARP mRNA levels are comparable between ndGBs and recGBs,
the level of GARPNU* protein correlated with poor survival in patients with GB (Figure 7).
Notably, the critical cutoff for GARPNU* was >90% (Figure 7), which is significantly higher
than the 10% cutoff for CD133 expression implicated as a predictive marker for GB recur-
rence [53].

Although the link between a high frequency of nuclear GARP and poor outcomes of
GB patients provides a novel and intriguing insight into the previously unsuspected role
of GARPNY in GB, it is important to also acknowledge the limitations of this exploratory
study. One is the small patient cohort size (1 = 35). The relationship between GARPNU*
and clinical outcome from GB must be validated in future studies using larger datasets. A
further confirmation in larger follow-up studies is a prerequisite for the conclusion on the
diagnostic value of GARPNU* as a prognostic biomarker for GB.

Cancer stem cells are related to reduced survival in glioblastoma patients [11,12].
Therefore, it was surprising to see that a high frequency of GARPNU* tumor cells was
linked to reduced overall survival, despite the observed upregulation of GARPNU* in
differentiation-promoting conditions (NB-bFGF/-EGF) (Figure 3B). One possible explana-
tion for this is that elevated GARP levels are linked to enhanced immunosuppression in
the tumor microenvironment [7,39]. In more detail, previously, we demonstrated both in
melanoma [39] and in glioblastoma [7] that tumor cells upregulate the expression of GARP
and thus gain tolerogenic potential. This in turn aids in the suppression of effector CD4*
and CD8" T cell function, required for anti-tumor immune responses, and correspondingly
induces suppressive regulatory T cells, which further contribute to the suppression of effec-
tive anti-tumor immune responses. Furthermore, the upregulation of GARP, an inhibitory
protein, upon the differentiation process of cancer stem cells is consistent with previous
reports by Ullah et al., 2020, who similarly demonstrated that the immune checkpoints
PD-L1 and HLA-G are upregulated by cancer stem cells upon differentiation [54]. The
principal binding partner of GARP, TGE-f3, has been shown to induce the expression of
PD-L1, but it remains unclear if GARP expression can as well [55,56]. It is worth noting that
the simultaneous targeting of GARP, TGF-f31, and PD-1 has been shown to be an effective
combination therapy, capable of restoring T effector cell function and overcoming resistance
to PD-1/PD-L1 blockade [57,58]. Future studies are planned to clarify the relationship
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between GARP, PD-L1, and differentiation to determine if their contribution to immune
suppression is responsible for the observed reduction in patient survival.

Interestingly, we found a discrepancy between RNAseq data from primary tumor
tissue samples (Figure 6A) and our histological analysis of the frequency of GARPNU+-
positive cells in GB patient samples (Figure 7). Whereas no relationship between GARP
transcript levels and patient survival was detectable in the TCGA data (Figure 6A), the
frequency of GARPNU* GB cells seems to be a suitable prognostic marker for patient
survival. It should be considered that the tissue samples used for TCGA RNAseq analysis
(Figure 6A) presumably consisted of tumor lysates, which contain a multitude of cell
types, ranging from tumor cells to immune cells, up to healthy tissue. As information
on the cellular origin of the transcripts is missing due to the bulk sequencing, otherwise
significant differences between donors can be diluted into insignificant results based on the
individual composition and frequencies of cell types included in the analysis. In addition,
GARP mRNA can be detected in many tissues, e.g., heart, kidney, liver, and lung, whereas
surface expression of the GARP protein itself seems to be limited to only a number of cell
types, e.g., activated regulatory T cells [59], platelets [60], various cancers like GB and
malignant melanoma [7,39], and mesenchymal stem cells [61], further contributing to a
decreasing validity. Therefore, the identification of the cell type analyzed in RNAseq is key
to interpreting and understanding future datasets.

More advanced methods like spatial transcriptomics, multiplex immunofluorescence,
and spatial multi-omics single-cell imaging are more fitting to further enhance our under-
standing of GARP transcript and protein levels in glioblastoma cells and their surrounding
microenvironment, as well as their distribution within subcellular compartments [62]. The
additional information gained by these techniques would enable the identification of differ-
ent cell types, their localization within the tumor and relation to other cells of the tumor
microenvironment, and the determination of whether a surface or intranuclear localization
of the GARP protein is present in these cells. Furthermore, the exclusion of certain cell types
(e.g., regulatory T cells or platelets) from the analysis would enable a better understanding
of GARP and its subcellular localization on patient outcomes.

Our data suggest that nuclear localization of the GARP protein—rather than abun-
dance of the GARP transcript—is a factor associated with GB progression after therapy.
Our finding that GARP is localized to the nucleus is novel and intriguing, as GARP has
previously been characterized only as a surface and secreted protein, which currently has
no annotated nuclear localization signal (NLS). Interestingly, the use of nuclear localization
of an otherwise surface-associated protein as a prognostic marker has been described be-
fore [63—65]. One such example is the protein Src, which plays a key role in cell morphology,
motility, proliferation, and survival [66]. Urciuoli et al., 2017, was able to show in human
osteosarcoma that nuclear localization of Src correlates with overall survival and therefore
has relevance as a prognostic marker for osteosarcoma patients [64]. Likewise, it has also
been described that PD-L1, a T cell inhibitory molecule in cancer, shows a nuclear local-
ization as a reaction to therapy. In more detail, PD-L1 is translocated from the cell surface
into the nucleus as a reaction to high-dose doxorubicin therapy regimens. The nuclear
localization of PD-L1 was described as a prognostic biomarker, as patients with low PD-L1
nuclear expression had significantly fewer circulating cancer cells and exhibited a longer
overall survival [63,65]. While the mechanisms of GARP nuclear localization in GSCs
still have to be elucidated, the potential clinical implications of this previously unknown
phenomenon are clear given the critical role of GARP in the activation of TGF-f3, one of
the key factors [67] contributing to GB progression particularly via the maintenance of
GSCs via the induction of, e.g., Sox2 and LIF expression [68,69]. Considering that targeting
TGF-f-activating ligands in GB has been intensively explored as a promising therapeutic
strategy [67,70], the clarification of GARPNU+ activities in GSCs may provide novel insights
into the interaction of GARP and TGEF-f3, as TGF-f3 activation is known to trigger the
nuclear localization of proteins like Smad and Smad4 [71]. Further pointing to the potential
merit of GARP as a diagnostic and therapeutic target is the dual impact of GARP on cancer
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progression—via the modulation of regulatory T cells and through the direct activities of
GARP exerted on cancer (stem) cells themselves.

5. Conclusions

The scope of the present study was to evaluate GARP as a biomarker for heterogeneous
GSCs and to determine the effects of GARP on GB patient outcomes. Based on our data,
we propose that GARPNY* could potentially serve, in combination with existing GSC
markers, as a universal and stably expressed marker for different subsets and cellular states
of GSCs as well as a possible prognostic marker for patient outcomes in GB. We propose
that GARP assessments may provide the means to identify not only self-renewing GSCs
but also their progenies that exit from self-renewal but retain proliferative activity. Further
validation of this hypothesis in future studies will require analyses of larger patient cohorts
using an extended panel of markers associated with GSCs and GB progression. Future
investigations should focus on addressing mechanistic questions, such as the functional
significance of GARP in regulating GSC-specific functions, by employing knockdown
and/or overexpressing lines, as well as further investigating the role of nuclear GARP, its
nuclear retention, and functional relevance.
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