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Abstract (English)

Malignant tumors develop from specific pre-invasive neoplastic lesions, which have been
described for most epithelial organs, e.g. actinic keratosis (AK) for squamous cell carcinoma
(SCC) of the skin and adenomatous polyps for colorectal cancer (CRC). They harbor genetic
aberrations, immune and stromal cells as well as microbes. During tumor development, the
host-microbiota equilibrium is altered leading to a pro-inflammatory resident microbiota which
could drive cancer progression. Given the central importance of the microbiome in health and
disease, elucidating the mechanisms that maintain the microbiome homeostasis at cutaneous
(skin) and mucosal (GI) surfaces as well as the factors leading to microbiome disturbance
(dysbiosis) and ultimately to chronic inflammation will improve our understanding of cancer

initiation and progression.

Skin harbors a considerable number of microbes that play an important role in health and
disease. Nevertheless, their contribution to skin tumorigenesis has not been well studied.
Therefore, we comparatively assessed the microbial community compositions in human
keratinocyte (non-melanoma) skin tumors, AK, SCC and basal cell carcinoma (BCC). Our
study shows that skin tumors are characterized by markedly different microbial community
structures. AK and SCC, unlike BCC exhibit a significantly increased bacterial biomass.
Markedly, Staphylococcus aureus, a known skin pathogen was overabundant in the
hyperkeratotic regions of SCC. Furthermore, skin tumors showed an altered expression of
antimicrobial peptides (AMPs), which are important defense proteins of the skin, wherein
human beta-defensin-2 (hBD-2) was elevated in SCC. Interestingly, this AMP is known to
induce proliferation of squamous epithelia. To that end, we challenged SCC cells with S.
aureus in vitro and observed specific induction of hBD-2 expression, which also promoted the
growth of SCC cells. Thus, our studies demonstrate that a microbial community composition
possibly favored due to the alteration of the microbial habitat (niche) perpetuates cancer
development. In the case of SCC, increased S. aureus likely promotes tumor cell growth via

specific induction of hBD-2, thus perpetuating the neoplastic process.

Another organ system wherein the microbiota possibly contributes to cancer development is
the GI tract. The precursors of CRCs are adenomatous polyps. Fusobacterium species,
anaerobes typically colonizing the oral cavity but also the GI tract, have shown to be increased

in GI tumors and can promote their growth via (i) modulation of the E-cadherin/beta-catenin



signaling, (i1) modulation of the tumor-immune microenvironment and (iii) suppression of
natural killer (NK) cell-mediated tumor destruction via modulation of the inhibitory TIGIT
receptor. Part of this thesis validated an increased abundance of tumor- promoting
Fusobacterium and F. nucleatum in adenomatous polyps and CRC compared to normal tissue.
Interestingly we also observed a decreased expression of FadA from adenomas to carcinoma

suggesting a possible down-regulation of this microbial colonization factor.

Additionally, another aspect of this thesis aimed at addressing critical issues in fungal
compartment of the microbiota (i.e. mycobiota) which includes fungal DNA extraction and
PCR amplification using the internal transcribed spacer (ITS) regions from human skin
formalin-fixed and paraffin-embedded (FFPE) specimens. Fungi constitute an important part
of human microbiota and contribute significantly to disease development. However, the tools
used for microbial community analysis are typically developed for the bacterial component and
they often fall short if applied to fungal data. We first wanted to achieve an ideal method to
isolate fungal DNA from FFPE human skin, which represents the typical specimens for
histopathology and is, therefore, widely available. Moreover, we sought to optimize PCR
amplification of fungal ribosomal DNA using the ITS1 and -2 regions which are highly variable
sequences and are used to distinguish fungal species. To that end, we showed that mechanical
cell disruption during DNA isolation significantly lowered the DNA vyield leading to a
significant decrease in signal-to-noise ratio in ITS PCR. We also observed increased PCR

performance using ITS2 primers in comparison to ITS1 in human skin samples.

In summary, this thesis points out that changes in microbiota emerging during carcinogenesis
could promote tumor cell growth, modulated by diverse host and microbial factors such as
alteration of AMP expression in ¢cSCC progression or via regulation of microbial colonization

factor such as in CRC.
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Abstract (German)

Maligne Tumoren entwickeln sich aus prdinvasiven neoplastischen Lésionen, die fir die
meisten Epithelorgane beschrieben wurden, z.B.: Aktinische Keratose (AK) bei
Plattenepithelkarzinomen der Haut (SCC) und adenomatdse Polypen bei Darmkrebs (CRC).
Sie beherbergen genetische Aberrationen, Immun- und Stromazellen sowie Mikroben.
Wihrend der Tumorentwicklung éndert sich das Gleichgewicht zwischen Wirt und Mikrobiota,
was zu einer proinflammatorischen Mikrobiota fiithrt, die das Fortschreiten des Krebses
vorantreiben kann. Angesichts der zentralen Bedeutung des Mikrobioms fiir Gesundheit und
Krankheit, wird die Aufkldrung von Mechanismen der Mikrobiom Homdostase und Faktoren
die zu mikrobiellem Ungleichgewicht und letztlich zu chronischen Entziindungen fiihren, unser

Verstandnis von Krebsentstehung und -progression verbessern.

Die Haut beherbergt eine betridchtliche Anzahl von Mikroben, die eine wichtige Rolle fiir
Gesundheit und Krankheit spielen. Thr Beitrag zur Hauttumorentstehung wurde jedoch nicht
gut untersucht. Daher haben wir die Zusammensetzung der mikrobiellen Gemeinschaft bei
menschlichen Keratinozyten-Hauttumoren, AK, SCC und Basalzellkarzinomen (BCC)
vergleichend bewertet. Unsere Studie zeigt, dass Hauttumoren durch deutlich unterschiedliche
mikrobielle Gemeinschaftsstrukturen gekennzeichnet sind. AK und SCC weisen im Gegensatz
zu BCC eine signifikant erhohte bakterielle Biomasse auf. Staphylococcus aureus war in den
hyperkeratotischen Regionen von SCC deutlich hédufiger. Ferner zeigten Hauttumoren eine
verdnderte Expression von antimikrobiellen Peptiden (AMPs), wobei menschliches B-
Defensin-2 (hBD-2) in SCC erhoht war. Interessanterweise ist bekannt, dass dieses AMP die
Proliferation von Plattenepithelien induziert. Zu diesem Zweck infizierten wir SCC-Zellen in
vitro mit S. aureus und beobachteten eine spezifische Induktion der hBD-2-Expression, die
auch das Wachstum von SCC-Zellen forderte. Unsere Studien zeigen somit, dass eine
Zusammensetzung der mikrobiellen Gemeinschaft, die moglicherweise aufgrund der
Verdnderung des mikrobiellen Lebensraums (Nische) bevorzugt wird, die Krebsentstehung
fordert. Im Fall von SCC fordert ein erhohter S. aureus wahrscheinlich das
Tumorzellwachstum durch spezifische Induktion von hBD-2, wodurch der neoplastische

Prozess vorangetrieben wird.

Ein weiteres Organsystem, bei dem die Mikrobiota zur Krebsentstehung beitrégt, ist der GI-

Trakt. Es hat sich gezeigt, dass Fusobacterium Spezies, die typischerweise die Mundhohle,
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aber auch den GI-Trakt besiedeln, bei GI-Tumoren erhéht sind und deren Wachstum fordern
konnen. Ein Teil dieser Arbeit bestétigte eine erhohte Haufigkeit von tumorforderndem
Fusobacterium und F. nucleatum in adenomatdsen Polypen und CRC im Vergleich zu
normalem Gewebe. Interessanterweise beobachteten wir auch eine verminderte Expression
von FadA von Adenomen zu Karzinomen, was auf eine mogliche Herunterregulierung dieses

mikrobiellen Kolonisationsfaktors hindeutet.

Ein weiterer Aspekt dieser Arbeit zielte darauf ab, kritische Probleme im Pilzkompartiment
der Mikrobiota anzugehen, einschlieBlich der Pilz-DNA-Extraktion und PCR-Amplifikation
unter Verwendung der internen transkribierten Spacer (ITS) -Regionen aus FFPE-Proben der
menschlichen Haut. Die fiir die Analyse der mikrobiellen Gemeinschaft verwendeten
Werkzeuge werden in der Regel fiir bakterielle Komponenten entwickelt und sind héufig
unzureichend, wenn sie auf Pilzdaten angewendet werden. Daher wollten wir zunédchst eine
ideale Methode zur Isolierung von Pilz-DNA aus menschlichem Haut-FFPE erreichen, das die
typischen Proben fiir die Histopathologie darstellt. Wir haben ferner versucht, die PCR-
Amplifikation von ribosomaler Pilz-DNA unter Verwendung der ITS1- und -2-Regionen zu
optimieren, bei denen es sich um hochvariable Sequenzen handelt, die zur Unterscheidung von
Pilzarten verwendet werden. Wir haben gezeigt, dass eine mechanische Zellzerstérung
wéhrend der DNA-Isolierung die DNA-Ausbeute signifikant senkte, was zu einer signifikanten
Abnahme des Signal-Rausch-Verhiltnisses bei der ITS-PCR fiithrte. Wir beobachteten auch

eine erhohte PCR-Leistung unter Verwendung von ITS2-Primern im Vergleich zu ITS1.

Zusammenfassend weist diese Arbeit darauf hin, dass Verdnderungen der Mikrobiota, die
wiéhrend der Karzinogenese auftreten, das Tumorzellwachstum fordern konnen, das durch
verschiedene Wirts- und Mikrobenfaktoren wie die Verdnderung der AMP-Expression in der
c¢SCC-Progression oder durch die Regulierung des mikrobiellen Kolonisationsfaktors wie bei

CRC moduliert wird.
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I. Introduction

1. Human skin

Skin represents one of the largest organs of the body and serves as a physical and mechanical
barrier against pathogens, UV radiations, chemicals and injuries. The skin (cutis) is composed
of two layers, the epidermis and the dermis (Figure 1). The epidermis is the outermost layer of
the skin and consists of layers of differentiated keratinocytes, melanocytes, Langerhans cells
and Merkel cells (3-5) (Figure 2). Between the epidermis and the subcutaneous tissue lies the
dermis which is further divided into the external papillary layer and the internal reticular layer.
The dermis is comprised of connective tissue which is composed of collagen, elastin, blood
vessels, nerves and sweat glands (4). Below the dermis is the hypodermis, or subcutaneous

tissue, which consists mainly of adipose tissue and blood vessels (Figure 3) (4).

Stratum corneum

:l Epidermis

Dermis

Figure 1. Microscopic anatomy of human healthy skin (i.e. cutis): shown are the two

layers epidermis and dermis (H&E staining).
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1.1. Layers of human skin

1.1.1.

Epidermis

Epidermis being the top most layer of the skin acts as a protective barrier preventing the entry

of bacteria, viruses and other foreign substances into the deeper layers. They are responsible

for skin color, their texture and moisture content (4).

Keratinocytes are the primary cell type within epidermis (3, 4, 6). The 5 layers of epidermis

(Figure 2) are as follows:

a.

Stratum basale -The deepest germinal-layer containing basal cells which continuously
divide. This layer is just above the dermis.

Stratum spinosum - Keratinocytes are interlinked via protruding cell processes that
contain desmosomes.

Stratum granulosum - The keratinocytes in this layer contain keratohyalin granules (i.e.
process of cell maturation) and are flatter with thick cell membranes and increased
production of keratin.

Stratum lucidum - Thin layer of dead cells found in thick skin like, palm and sole. The
cells harbor abundant eleiden, a lipid-rich protein, derived from keratohyalin.

Stratum corneum - The outermost layer of the skin is composed of squames (enucleated
keratinocytes) which are cross-linked to act as skin barrier (7). This layer of dead cells
prevents the entry of microbes. Cells in this layer are shed periodically and are replaced

by cells pushed from the layers below.

The epithelial cells of the epidermis undergo a continuous process of maturation, also called

keratinization, from bottom (i.e. stratum basale) to top (i.e. stratum corneum) (4).
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Figure 2. Layers of the epidermis and prevalent cell types (modified from Servier Medical

Art, licensed under a Creative Common Attribution 3.0 Generic License)

1.1.2. Dermis

Dermis is the second layer below the epidermis which contains collagen as the primary
constituent produced by fibroblasts. It consists of two connective tissue layers — 1) the outer
papillary layer which contains fibrocytes, collagen and blood vessels and 2) the deeper reticular
layer containing dense connective tissue with fewer fibrocytes. Dermis also contains the skin
appendages, sensory neurons, hair follicles and sweat glands (3) (4) (Figure 3). Dermis is
responsible for regional variation in skin thickness; for eg., their thickness within the head and

neck region varies from 1 mm to 2.5mm (4).

1.1.3. Hypodermis

Hypodermis is the innermost, subcutaneous layer that connects skin to fibrous tissues of

muscles and bones. It contains subcutaneous fat, neurons and blood vessels (4, 6) (Figure 3).
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Notably, bacteria are mainly known to colonize the outmost stratum corneum, hair follicles
and glands. However, studies have claimed the presence of bacteria also in the dermis and

dermal adipose (8) (Figure 3).

Hair shaft

Microbes ————» A

U

] Epidermis

Hair follicle

Dermis

3 * Hair root
Hypodermis

Erocrine sweat gland

Figure 3. Layers of skin and appendages (modified from Servier Medical Art, licensed under

a Creative Common Attribution 3.0 Generic License)

1.2. Skin physiology & microbiota

The different parts of the skin vary in their exposure to UV, pH, temperature, moisture and
sebum content (9). Based on these physiological and topographical factors, skin sites have been
divided into three main categories: moist, oily and dry (10). Microbial communities are known
to vary between these skin sites as represented in figure 4 (11). For example, species of
Staphylococcus and Corynebacterium are prevalent in moist areas whereas species of
Propionibacterium are abundant in sebaceous sites (11, 12). Sweat glands, sebaceous glands
and hair follicles influence the microenvironment of these different skin habitats (10). Also,
the skin appendages play an important role in maintaining a stable physiology of the skin. For
example, sweat glands aid in thermoregulation and also in acidifying the skin, thus, protecting

the skin from ("wrong") microbial colonization (9). Additionally, constituents of sweat such as
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free fatty acids and antimicrobial peptides (AMP) prevent colonization of certain microbes,

(13) and sebaceous glands secreting sebum act as an antibacterial shield for the skin (10).
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Figure 4. Skin microbiome including viruses, bacteria and fungal components in different
skin sites. Reproduced from Belkaid Y, 2014 with permission of the publisher -The American
Association for the Advancement of Science (License no 4381390878303).

2. SKkin microbiome

Skin acts as a primary interface between the host and the environment. It is colonized by diverse
commensal and pathogenic microorganisms which play a pivotal role in maintaining tissue
homeostasis and immunity (14). The skin microbiome consists of bacteria, fungi , viruses and
archaea but their role in skin tumor development is not well understood (15-17). An estimate
of 1 million bacteria is known to inhabit a square centimeter of skin (18, 19). Skin commensals
act as a barrier to prevent pathogen colonization, prime the immune system and enable break-
down of natural products (11, 20, 21). Disturbance of the equilibrium between commensals
and pathogens result in skin diseases (10). Notably, the skin immune system modulates the

composition of the skin microbiota, which in turn also educates the immune system (11, 20).
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In summary, keratinized skin cells, microbes and immune cells together cooperate to maintain
physical and immune barrier of the skin during healthy and stressed conditions (11). A

summary of important skin microbiome factors are listed in Table 1.

2.1. Skin bacteria

One million bacteria are estimated to be colonizing each square cm of the skin, which equates
to a total of about 10'° bacterial cells prevalent on the 1.8m” human skin (18). Quantitatively,
bacteria dominate the skin microbiome. Skin bacteria are represented by 4 dominant phyla -
Actinobacteria (52%), Firmicutes (24%), Proteobacteria (17%) and Bacteroidetes (7%) (9, 22,
23) (Figure 5). The proportions of the dominant phyla could vary greatly on the skin (24)
(Figure 6). Notably, these 4 phyla are also dominant in the gastrointestinal tract, oral cavity
and other mucosal surfaces (24-28) (Figure 6). Actinobacteria are the most abundant phylum
on the skin (9, 24) (Figure 6). Importantly, specific bacteria are associated with the different
moist, dry and sebaceous microenvironments of the skin (9, 11) (Figures 4 & 5). The dry areas
of the skin such as forearm, buttock and different parts of the hand harbor the most diverse
bacterial composition (24, 29, 30). The microbiome of the skin also shows a great variability

over time which is more pronounced as in the gut and oral cavity (24).

In brief, the composition of the skin microbial communities is known to be dependent mainly
on specific physiology of the respective skin site. The most abundant taxa (9, 10, 15, 24, 30)

in these specific regions are:

1. Dry areas: Propionibacterium acnes, Corynebacterium tuberculostearicum, Streptococcus
mitis, Streptococcus oralis and Streptococcus pseudopneumoniae

2. Moist areas: Corynebacterium  tuberculostearicum,  Staphylococcus — hominis,
Propionibacterium acnes, Staphylococcus epidermidis and Staphylococcus capitis

3. Sebaceous areas:  Propionibacterium  acnes,  Staphylococcus  epidermidis,
Corynebacterium tuberculostearicum, Staphylococcus capitis and Corynebacterium

simulans.
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2.2.  Skin fungi

Skin is also colonized by a wide diversity of fungal species which contribute to its health and
disease. Interestingly, unlike bacteria, the fungal microbiota shows a more equal distribution
across core body sites regardless of physiology (12, 15). Approximately 390 fungal species
have been described in humans (2). Further, the abundance of fungal cells differs from <0.1%
in GI tract to up to 10% of microorganisms in skin, depending on the habitat (31). Notably, on
an average, the fungal cell is about hundred fold larger than an average bacterial cell which
results in significant fungal biomass. This provides ample bioactive molecules to the host
thereby shaping its physiology (32). The genus Malassezia is the most dominant taxon (50-
80% of the total skin fungi) across 11 core body and arm sites (back, occiput, external auditory
canal, inguinal crease, retroauricular crease, glabella, manubrium, nare, antecubital fossa, volar

forearm, hypothenar palm, plantar heel, toenail, and toe-web space) (10, 33). However, foot
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sites are colonized by diverse fungal species which includes Malassezia, Aspergillus,
Cryptococcus, Rhodotorula, Epicoccum among others (10). Notably, Malassezia is associated

with various skin disorders as shown in Table 2.

2.3. SKkin virome

Skin virome is one of the less investigated parts of skin microbiome despite their potential to
modulate cutaneous health and disease. They are known to be associated with skin cancer (eg:
Merkel cell polyomavirus causes Merkel cell carcinoma; HPV associated with SCC) and a
multitude of cutaneous manifestations (eg: HPV causes warts). Eukaryotic DNA viruses are
known to be rather individual specific and their representation is not dependent on the
anatomical site unlike bacteria and fungi (10, 22). Since there is a lack of universally shared
marker gene for viruses, shotgun metagenomics sequencing can be used to assess the skin
virome (22, 34). Until now, no core virome has been identified which is conserved among
individuals except bacteriophages which are dependent on skin bacteria (22, 34). Recent
studies have shown the presence of resident or short-lived viruses on the skin such as a-HPV,
B-HPV, and y-HPV (35, 36). New viruses of the Polyomoaviridae family have also been
revealed using functional metagenomic methods (37). These studies indicate the presence of
cutaneous viral microbiome in healthy skin and their possible involvement in proliferative skin

diseases.

2.4. Skin archaea

Lastly, the lesser known archaeal communities of skin microbiome are reported by Probst et
al, by sequencing the 16S rRNA (38). 4% of the microbial genes were of archaea and 90% of
the observed operational taxonomic units (OTUs) were of phylum Thaumarchaeota (39). Even
though a range of different archaea are known to harbor the gut, mouth and vaginal
microbiome, their abundance and functional roles are less studied. However, recent studies by
Moissl-Eichinger et al and Koskinen et al signify the potential role of archaea in health and

disease (39, 40).

21



Factors Facts

Microbial density 10%cm’

Microbial diversity Bacteria are dominant (7-8 phyla, ~40
species/individual); up to 10% fungi and
40% viruses/phages

Niche Stratum corneum (surface) and appendages

(sebaceous glands, hair follicles and sweat

glands) are the primary colonized habitats

Nutrients Nutrient poor in comparison to gut, skin
surface is covered in sweat with sebum and
stratum corneum peptides and lipids as
nutrients. Sweat also is replete with free
fatty acids and AMPs. Urea present in sweat

is also utilized as a nutrient by some strains

of Staphylococcus (13)
Community establishment & change Postpartum and during puberty
Effect on the immune system Functional tuning and colonization
resistance

Table 1. Summary of important skin microbiome factors. Adapted from (11).

3. Skin microbiota in disease

Changes in microbiota composition, called dysbiosis, are associated with many skin diseases
like acne, eczema and chronic wounds (10, 41). Interestingly, often skin commensals are
known to drive the dysbiosis in these diseases. In some cases, bacterial species that are usually
known to be beneficial to their hosts could become pathogenic (10). For example, in acne
vulgaris which is a chronic inflammatory skin condition, P. acnes (all healthy adults are
colonized with abundant P. acnes) is known to be associated (42). Though all healthy adults
harbor P. acmes, only a minority of them develop acne, indicating the importance of
understanding a disease from the perspective of host genetics, the microbiome and its
environment and immune and barrier defects (10). Skin microbes associated with important

skin disease are summarized in Table 2.
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Microbe

Associated

diseases

References

Bacteria

Staphylococcus aureus

atopic dermatitis (AD), skin and soft
tissue infections, impetigo, cellulitis,
folliculitis, subcutaneous abscesses,
systemic lupus erythematosus with
skin involvement, infected ulcers and

wounds

(33, 43-51)

Propionibacterium acnes

acne vulgaris, dandruff, psoriasis,

(10, 42, 52-55)

Mycobacterium skin and soft tissue infections, Buruli | (56-58)
ulcer

Fungi

Malassezia atopic dermatitis, dandruff, tinea (53, 59-61)
versicolor, psoriasis

Mite

Demodex follicularum rosacea (62)

Table 2. Microbes and their associated skin diseases

3.1.  Staphylococcus aureus

Staphylococcus aureus is a Gram-positive bacterium which is known to be associated with

many skin diseases as listed in Table 2. S. aureus is recognized as one of the most important

pathogens of the skin, although more than 30 % of healthy individuals are asymptomatically

colonized with this microbe (56, 63). The skin disease atopic dermatitis (AD) seems to be

driven by S. aureus (44, 46). It has a wide range of virulence factors that play a major role in

pathogenesis (49, 64, 65).
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Delta-toxin of S. aureus is known to induce degranulation of mast cells which promotes
adaptive and innate immune responses (66).

Alpha-toxin of S. aureus is known to induce production of IL-18 from monocytes which
promotes a Tyl7 response (67).

Lipoteichoic acid (S. aureus derived cell wall component) exposed T cells were unable
to proliferate or produce cytokine indicating temporary T cell paralysis (68).

S. aureus infection of skin has also shown to trigger dermal adipocyte proliferation
leading to impaired adipogenesis resulting in increased infection. This host defense
mechanism is known to be mediated by the production of cathelicidin AMP by
adipocytes (69).

In case of skin barrier defects in AD, S. aureus invades the epidermis and traverse into
the dermis thereby interacting with viable immunocytes and stimulating the production
of inflammatory cytokines IL-4, IL-13 and IL-22 cytokines (70).

S. aureus produces the chemotaxis inhibitory protein (CHIPS) and formylated peptide
receptor to inhibit neutrophil chemotaxis (49, 71).

Protein A, fibrinogen binding protein and clumping factor A (CIfA) of S. aureus inhibit
or impair phagocytosis (72, 73).

Cytolytic toxin of S. aureus is known to cause osmotic lysis of host cells and prevents
phagocytosis (72, 73).

Human keratinocytes are known to upregulate the production of the AMPs hBD-2, -3

and LL-37 in response to S. aureus infection (74).

Even though dysbiosis is known to be associated with many skin diseases, it is currently

unknown whether the changed microbiome is just a consequence of the disease or if it also

initiates the disease (10).

4. Epithelial tumors: Impact of the microbiome

Skin tumor

Squamous cell carcinoma (SCC) and basal cell carcinoma (BCC) are the two most common

non-melanoma skin cancers accounting for more than 90% of all skin malignancies (75) (76).

Approximately 2-3 million cases are reported worldwide annually (77, 78). Other, less

common forms of non-melanoma skin cancers are Merkel cell carcinoma, primary cutaneous
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B-cell lymphoma, Kaposi sarcoma and Dermatofibrosarcoma protuberans (4). Cutaneous SCC
(cSCC) often starts as precancerous lesion, called actinic keratosis (AK) which can progress
into cancer over time (79). AK which is also known as solar keratosis is an intra-epidermal
scaly lesion that usually develops on areas that are cumulatively exposed to UV radiation(80).
Histologically, it is signified by an atypical keratinocyte proliferation within photo damaged
skin which may progress to invasive SCC, but it might also regress (81-83) (Figure 7). Because
of UV exposure, they occur typically on head, neck and forearms (84). UV radiation induces
genetic mutations in keratinocytes (81). It initiates a complex cascade of genetic, cellular and
immune events that impact the progression of AK to SCC (81, 85). In AK and SCC, defects in
the maturation of superficial epidermal layers are prevalent, leading to hyperkeratosis
(increased thickening of the keratin layer) and parakeratosis (retention of nuclei in the
thickened keratin layer) (85) (Figure 8). In SCC, dysplastic keratinocytes penetrate the
basement membrane and invade the subepithelial connective tissue. SCCs are often ulcerated
(85) (Figure 7) and mostly metastasize into regional lymph nodes (86). The most common
genetic alteration in SCCs is a mutation in the P53 tumor suppressor gene which allows the
cells to escape apoptosis and propagate (4). SCC is also more prevalent in immunosuppressed
individuals like organ transplant recipients (87, 88). BCC which arises from the basal cell layer
of the epidermis rarely metastasizes, unlike SCC, but it shows a locally destructive (invasive)
growth (4) (Figure 8). BCC is also caused mainly by exposure to UVB radiation, and also
(inheritable) genetic mutations, ionizing radiation, immunosuppression and toxins play a role
in its etiology (4). BCCs often show an intact skin surface and inflammation of the dermis is
rarely prominent. BCC originates from the cells of the hair follicle and not from the surface

epithelium (epidermis) like SCC.
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Malignant tumors are usually composed of neoplastic cells intermixed with non-neoplastic
cells like immune and stromal cells as well as microbes (89). A known driver of neoplasia
development is inflammation leading to chronic tissue damage (Figure 8). In virtually all steps
of carcinogenesis, including initiation, promotion, progression, and metastasis, specific roles
of immune cells, cytokines and other immune mediators like chemokines, lymphokines and
interleukins have been elucidated (90). In the context of AK to SCC progression, however,
such factors are less clear (81). One of the main characteristics of AK is dyskeratosis, which is
associated with a breach of the skin barrier, possibly resulting in microbial dysbiosis. This
indicates the importance of understanding skin microbial compositions and their effect on

¢SCC development and progression (Figure 8).

The resident microbiome has been recognized as an important factor influencing inflammatory
responses, tumor development and progression and also specific microbiome type are known
to be associated with neoplasia (91, 92). Skin morphology and metabolism are significantly

changed during carcinogenesis which in turn changes the microbial habitat leading to an altered
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microbial colonization. This could potentially favor pro-tumorigenic microbes, which could in
turn perpetuate tumorigenesis (1). An example of one such case is the overexpression of the
carbohydrate Gal-GalNAc on neoplastic colonocytes acting as bacterial lectin to increased
Fusobacterium nucleatum on the tumor (93). Hence, during tumor development, the
homeostatic equilibrium between host and microbiota is altered and selection of a pro-

inflammatory microbiome could possibly drive tumor progression (94).
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Figure 8. Histology of skin tumors

4.2. Colorectal cancer

Colorectal cancer (CRC) emerges by the formation of adenomatous polyps which undergoes
dysplastic changes to become cancerous (95) (Figure 9). CRC pathogenesis has been
thoroughly investigated. Characterization of the microbiota in CRC by using whole-genome
sequencing has deduced a strong association of overabundant Fusobacterium with F.

nucleatum being the most dominant species (89, 96, 97). Also, the mechanisms by which
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Fusobacterium drives CRC has been investigated. Due to its unique adhesin FadA, it binds to
E cadherin stimulating E-cadherin/beta-catenin signaling (98). Moreover, it favors a pro-
inflammatory microenvironment by promoting the release of inflammatory cytokines like IL-
8, IL-10 and tumor necrosis factor -a (TNF- a) in the vicinity of the tumor that is conducive
for colorectal neoplasia progression. Also, via interaction between virulence factor Fap2
(autotransporter protein) of F. nucleatum and TIGIT which is a human inhibitory receptor
(expressed on T cells and natural killer cells), lymphocytes cell death is induced and
immunosuppressive tumor microenvironment is generated which in turn promotes colorectal

tumor progression (99, 100).

Moreover, patients with Inflammatory Bowel Disease (IBD) are known to have an increased
risk of colorectal carcinoma (101). Interestingly, Fusobacterium species have also been
associated with IBD, including both ulcerative colitis and Crohn's disease (102, 103).
Therefore, it would be noteworthy to explore the link between the role of Fusobacterium spp.

in colitis-associated colorectal carcinoma pathogenesis.
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Figure 9. Scheme representing the progression of benign to malignant polyp to colorectal
carcinoma. Reproduced from Thrumurthy S G et al., 2016 with permission of the publisher

(104) -The BMJ (License no 4933041072421).
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4.3. Different mechanisms of carcinogenesis modulated by the bacterial microbiome

The mechanisms through which bacteria can contribute to cancer development mainly include
chronic inflammation, immune evasion and immune suppression (105). The association

between inflammation and tumorigenesis is well-established (106).

Mechanisms of how bacteria might act in tumor development include:

a. Changes in the microbiome and host defense mechanisms lead to increased bacterial
translocation which in turn activates Toll-like receptors (TLRs) in several cell types
including macrophages, myofibroblasts, epithelial cells and tumor cells (94, 107-109).

b. Bacteria derived genotoxins (e.g. colibactin & cytolethal distending toxin [CDT])
induce direct DNA damage in the host cells (110-112). Induction of reactive oxygen
species (ROS) released from inflammatory cells like macrophages are also known to
be genotoxic (94).

c. Specific metabolites of the microbiome act as genotoxins, like acetaldehyde,
nitrosamine and tumor-promoting secondary bile acids (94). Interestingly certain tumor
suppressing effects of microbial metabolites have also been observed and they might
act via inactivation of carcinogens. Such tumor suppressing metabolites might be short-

chain fatty acids or certain phytochemicals (94).

Interestingly, a recent report showed that in an animal model of keratinocyte skin tumor caused
by chronic inflammation, tumor formation was influenced by bacterial infection, specifically
by bacterial flagellin which signals via TLRS, while antibiotic treatment inhibited tumor

formation (113).

5. Antimicrobial peptides

Antimicrobial peptides (AMPs) are small peptides which are produced by all multicellular
organisms as the first line of defense. They are evolutionarily conserved (commonly found
from prokaryotes to humans) (114) and are known to have microbicidal activity. They are well
studied and characterized in all multicellular organisms for their activity (114). More than
2500 AMPs are currently deposited in = Antimicrobial Peptide Database
(http://aps.unmc.edu/AP/main.php). Based on their secondary structure, AMPs are classified

into a-helical (eg: human cathelicidin peptide LL-37), B- sheet (eg: defensins) and extended

29



AMPs (eg: histidine, arginine, glycine and tryptophan). Human skin generates AMPs, which
are innate immune factors acting as the first line of defense against microbes (74, 115-117).
AMPs also have pro- or anti-inflammatory functions (118). While some AMPs are produced
by keratinocytes in normal skin, others are induced during inflammation, infection or if the
skin is wounded (119, 120). Some AMPs are even known to stimulate keratinocyte migration
and proliferation (115, 121). Interestingly, keratinocytes are known to release an array of
cytokines through G-protein coupled receptors when stimulated with B-defensins or
cathelicidins, both representing AMPs (122). At high concentrations, AMPs can damage

human cells leading to necrosis or apoptotic cell death (123).

The most abundant AMPs produced by human keratinocytes are B-defensins hBD-1, -2, -3,
RNase 7 and the cathelicidin LL-37. hBD-1 is known to be constitutively expressed by
epithelial tissues whereas hBD-2, -3, LL-37 and RNase 7 are induced by factors such as
pathogenic bacterial colonization and certain cytokines like TNF- a, IL-1  and IL-17, (124-
127). Interestingly, hBD-2, -3 and RNase 7 but not hBD-1 expression levels were induced in
primary keratinocytes upon infection with the pathogen S. aureus but not by the commensal
Staphylococcus epidermidis, suggesting differential induction of AMPs in the skin by specific
microbes (74, 128).

Cathelicidin is known to be produced by several cell types other than keratinocytes which
includes eccrine sweat glands and sebocytes, bone-marrow-derived cells found within the skin,

including neutrophils, mast cells and dendritic cells (114).

A potential role of hBD’s in carcinogenesis of epithelial tumors has been described previously
(129-132). The ability of hBDs to modulate proliferation of oral squamous cell carcinoma was
shown by Winter J ef al. (133). hBD-1 possibly acts as a tumor suppressor while hBD-2, -3
could act as tumor promoters. Moreover, hBD-2, -3 and -4 were shown to enhance keratinocyte
proliferation and migration (115). Interestingly, hBD-2 was also known to promote the
proliferation of lung cancer cells (134) and human cultured epithelial cells from the cervix
(135). Their growth promoting effects in keratinocytes was shown to act via activation of
epithelial growth factor receptor (EGFR) and downstream activation of STATI and STAT3
(115, 122, 136).
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Besides, not just the skin but microbes also produce various AMPs in order to limit the growth
of other microbes. However, these peptides are quite distinct from the mammalian AMPs
(synthesized from nonribosomal peptide synthase). Examples of microbial AMPs are the
cationic peptides polymyxin B which are produced by Bacillus polymyxa and the noncationic

glycopeptide vancomycin by Amycolatopsis orientalis (114, 137, 138).

5.1. Cellular source of AMP s in the skin

AMPs Cellular source in the skin

Alpha-defensin | Neutrophils

hBD-2 Keratinocytes, macrophages, dendritic cells
hBD-3 Keratinocytes

hBD-4 Keratinocytes

LL-37 Keratinocytes, macrophages and neutrophils
Dermicidin Sweat glands

RNase 7 Keratinocytes

Table 3. AMPs produced by keratinocytes and immune cells (139, 140)

5.2. Chemotactic properties of AMPs

Defensins and cathelicidins are chemotactic for distinct subpopulations of leukocytes as well
as some non-leukocytes (118).

* hBD (1-3) — memory T cells and immature dendritic cells
*  hBD 2 — mast cells and activated neutrophils

* hBD 3 & 4- monocytes/macrophages
* (Cathelicidins- neutrophils, monocytes/macrophages, CD4 T lymphocytes

3-defensins and cathelicidins are the two main types of AMPs in the skin (141).

5.3. Beta defensins

Human B-defensins account for one of the major class of AMPs found in human epithelia

with mainly hBD-1, -2 & -3 expressed in the skin. (124, 126, 127, 142).

They are (143):

e 2-6kDa in size

* cationic peptides
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* contain three pairs of intramolecular disulfide bonds

* mainly generated by epithelial tissues

* 4 hBDs have been detected in human skin

* Dbased on their size and pattern of disulfide bonding, defensins are classified into
alpha, beta and theta categories

* known for their immune modulating properties

54. Structure of hBDs

A
== -E;’ . -y
hBD-1 DHYN VSS LYSA PIFTKI YRGKAK K 36(+4)
= mh - 2
hBD-2 GIGDPVT LKS HPVF PRRYKQIGT GLPGTK 41(+6)
hBD-3 GIINTLQKYY RVRGGR AVLS LPKEEQIGK smcm:%xx 45(+11)
B
A B C

hBD-1 hBD-2 hBD-3

Figure 10. Structure of hBDs (A) Reproduced from Pazgier M et al., 2006 with permission
of the publisher (143) —Springer nature (License no 4393871378538); (B) reproduced from
Crovella S et al., 2005 with permission of publisher- Bentham science publisher Itd (License

no 1049871-1).
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*  6- cysteine residues

* high content of cationic residues Lys and Arg

* aggregation of these positive charges are important for antimicrobial activity

* tertiary structures are very similar

* core contains 3 beta strands arranged in anti parallel sheets

* limited AA sequence conservation

* N-terminus of hBD-3 appears unstructured

The main differences in structure, immune properties, expression and induction of hBDs are

listed in Table 3. Though hBD-1 is structurally similar to hBD-2 and -3, it has no effect on cell

proliferation or even the cytokine release (118).

epithelial tissues;
no antimicrobial
activity against
S. aureus

psoriatic skin;
inducible in
inflamed skin
lesions upon
treatment with LPS,
TNF- o, IL-163 and
bacterial products
from commensals
such as S.
epidermidis,
localized to
uppermost layer of
epidermis;
produced by
keratinocytes

Defensins hBD-1 hBD-2 hBD-3
Structure monomer monomer dimer
Immune properties | chemotaxin for chemotactic binds to TLRs, induce
memory T cells and | migration of T cells | antigen uptake and
immature dendritic | and immature processing,
cells dendritic cells by differentiation of APC;
binding to CCR6, chemotaxin for
mast cells and monocytes/macrophages
activated
neutrophils
Expression and constitutively isolated from isolated from lesional
induction produced by lesional scales of psoriatic scales;

found in both epithelial
and non-epithelial
tissues;

produced by
keratinocytes and other
epithelial tissues when
induced by LPS, TNF-
o, IL-18 and bacterial
products

Table 4. Differences in the biological properties of hBDs.
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5.5. Cathelicidins

Only one cathelicidin gene (camp) is identified in humans so far and this encodes for LL-37
(144). LL-37 has 37 amino acids (49). It is constitutively expressed in neutrophils and is known
to be induced in epithelial cells including keratinocytes (145, 146). Human keratinocytes have
been shown to upregulate the production of LL-37 in response to S. aureus infections (49). It
is also expressed in the gastrointestinal tract (squamous epithelium of tongue, mouth,

esophagus and in colonocytes), epididymis and lungs (144, 147, 148).
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I1I. Hypothesis

Specific microbes and microbiome types are associated with tumors (e.g. cSCC), which
might change during development and progression from their precursor lesions (e.g. AK).
The altered microbiome types and specific microbes therein can promote or inhibit tumor

progression.

DYSBIOSIS

pro-inflammatory N
pro-tumorigenic

&

cancer

cancer regression

iC
precancerous lesion \
™

anti-inflammatory
anti-tumorigenic

ANTIDYSBIOSIS

SEARE A B st

II1. Aims
Part 1:

1. To decipher prevalent microbial communities in pre-invasive (AK) and invasive (SCC,
BCC) keratinocyte tumors.

2. To investigate the in-situ localization of the specific bacteria in keratinocyte tumors.

3. To examine if the grade of inflammation is associated with specific microbial
community changes.

4. To discern the role of the skin microbiome in promoting or preventing ¢SCC
progression.

Part 2:

5. Comparative assessment of Fusobacterium, F. nucleatum and its virulence factor FadA
adhesion gene expression via PCR in adenomatous polyps, colorectal carcinoma cases
and healthy tissues.

Part 3:

6. To improve fungal DNA extraction from human skin Formalin-fixed paraffin-

embedded (FFPE) samples and to discern the best region for internal transcribed spacer

(ITS)-based PCR amplification for fungal microbiome characterization.
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IV. Materials and methods

Parts of the methodological descriptions have also been published in original articles (1, 2).

1. Specimens

Skin tumor tissues (FFPE) were obtained from the Institute of Dermatology and Pathology at
the Medical University of Graz (MUG) (Appendix 1). The entities used were as follows: AK
(n=25), cSCC (n=22) and BCC (n=13) from the head, neck and arm regions. Ulcerated
specimens were omitted from the study. Also, non-neoplastic skin samples (resection margins)
without the lesions NS (n=10), healthy skin HS (n=5) and chronic plaque psoriasis PS (n=5)
were included in the study for comparison. In total, specimens from total excision were n=54,

punch biopsies n=24 and shave biopsies n=10 (1).

For fungal DNA isolation, the following entities were used: healthy skin (n=5); skin tumor
BCC (n=2), SCC (n=1); Keratoacanthoma (n=1) and skin diagnosed with fungal infection
(n=1) (Table 7). These tissues were obtained from the Institute of Pathology, MUG collected
between the year 2014 and 2015 (2).

Colorectal tumor samples (FFPE) were obtained from the Institute of Pathology, MUG,
collected in the year 2014 (Appendix 2). The following entities were used: adenocarcinoma

(n=4), adenomatous polyp (n=7) and normal colon (n=4).

2. Histology and Immunohistochemistry

FFPE tissue specimen sections were either stained with hematoxylin and eosin (H&E) or PAS
or Gram stains with the following parameters: microbial structures (bacteria, fungi; they were
differentiated based on staining behavior in Gram and PAS stains as well as their cell size and
shape): 0 = not visible, 1 = sparse, 2 = small clusters of microbial structures, 3 = abundant
microbial structures; inflammation (i) % of papillary dermis infiltrated with inflammatory cells
and (i1) semiquantitative (0 = none; 1 = focal; 2 = clusters of inflammatory cells in papillary
dermis; 3 = dense bands of inflammatory cells in papillary dermis); neutrophilic granulocytes
(no/high power field); hyper-/parakeratosis (average (mean + SD) thickness in um over the
whole lesion)(1). All the analyses performed on these sections along with their clinical

information are provided in the appendix section (Appendix 1 & 2) and Table 7 (1, 2).
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Inflammation grades (low and high) of the skin tumors were semi-quantitatively scored using
light microscopy based on the degree of infiltration using H&E staining. Low-grade
inflammation: focal infiltrate of immune cells mainly surrounding small vessels; high-grade
inflammation: papillary and upper reticular dermis are densely populated by immune cells,
often represented as continuous bands of inflammatory cells. This was then correlated to the
species richness as measured by alpha diversity (unpaired t-test; measure: observed species),
microbial community type as measured by beta diversity (weighted unifrac) and relative genus

abundance as assessed by Kruskal Wallis in AK, SCC & BCC.

For immunohistochemical staining (IHC), AK, SCC & BCC FFPE tissue sections (3.5 um)
were deparaffinized and rehydrated for staining. Slides were then incubated for heat-induced
antigen retrieval in Dako Target Retrieval Solution Citrate pH 6.0 (Dako S2369) for 30 minutes
in a steamer. The staining was then performed manually with antibody incubation at 4°C
overnight using the Dako REAL™ Detection System, Peroxidase/AEC. The monoclonal
antibodies were directed against: hBD2 (1:400; Abcam, #ab63982) and hBD3 (1:100; LSbio,
#L.S-B86). Images of staining were acquired with a DP71 digital camera (Olympus, Vienna,
Austria), attached to an Olympus BX51 microscope. Quantitative analysis was performed by
counting positively stained cells in 5 randomly selected microscopic fields or tumor sites at a
magnification of 20x or 40x. Positive staining was scored in the epidermal layers. Scoring of
microscopic slides was performed in a blinded manner by two individuals. Results of visual

counts were averaged per patient and used further for statistical analysis.

3. Cell lines and culture

The human cutaneous squamous cell carcinoma cell lines HSC-land SCL-1 were kindly
provided by J C Becker, DKFZ, Essen, Germany. HaCaT cells (human immortal keratinocyte
cell line) were obtained from the Center for Medical Research (CMR), MUG, Austria. HSC-1,
SCL-1 and HaCaT cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) with
low glucose (1g/l) (GE Healthcare, Vienna, Austria) and 10% fetal bovine serum (FBS)
(Thermo Fischer Scientific). The cells were grown in a water-saturated atmosphere of 95% air

and 5% CO,at 37°C (1).
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4. Bacterial strains and culture

Staphylococcus, Streptococcus and Fusobacterium strains were used for this study. The origin
and designation of strains and their usage in the assays are given in Table 5. Staphylococcus
aureus strains (DSM 799; DSM 11823 & DSM 1104) and Staphylococcus epidermidis (Hyg
9209-15) were cultured under aerobic conditions on Columbia blood agar plates (BioMerieux,
France) at 37°C for 24 hours (1). Streptococcus parasanguinis were cultured under aerobic
conditions on Columbia blood agar plates at 37°C for 72 hours. Fusobacterium strains were

cultured anaerobically at 37°C on Columbia blood agar plate for 67 hours.

Bacterial strains used in the study

Species Strains Source Usage
DSM 799 DSMZ, Braunschweig, Germany in vitro assay
Staphylococcus
aureus DSM 11823 DSMZ, Braunschweig, Germany in vitro assay
DSM 1104 DSMZ, Braunschweig, Germany in vitro assay
Institute of Hygiene and Positive control
Microbiology, Graz, Austria for qPCR &
FISH
DSM 1798  University Hospital Essen, Germany = in vitro assay
Staphylococcus  ATCC 27626 University Hospital Essen, Germany i vitro assay
epidermidis Hyg 9209-15 Institute of Hygiene and Positive control
Microbiology, Graz, Austria for gPCR &
FISH
Streptococcus 10506 Institute of Hygiene and Positive control
parasanguinis Microbiology, Graz, Austria for gPCR
Positive control
Fusobacterium Institute of Hygiene and for qPCR of
nucleatum 20391 Microbiology, Graz, Austria Fusobacterium
16s, F.
28310 nucleatum and
FadA

Table 5. Bacteria strains used for the study
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5. DNA and RNA isolation

5.1. DNA isolation from human skin FFPE tissues

Two different DNA extraction kits were compared in this study along with additional
mechanical and enzymatic treatments to get maximum yield of microbial DNA. These were
QIAamp DNA FFPE tissue kit (Qiagen, Germany) and Maxwell 16 FFPE tissue LEV DNA
Purification kit (Promega, USA). A two-step cell lysis (mechanical and enzymatic) was
employed before the use of the kits according to the manufacturer’s protocol. 5-um thick 30-
40 (depending on the tissue size) sections were cut from FFPE samples using a microtome. A
new sterile blade was used for each tissue block and outer sections were discarded to avoid
cross-contamination. The sections were deparaffinized and then subjected to mechanical lysis
using a Magna Lyser instrument (Roche Diagnostics, Mannheim, Germany) with green beads
(1.4 mm ceramic beads) for 30sec at 6000rpm twice, with 1 min cooling on ice in between and
afterwards. Mechanical homogenization was carried out in 250 pl of bacteria lysis buffer.
Subsequently, samples were subjected to enzymatic lysis with 2.5 ul of lysozyme (100 mg/ml;
Carl Roth; Karlsruhe, Germany), 1.5 ul lysostaphin (4000U/ml; Sigma Aldrich; St. Luis, MO,
USA) and 3ul mutanolysin (25KU/ml; Sigma Aldrich) and incubated at 37°C for 1 hour (149).
Thereafter, 25ul proteinase K (20 mg/ml) was added and incubated at 70°C overnight with
mild shaking (350rpm) (1). This mixture was then subjected to DNA with the commercial kits
according to the manufacturer’s protocols. DNA quality and concentration were determined
spectrophotometrically with a NanoDrop ND-3300 instrument. Efficacy of bacterial DNA
extraction was evaluated by using two qPCRs targeting the panbacterial 16S rRNA gene and a

specific assay targeting Propionibacterium acnes (see below) (1).

5.2. Isolation of DNA from bacterial culture

A single bacterial colony of S. aureus, S. epidermidis and Streptococcus parasanguinis were
cultured aerobically and F. nucleatum was cultured anaerobically and inoculated overnight in
Iml of bacterial culture media. Bacteria were pelleted, and the genomic DNA was isolated
using the Wizard Genomic DNA purification kit (Promega, Wisconsin, USA) according to the

manufacturer’s protocol.

5.3. Isolation of DNA from human colorectal FFPE samples
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Sum thick sections of FFPE sample blocks were used for DNA isolation. The initial 5 sections
were discarded to exclude contamination. 10 subsequent sections were used for DNA
extraction by using the QIAamp DNA FFPE tissue kit (Qiagen) according to the

manufacturer’s protocol.

5.4. Isolation of fungal DNA from FFPE material

The following sequence of steps were applied for fungal DNA isolation (2):

a. Pre-isolation step:

1. The microtome was cleaned with alcohol and xylene.

2. The FFPE blocks were cut into 5 um thick sections and the first couple of slices were
discarded.

3. 20 sections (for medium-sized tissues) and 25 sections (for tiny biopsies) were placed
into a 1.5ml tube.

4. 1 ml of Xylene was added and centrifuged for 10 mins at 13000 rpm (RT). Following
this, xylene was discarded.

5. 1 ml of 100% ethanol was added and mixed gently by vortexing. This was then
centrifuged for 10 mins at 13000rpm (RT). Following this, ethanol was discarded.

6. The pellet was air-dried at RT for 1 hour and suspended in 180 ul ATL buffer (Qiagen
kit).

b. Enzymatic Treatment:

1. 20 pl Proteinase K (Qiagen kit) was added to the above mixture and incubated
overnight at 56 °C with slight shaking (250 rpm) using a heat block.

2. Following day, the samples were spun down to remove drops from inside the lid.

3. Recombinant lyticase (2U/100 ul solution) was added to the above mixture and

incubated for 45 min at 37 °C.

c. Column DNA purification using QIAamp DNA FFPE Tissue Kit (Qiagen)
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1. In order to partially reverse formaldehyde modification of nucleic acids, the above
mixture was incubated at 90°C for 1 h and briefly centrifuged to remove drops from
inside of the lid.

2. To this sample mixture, 200 pl Buffer AL was added and mixed thoroughly by
vortexing. 200 pl ethanol (96-100%) was then added and mixed again thoroughly by
vortexing.

3. QIAamp MinElute column was carefully opened and 500 ul Buffer AW1 was added
without wetting the rim. This was then centrifuged at 6000 x g (8000 rpm) for 1 min.
The QIAamp MinElute column was placed in a clean 2 ml collection tube, and the
collection tube containing the flow-through was discarded.

4. The QIAamp MinElute column was carefully opened and 500 pl Buffer AW2 was
added without wetting the rim. This was followed by centrifugation at 6000 x g (8000
rpm) for 1 min. The QIAamp MinElute column was then placed in a clean 2 ml
collection tube, and the collection tube containing the flow-through was discarded.

5. Centrifugation was performed at full speed (20,000 x g; 14,000 rpm) for 3 min to dry
the membrane completely.

6. The QIAamp MinElute column was then placed in a clean 1.5 ml microcentrifuge tube
(not provided), and the collection tube containing flow-through was discarded. The
column lid was carefully opened and 50 pl Buffer ATE was applied to the center of the
membrane.

7. This was incubated at room temperature for 1 min and finally centrifuged at full speed

(20,000 x g; 14,000 rpm) for 1 min (2).

5.5. Isolation of RNA from human skin FFPE samples

Total RNA from FFPE skin tumor samples (10 sections, each 5 um thick) was isolated by using
deparaffinization solution (Qiagen) and the RNeasy FFPE kit (Qiagen) which also included
DNase treatment according to the manufacturer’s specifications. 200ng of total RNA was used
for cDNA synthesis with the GeneAmp RNA PCR kit (Thermo Fischer Scientific), according
to the manufacturer’s instructions for FFPE samples. RNA quality and quantity were

determined spectrophotometrically using a NanoDrop instrument (ThermoScientific) (1).
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5.6. Isolation of RNA from cells

RNA from cells was extracted using the PeqGOLD total RNA Kit (Peglab, Erlangen,
Germany) following the manufacturer’s protocol. RNA was quantified using NanoDrop
(Thermo Scientific). 200 ng of RNA was transcribed into cDNA with the Transcriptor First
Strand ¢cDNA Synthesis Kit (Roche Life Science, Indianapolis, IN, USA) according to the

manufacturer’s instructions (1).

6. 16S rRNA gene library preparation and sequencing

The V1-2 regions of the bacterial 16S rRNA gene were amplified using the oligonucleotide
primers 27F (AGAGTTTGATCCTGGCTCAG) and 357R (CTGCTGCCTYCCGTA)
[Eurofins (MWG, Ebersberg, Germany)], yielding a 349bp amplicon length (150). For this
purpose, Sul of the total DNA (~15 ng/ul) extracted from FFPE skin samples was used as input
for a 25ul PCR reaction. The reaction mixture contained 1X Fast Start High Fidelity Buffer
(Roche), 1.25 U High Fidelity Enzyme (Roche), 200 uM dNTPs (Roche Diagnostic), 10 pmol
primers and PCR-grade water (Roche). PCR amplification was performed as previously
described (151). All PCR reactions were performed in triplicates. The amplification products
were visually checked for quality on 1% agarose gel. Reactions resulting in a reliable PCR
amplification were used further. Normalizations of the PCR products were performed using 15
ul of each pooled PCR products on a SequalPrep Normalization Plate (Life Technologies,
Vienna, Austria) according to manufacturer’s instructions. To introduce barcode sequences for
each amplicon, 15ul of each normalized PCR product were used as the template in a 50 pl
single reaction as described previously (152). Cycling conditions were the same as for the 16S
rRNA gene target with only eight cycles of amplification (151). Following the addition of index
barcodes, 5 pul of each triplicate samples were pooled and 50 pl of the unpurified library was
loaded onto a 1% agarose gel (Sigma—Aldrich). Products were then gel purified with the
Qiaquick Gel Extraction Kit (Qiagen, Hilden, Germany) according to the manufacturer’s
instructions. Quantification of pooled products was performed with PicoGreen dsDNA reagent
(Life Technologies) and visualized for size validation on an Agilent 2100 Bioanalyzer using a
high sensitivity DNA assay (Agilent Technologies, Waldbronn, Germany). The sequencing
library pool was resolved on a MiSeq desktop sequencer (Illumina, Eindhoven, Netherlands)
and output FASTQ files were further processed for data analysis (1). 16S rRNA gene library
preparation and sequencing was performed by me in collaboration with the core-facility

Molecular biology at the center of medical research (ZMF), Graz, Austria.
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7. Skin Microbiota analysis

The raw FASTQ files were processed with MOTHUR v.1.33.3 using the standard SOP of
MOTHUR (153). Pyrosequencing errors were removed using pre.cluster (154). UCHIME
v.1.22 was used to remove chimeras (155). The Ribosomal Database Project (RDP) training
set v.9 was used to remove non-bacterial contaminants (156). The high-quality reads were
aligned to the SILVA database v.119 (157, 158). For operational taxonomic unit (OTU)-based
analyses, the processed fasta files from MOTHUR were introduced into QIIME v.1.8.0 (159).
OTUs were formed by clustering the sequences with UNCLUST (160), with a similarity score
0f 97% (OTU 97% identity). Taxonomy was assigned using the RDP classifier and Greengenes
reference v.13.8. A de novo OTU picking strategy was employed. The biome file was further
analyzed with the command core diversity.py of QIIME. Differences in alpha-diversity
measures were tested by unpaired t-tests with 999 Monte Carlo permutations while multiple
comparison corrections were performed by the Bonferroni method. Principal coordinates
analysis (PCoA) plots were created on the basis of a weighted-unifrac (161) distance matrix
and statistical differences between groups were calculated with ANOSIM. Bacterial relative
abundance was calculated using the Kruskal Wallis test with false discovery correction (FDR).
The biomarker discovery program LEfSe (linear discriminant analysis effect size) was
employed to determine differentially abundant OTUs. P-values <0.05 (* p <0.05; ** p<0.01;
*¥k% p < 0.001) were considered statistically significant. All presented values are always
mean = SD if not indicated otherwise. Batch files containing detailed parameters used in the
analysis are specified in appendix 3. Heat maps were created on the basis of log(10)-
transformed abundance data, which were obtained from OTU’s with more than 1% overall
abundance. The EzBioCloud database was used to assign species level taxonomy (162).
Visualization and hierarchical clustering (hclust) were implemented in R using the heatmap.2
function provided by the gplots 3.0.1.1 package. Pearson correlation was used to calculate
associations between assessed features which were computed with R 3.4.4 using the method
corr.test implemented in the package psych vers.1.8.12 (163). The p-values were corrected
using Holm correction to adjust for multiple comparisons (1, 164). Skin microbiota analysis
was performed by Bettina Halwachs (MUG, Graz, Austria), Marija Durdevic (MUG, Graz,
Austria), and I (MUG, Graz, Austria).
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8. Quantitative real-time PCR

8.1.

8.2

8.3.

Quantitative real-time PCR (qRT-PCR) was performed with an ABI PRISM 7900HT
instrument (Applied Biosystems) using SYBR Green PCR core reagents (Applied
Biosystems). Amplification was carried out in a 96-well plate. Each reaction was run in
triplicates in a 20pul reaction volume. For determination of bacterial load, the pan bacterial
gene marker (16S rRNA gene) was used (165). A 16S rRNA gene region specific for the
genus Staphylococcus was used (166, 167). For specific detection of S. aureus, the
thermostable nuclease gene (nuc A) was used (168, 169). For specific detection of
Staphylococcus epidermidis, the glutamic acid-specific serine protease (G/uSE) was
employed (166, 170, 171). PCR amplification specific for amplification of the genus
Streptococcus, the elongation factor Tu (fuf) gene was employed. To determine the loads
of P. acnes, a specific region of the 16S rRNA gene was amplified (172). 20ng of total
DNA was used as a normalized input for real-time PCR amplification of bacterial targets
from skin samples. The oligonucleotide primer sequences are indicated in the
supplementary material (Appendix 4). Reaction mixtures were incubated for 10 min at 95
°C, followed by 40 cycles of 15 s at 95 °C and 1 min at the respective annealing
temperatures (i.e., 16s pan-bacterial: 55°C, Staphylococcus and S. aureus: 62°C, S.
epidermidis, Streptococcus, P. acnes: 60°C) and a final step for 15s at 95°C, 1 min at 60°C
and 15s at 95°C. Each PCR reaction was performed in triplicates (1).

50ng of the total DNA isolated from colon FFPE samples were used to amplify
Fusobacterium species, Fusobacterium nucleatum and the gene for FadA. The
oligonucleotide primer sequences are indicated in the supplementary material (Appendix
4). gqRT-PCR was performed with an ABI PRISM 7900HT instrument (Applied
Biosystems) using SYBR Green PCR core reagents (Applied Biosystems). Amplification
was carried out in a 96-well plate. Each reaction was run in triplicates in a 20ul reaction
volume. Reaction mixtures were incubated for 10 min at 95 °C, followed by 40 cycles of

15 sat 95 °C, 1 min at 55°C and finally 15s at 95°C, 1 min at 60°C and 15s at 95°C.

Fungal DNA amplification was performed on extracted DNA from FFPE skin samples and
the ITS1 (ITS1-F CTTGGTCATTTAGAGGAAGTAA and ITS2-R
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9.1.

9.2.

GCTGCGTTCTTCATCGATGC) and ITS2 (ITS3-F GCATCGATGAAGAACGCAGC
and ITS4-R TCCTCCGCTTATTGATATGC) regions were targeted. Quantitative real-
time PCR was performed on a CFX96 detection system (Bio-rad, Munich, Germany) using
the LuminoCt® SYBR® Green qPCR ReadyMix  (Sigma-Aldrich, Steinheim, Germany).
The PCR reaction mixtures contained 50ng of total DNA in each reaction in a total volume
of 20 pl. The amplification program consisted of 3 mins at 95°C, followed by 40 cycles of
5s at 95°C, 15 s at 51°C and finally a melting curve analysis by gradually increasing the
temperature by 0.5°C, from 65°C to 95°C with simultaneous recording of fluorescence
signals. Each PCR reaction was performed in triplicates. The CT values obtained for the

samples were subtracted from the no template control (A CT)(2).

Reverse transcription quantitative PCR (RT-qPCR)

Total RNA was extracted from FFPE skin samples; 10 sections, with 5 pm in thickness
from each FFPE sample served as input and were first deparaffinized using a
deparaffinization solution (Qiagen). RNA isolation was then performed by using the
RNeasy FFPE kit according to the manufacturer’s protocol, which also includes a
DNase digestion step (Qiagen). 200ng of extracted total RNA served as input for cDNA
synthesis using the GeneAmp RNA PCR kit (Thermo Fischer Scientific) according to
the manufacturer’s instructions for FFPE samples. RNA quality and quantity were
determined spectrophotometrically using a NanoDrop instrument (ThermoScientific).
gPCR was performed with an ABI PRISM 7900HT instrument (Applied Biosystems)
and the SYBR Green PCR core reagents (Applied Biosystems). Reaction mixtures were

set up as described above. Each PCR reaction was performed in triplicates (1).

RNA from cell culture experiments challenged with bacteria were extracted using the
PeqGOLD total RNA Kit (Peqlab, Erlangen, Germany) and transcribed into cDNA with
the Transcriptor First Strand cDNA Synthesis Kit (Roche Life Science, Indianapolis,
IN, USA). qRT-PCR for these samples were performed using SYBR green PCR master
mix (Sigma) on the StepOnePlus Real-Time PCR system (Applied Biosystems) (1).
The oligonucleotide primer sequences for measurements of antimicrobial peptide
expressions (hBD-1, -2, -3, RNase 7 and psoriasis) (173-176) are shown in appendix 4.

For each mRNA target, the expression level was normalized using the beta-actin gene
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(ACTB) as a reference and relative quantification was calculated by the AACt method
(1, 177).

10. Fluorescent In Situ Hybridization (FISH)

A modified method of a previously described FISH protocol was employed (178, 179). 5 um
thick sections of skin FFPE samples were placed on adhesive super frost slides (DAKO FLEX
slides, Sigma Aldrich). The slides were first incubated at 70°C for 1 hour in a non-CO2
incubator followed by 2 times for 10 mins in Xylene (Sigma Aldrich) for deparaffinization.
Subsequently, slides were incubated for 5 mins in 100% ethanol and air-dried. Next, the slides
were dehydrated using 50%, 80% and 99% ethanol for 3 mins each. Before hybridization, each
section was pretreated with lysozyme (20mg/ml) (Carl Roth) (180) by incubation for 30 min
at 37°C, followed by incubation in lysostaphin (1mg/ml) (Sigma Aldrich) for another 30 min
at 37°C. The reaction was stopped by absolute methanol for 1 min at RT. The positive and
negative control slides contained fixed E. coli, S. epidermidis, and S. aureus cells derived from
bacterial culture. Hybridization of FISH probes was performed as described earlier with slight
modifications (178, 179). Briefly, samples were first incubated with the hybridization buffer
containing 20% (v/v) formamide (PanReac AppliChem, Barcelona, Spain), 20 mmol/L Tris-
HCI1 pH7 (AMRESCO, OH, USA), 2% (w/v) sodium dodecyl sulfate (Sigma), 0.9 M NaCl
(VWR Chemicals, Pennsylvania, USA) for 15 min at 46°C. A mixture of probes was then added
to the slides (50 ng of each probe) encompassing a Cy3-labeled EUB338/I probe (38) directed
against bacteria and a Cy5-labelled Sau probe for S. aureus (181). A Cy3-labeled NONEUB-
probe was used as a nonsense negative control. All probe sequences are given in table 6. The
slides were transferred to the humid chamber and incubated for 2h at 46°C. After incubation,
the slides were washed at 46°C for 15 min. The washing solution was preheated at 48°C and
contained 10 mM Tris/HCI (AMRESCO) at pH 7, 0.225 M NaCl (VWR Chemicals), and 2%
sodium dodecyl sulfate (Sigma). The slides were washed again with cold water and dried at
room temperature before being counterstained with DAPI (Sigma Aldrich). Slides were
analyzed using the Zeiss LSM 510 confocal microscope (Carl Zeis, Jena, Germany).
Fluorescence microscopy was performed using the following filters with excitation and
emission as follows: DAPI (358nm/ 463nm), CY3 (549nm/562nm) and CY'5 (646nm/664nm)
(1). FISH signals were scored according the following system: 0 = no signal, 1 = single signals,

2 = small groups of signals, 3 = large clusters of signals (1).
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Gene name Sequence (5' to 3') Reference

EUB338/1 16Stibosomal  Cy3 GCTGCCTCCCGTAGGAGT  (38)
RNA (338-355)

Sau 16S ribosomal Cy5 GAAGCAAGCTTCTCGTCCG (181)
RNA
(Staphylococcus
aureus)

NONEUB Cy3 ACTCCTACGGGA GGC AGC (398)

Table 6. Probes used for FISH analysis

11. Cell culture and infection assay

Staphylococcus aureus (DSM799, DSM11823 and DSM1104) and S. epidermidis (Hyg9209-
15) strains were cultured under aerobic conditions on Columbia blood agar plates (BioMerieux,
Marcy I’Etoile France) at 37°C for 24hrs (1). Human cutaneous squamous cell carcinoma cells
HSC-1 (Human cutaneous squamous cell carcinoma) and SCL-1 (182, 183) were kindly
provided by J C Becker, DKFZ, Essen, Germany. The human keratinocyte cell line HaCaT
(183) were obtained from ZMF, Medical University of Graz, Austria. 2 x 10’ cells were seeded
per well in six-well plates in 2 ml of Dulbecco’s modified Eagle’s medium (DMEM) low
glucose (1g/l1) (GE Healthcare, Vienna, Austria) containing 10% fetal bovine serum (FBS)
(Thermo Fischer Scientific) and grown to 80% confluence in a water-saturated atmosphere of
95% air and 5% CO, at 37°C. Prior to the infection assay, a single colony of S. aureus was
inoculated into a 100-ml culture flask containing 30 ml of DMEM low glucose (1g/1) with 1.5%
FBS corresponding to an ODggonm 0f 0.03. The culture was incubated with gentle agitation (160
rpm) at 37°C for 14 hrs. Subsequently, HSC-1 cells were infected with S. aureus at a
multiplicity of infection (MOI) of 1:2, 1:20 & 1:50 for 24 h (74). After 24 hours, the cells were
collected using the lysis buffer from the PeqGOLD total RNA Kit (Peqlab, Erlangen, Germany)
for RNA isolation (74). Simultaneously the supernatant was collected to assess the growth
(cfu/ml) of bacteria after 24hrs infection. Bacterial colony forming units (CFU) were
determined by serial dilution and plating on Columbia blood agar plates (BioMerieux).
Experiments were repeated three times. Simultaneously, viability, apoptosis and cell numbers

were determined by flow cytometry (1).
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12. Flow cytometry

HSC-1, SCL-1 and HaCaT cells were harvested after 24 hrs of infection using trypsin (Thermo
Fischer Scientific) for cell viability and apoptosis measurements. For this purpose, 7-AAD
viability staining solution (eBioscience, CA, USA) or the Annexin V Apoptosis Detection Kit
APC (eBioscience) were used following the manufacturer’s protocol. Cells were analyzed
using the CytoFLEX flow cytometer (Beckman Coulter, California, USA) and results were
calculated using CytExpert Software (Beckman Coulter) (184). Each experiment was repeated

three times (1).

13. CCK-8 assay

1 x 10* cells/well of HSC-1 and SCL-1 cells were plated in 96-well plates in a water-saturated
atmosphere of 95% air and 5% CO, at 37°C overnight. The cells were then treated with 20
png/ml of hBD-1, -2 & -3 (PeptaNova, Sandhausen, Germany) for 24 hours (98). Subsequently,
cell proliferation was evaluated using the CCK-8 kit (Sigma-Aldrich) after 24 hrs of treatment
according to a published protocol (115). The absorbance was measured at 450 nm using a

SPECTROstar Omega microplate reader (BMG Labtech, Offenburg, Germany)(1).

14. xCELLigence real-time cell proliferation assay

The xCELLigence Real-Time Cellular Analysis (RTCA) system (Roche and ACEA
Biosciences) was used to monitor cell proliferation, using impedance as the readout. The
impedance measurement, displayed as cell index (CI), takes into account cell number, viability
and morphology of cells. 1 x 10* HSC-1 or SCL-1 cells were treated with 20 pg/mL

hBD-1, -2 & -3 (115) and seeded in DMEM low glucose (1g/1) with 1.5% FBS in E-plates "16"
(ACEA Biosciences). Proliferation was monitored every 15 min by the xCELLigence system
(185) for up to 24 hours. Growth curves were normalized to the time point of cell adherence
(~4 h). Evaluations were performed using xCELLigence 1.2.1 software (ACEA Biosciences).

Each experiment was repeated three times (1).

15. Statistical analysis

Quantitative PCR and cell proliferation data were assessed with the Shapiro-Wilk normality

test for their normal distribution. Data are given as mean + standard error of mean if not
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specified otherwise. Statistical analyses were performed with GraphPad Prism 5 software. P-

Values < 0.05 were considered to be statistically significant (1).

16. Data deposition

The sequencing data generated for this study is available on EBI short read archive (EBI SRA)
with the accession number PRIEB23563 (1).

17. Ethics Statement

The usage of human tissue specimens was approved by the institutional review board of the

Medical University of Graz (24-167ex11/12; 25-293ex12/13) (1).
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V. Results

Cancer development is a sequential process; wherein invasive tumors arise from non-invasive
lesions. This stepwise process also alters the host-microbiome equilibrium, i.e. the microbes
colonizing the (pre-)neoplastic epithelia which is also mirrored by an alteration of the local
immunological environment. Thus, we studied the microbiome of pre-invasive neoplastic
lesions (AK / adenomatous polyp) with invasive lesions of ¢SCC (part 1) and CRC (part 2)
respectively. Also, the role skin microbiome plays in cSCC promotion was assessed (part 1).
Additionally, methodological optimization for microbial community analyses was performed

for bacteria (part 1) and fungi (part 3) from skin FFPE samples.

Parts of results and figures used are adopted according to the published manuscripts:

Madhusudhan, Pausan (1) and Halwachs, Madhusudhan (2).
Part 1:

Published in https://doi.org/10.3390/cancers12030541

1. Molecular profiling of Kkeratinocyte skin tumors links Staphylococcus
aureus overabundance and increased Human B-Defensin-2 expression to growth

promotion of squamous cell carcinoma

In total 88 skin samples originating from sun exposed skin sites representing excised tissue
specimens (total excision: n=54; punch biopsies: n=24; shave biopsies: n=10) were used for
the study. These consisted of 60 tumor samples (25 AKs, 22 SCCs & 13 BCCs) and 28 skin
samples without neoplasia which consisted of healthy skin, non-neoplastic skin adjacent to

tumor and psoriasis samples which served as controls (1).

1.1. Skin habitat change in AK and SCC is associated with microbial colonization

During neoplasia development, skin undergoes significant alterations in architecture which in
turn leads to a change in the microbial habitat. A histological hallmark of AK & SCC is hyper-
and parakeratosis characterized by increased lamellar keratin on the lesional surface. Especially
in AK & SCC hyper- and parakeratosis are prominent features, whereas in BCC it is less

pronounced (Figure 11) (1).
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Figure 11. Hyper- and parakeratosis are associated with AK and SCC. Dotted lines
represent the keratin layer. (A& B) H & E staining representing excessive production of layered
keratin in AK (A) & SCC (B), while BCC (C, D) shows no or sparse hyper-or parakeratosis.
(E) Healthy normal skin originating from chest is used for comparison. (D) Microscopic

scoring of hyper- and parakeratosis indicating prevalence in AK and SCC (*p< 0.05; ***p<
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0.005, Kruskal Wallis test; Dunn’s multiple comparison test; AK, n=12; SCC, n=12; BCC,
n=13). Adopted from (1).

Microscopy revealed numerous microbial structures associated with hyper- and parakeratotic
areas in AK and SCC (Figure 12 A-C) (1). Abundant microbial structures were not only present
on the lesional surface of AK and SCC, but also in deeper (invasive) parts of tumor tissue in
SCC (Figure 12C). Interestingly, microbial structures often appeared as clusters of cocci

(Figure 12 D-E). These observations were only rarely detected in BCC and normal skin.

52



K
Y

e

Figure 12. Increased microbial biomass associated with hyper- and parakeratosis in AK
and SCC. Abundant microbial structures in AK (A) and SCC (B) associated with
hyperkeratosis (marked with * in panels A-B). Microbes are not just present on the surface but
also emerge in deeper layers of invasive SCC (C). The dotted lines specify the skin surface (D
and E). Coccoid bacteria are associated with hyper and parakeratosis regions in AK & SCC.

Adopted from (1).
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Microbial structures mainly resembled bacteria and to a lesser extent also fungi, which were
microscopically differentiated based on morphology and staining pattern (refer materials and
methods for details) (Figure 13 A-F). These structures were microscopically scored indicating
a significant increase of bacteria in AKs & SCCs compared to BCC and normal skin (Figure

13 G). Also, fungi were increased in AK (Figure 13 H)(1).
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Figure 13. Bacterial and fungal structures in AK and SCC. (A-F) Bacterial (arrows) and
fungal (arrow heads) structures in AK (A, D, E) and SCC (B, C, F) specimens (A-C: Gram
stain; D-F: PAS stain). (G) Microscopic scoring indicates significantly increased bacterial
structures in AK and SCC compared to basal cell carcinoma (BCC) and NS (normal skin)
samples (** p < 0.01; *** p < 0.005; Kruskal-Wallis test; Dunn’s multiple comparison test).
(H) Increased fungal structures in AK samples (* p < 0.05; Kruskal-Wallis test; Dunn’s
multiple comparison test). Adopted from (1).

1.2. Keratinocyte skin tumors show a different microbial community type with

increased Staphylococcus abundance in AK & SCC.

Microbial communities are modified in neoplastic tissue (91). To investigate alterations in
microbial composition in keratinocyte tumors, AK (n=12), SCC (n=12) and BCC (n=13)
specimens were subjected to comparative microbiota analysis using 16S rRNA gene-based

microbial community profiling. 8 normal skin specimens were included as controls.

First, we optimized the DNA isolation procedure to maximize the output of microbial DNA

from skin FFPE samples.

1.2.1. Optimization of microbial DNA extraction from FFPE skin samples

We compared DNA yield and amplification of skin samples extracted with 2 different DNA
isolation kits: the QIAamp DNA FFPE tissue kit and the Maxwell 16 FFPE Plus LEV DNA
purification kit. Two additional steps viz mechanical disruption and enzymatic lysis were
added sequentially to this extraction procedure. Maxwell DNA purification kit together with
both mechanical and enzymatic lysis turned out to be the most efficient method in terms of
DNA yield and amplification in the extracted samples. This method yielded higher microbial
abundance as measured using pan-bacteria specific primers (Figure 14 A) and higher detectable
levels of P. acnes as measured by P. acnes specific primers (Figure 14 B) (Appendix 4 for
sequence) in comparison to QIAamp DNA FFPE kit alone or in combination with the lysis

steps (Figure 14)(1).
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Figure 14. Optimization of DNA extraction for skin FFPE specimens. Two commercially
available kits were compared with sequential addition of bead-beating and enzymes. Real-time
PCR was used to determine DNA yield and amplification using pan-bacterial (A) and P. acnes
(B) specific primers (n=3, *p<0.05, **p<0.01, one-way ANOVA, Bonferroni correction).
Adopted from (1).
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Since Maxwell 16 FFPE Plus LEV DNA purification kit proved superior, we then checked for
16S rRNA gene specificity and sensitivity of the extracted samples from this method (Figure
15). The V1-2 region of the 16S rRNA gene was amplified via PCR using oligonucleotide
primers 27F and 357R. 5 pl of input DNA (~15 ng/ul) containing 1X Fast Start High Fidelity
Buffer (Roche), 1.25 U High Fidelity Enzyme (Roche), 200 uM dNTPs (Roche), 10 pmol
primers and PCR grade water (Roche) to a final volume of 25 pl. Triplicates from each sample
were pooled and the amplicons were checked visually on 1% agarose gels. Specific PCR
products (molecular weight ~400bp) were generated from the skin tumor entities (Lane 2-13)
(Figure 15), while a faint or no band was observed in the three negative controls (blank

extraction, paraffin extraction and no template control) (Lane 14-16) (Figure 15).

12 3 45 67 89 10111213 14151617

LANE SAMPLE
1 Ladder
2-5 Aktinic Keratosis
6-9 Squamous Cell Carcinoma
10-13 Basal Cell Carcinoma
14 NTC
15 Blank extraction
16 Paraffin extraction
17 Ladder

Figure 15. Agarose gel electrophoresis of the PCR products amplified with 27F and 357R
primers (16S V1-2 region) with DNA extracted from Maxwell 16 FFPE Plus LEV DNA
purification kit of AK, SCC & BCC tumor entities along with negative control for specificity.

1.2.2. Different microbial community types in keratinocyte skin tumors

To classify the microbes associated with different skin tumors, we subjected surgically
removed tumor specimens to comparative microbiota analysis. A subset of AK (n = 12), SCC
(n=12), and BCC (n = 13) samples were used for this analysis. In addition, 8§ normal skin
specimens were included. The variable V1-2 region of the bacterial 16S rRNA gene was
amplified by PCR and products were resolved on an Illumina TM Miseq next generation

sequencer. 16S rRNA gene library preparation and sequencing was performed by me in
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collaboration with the core-facility Molecular biology at the center of medical research (ZMF),

Graz, Austria.

A total of 17,747,248 reads were generated which corresponds to 199,630 + 132,100 reads per
sample on average. The data set was denoised, quality filtered and analyzed using MOTHUR
and QIIME. 117437 operational taxonomic units (OTU, 97% ID) were generated per sample
on average. Skin microbiota analysis was performed by Bettina Halwachs (MUG, Graz,
Austria), Marija Durdevic (MUG, Graz, Austria), and I (MUG, Graz, Austria).

Microbial richness, which measures the total number of taxa detected in the respective samples,
was significantly higher in AK and SCC compared to BCC (Figure 16A). In contrast, diversity
and evenness, which are measures of how diverse a microbial community is and how equally
the number of each taxon are distributed respectively, were significantly lower in AK & SCC
compared to BCC (Figure 16 A-C). A scheme summarizing the results of richness, evenness
and diversity is represented in figure 16D. From these findings, it could be hypothesized that
certain taxa are overrepresented in AK & SCC leading to an uneven community composition,

which could potentially represent driver bacteria of neoplasia development (1).
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Figure 16. Microbial community type differs in keratinocyte skin tumors (A) Microbial
richness was significantly higher (Chao 1; p<0.05) but (B) evenness (Simpson index; p<0.05)
and (C) diversity (Shannon index; p<0.05) were significantly lower in AK & SCC compared
to BCC (unpaired t-test). (D) Scheme indicating the results of microbial richness, evenness and

diversity in AK, SCC & BCC. Adopted from (1).

Interestingly, alpha diversity measures (richness, evenness and diversity) were significantly

different between healthy skin and all keratinocyte tumors (AK, SCC &BCC) (Figure 17 A-C)
(D).
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Figure 17. Healthy skin and skin tumors exhibit different microbial community types.
(A-C): Microbial richness as measured by Chaol, diversity as assessed by Shannon and
evenness as measured by Simpson were significantly different between all groups (Kruskal-

Wallis rank- sum test; p < 0.0001). Adopted from (1).

Principal coordinate analysis PCoA (measure: weighted unifrac distance) performed in a
pairwise fashion on tumor samples showed significantly different microbial community
structures in AK & SCC in comparison to BCC, whereas no significant difference in the
microbial community structure was observed between AK & SCC samples (Figure 18 A-C).
This indicates that more similar microbial community types are prevalent between AK & SCC

in comparison to BCC (1).
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Figure 18. Microbial community type differs in keratinocyte skin tumors. (A-C) Principal

coordinate analysis indicates significantly different microbial communities in AK & SCC

compared to BCC (measure: weighted unifrac; ANOSIM; p<0.05). Adopted from (1).

However, significantly different microbial communities were identified in all sample types

(healthy skin and skin tumor samples) as assessed by PCoA analysis (Fig 19 A-B)(1).
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Figure 19. Healthy skin and skin tumors exhibit different microbial community type.
PCoA analysis (A-B) of healthy skin and skin tumor samples showed significantly different
microbial communities in all 4 entities as measured by weighted unifrac (A) and unweighted

unifrac (B) (measure: ANOISM). Adopted from (1).

Next, we assessed which microbes are specifically associated with tumor entities. At phylum
level, a significant decrease in the phyla Proteobacteria and Bacteroidetes in SCC compared

to BCC were evident (Figure 20 A). At the genus level, a significantly higher relative

61



abundance of Staphylococcus in AK & SCC as compared to BCC was observed, while a

significant increase in Streptococcus was seen in BCC (Figure 20 B). Next, we determined

which microbes are specifically associated with healthy skin along with skin tumors at the

genus level and significantly different relative abundance of Staphylococcus, Streptococcus,

Propionibacterium and Bacteroides were detected (Figure 20 C)(1).
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Figure 20. Relative abundance of most abundant taxa in skin tumor and healthy skin
entities. (A) Relative abundance of the phyla Proteobacteria and Bacteroidetes were
significantly lower in SCC compared to BCC (p<0.05; Kruskal Wallis); (B) Differential
abundant taxa of log(10)-transformed read data identifies significantly increased
Staphylococcus in AK and SCC compared to BCC and significantly increased Streptococcus
in BCC compared to SCC (Kruskal Wallis) (C) Significantly different relative abundance of
Staphylococcus, Streptococcus, Propionibacterium and Bacteroides in skin tumors and healthy
skin (Dunn's post hoc test, Benjamini- Hochberg correction; **p<0.01; **p<0.01;

**%p<0.005). Adopted from (1).

Additionally, comparative linear discriminant analysis effect size (LEfSe) analysis confirmed
the increased relative abundance of Staphylococcus based on the linear discriminant analysis
(LDA) score in SCCs (LDA > 5; 50.07+ 14.43%) and AKs (38.62 £14.05%) while
Streptococcus was significantly higher in BCC (LDA >4; 17.42 + 10.51%) (Figure 21 A-B).
Other differentially abundant taxa were revealed by LEfSe analysis, which were mainly
associated with BCC like Betaproteobacteria and Bacteroidetes, although their overall relative
abundance was low. Healthy skin showed significantly increased Streptomyces compared to
keratinocyte tumors in the LEfSe analysis (Figure 22A-B). A complete list of taxa specified by
LEfSe analysis is shown in appendix 5 and 6 (1).
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Figure 21. LEfSe analysis describing taxa with increased relative abundance in
keratinocyte skin tumors. (A) The association of Staphylococcus with LDA>5 with SCC,
Streptococcus with LDA >4 and Betaproteobacteria with LDA > 4 with BCC is emphasized.
(B) LEfSe output signifying the differentially abundant taxa and respective LDA scores.

Tabular representation of the LEfSe output is given in Table. Adopted from (1).
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Figure 22. LEfSe analysis identifying taxa with increased relative abundance in tumors.
(A) LEfSe output specifying taxa with increased relative abundance in tumors (B) LEfSe bar-
chart output (keratinocyte tumors and healthy skin). Adopted from (1).

Further, unsupervised hierarchical clustering was employed, in which we assigned OTUs to
species level taxonomy using EzBioCloud database (162). A highly individualized microbiota
composition was indicated from this analysis for different specimens. However, we observed
a strong but not specific association of Staphylococcus aureus with AK and SCC samples
(Figure 23 A-B). Interestingly, when S. aureus was abundant, other typical skin microbes
like Cutibacterium acnes were low, indicating a possible competitive exclusion between these

taxa (1).
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Figure 23. Dominant taxa in Keratinocyte skin tumors. (A) Unsupervised hierarchical
clustering of log (10)-transformed data (heat map representation) of dominant taxa shows a
predominant but not exclusive association of S. aureus with AK and SCC samples. EzBioCloud
database was used to assign species level taxonomy. Complete heat map representation of

dominant taxa revealed by unsupervised hierarchical clustering is shown in (B). Adopted from

(1).

To further quantify the microbial load in tumor entities and normal skin and to confirm the
dominant colonization of Staphylococcus aureus in AK and SCC, quantitative PCR (qPCR)
was employed with an increased sample set. Bacterial load assessed using the pan-bacterial
16S rRNA gene showed no significant change in AKs and SCCs compared to normal skin,
however, a significant decrease in bacterial load was observed in BCC (Figure 24 A). Next,
Staphylococcus (genus) loads were assessed and a significant increase in Staphylococcus
abundance was observed in AK and SCC compared to BCC and normal skin (Figure 24 B).
Notably, Staphylococcus aureus (species) load was significantly increased only in SCCs
compared to other entities (Figure 24 C). Furthermore, in paired samples, a significant increase
in S. aureus loads was observed in adjacent non-lesional skin (NS) compared to neoplastic skin
(Figure 25). Notably, a known antagonist of S. aureus, S. epidermidis (10) was significantly
reduced in AK, SCC & BCC in comparison to healthy skin (HS) and non-lesional skin
indicating a possible competition with S. aureus (Figure 24 D) (1). Of note, we were not able
to detect Streptococcus by qPCR in tumor entities (data not shown), which could possibly be
due to very low Streptococcus loads in skin tumor samples which were below the limit of

detection of our qPCR assay.
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Figure 24. Bacterial, Staphylococcus, S. aureus and S. epidermidis loads in keratinocyte
skin tumors. (A) Bacterial load (16S rRNA gene) is significantly decreased in BCC, (B)
Staphylococcus (genus) loads are significantly increased in AK and SCC, and (C) S. aureus
loads are significantly increased in SCC. (D) S. epidermidis loads are significantly reduced in

tumors (Kruskal-Wallis test; Dunn’s multiple comparison test; C and D: ANOVA; Turkey’s
multiple comparison test; * p < 0.05; ** p <0.01; *** p <0.005). Adopted from (1).
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Figure 25. Bacterial, Staphylococcus, S. aureus abundance in paired samples. Significant
increase of S. aureus abundance in cSCC compared to its adjacent non-lesional skin (NS) as

assessed by qPCR in paired samples (*p<0.05; paired t-test; n=3). Adopted from (1).

Interestingly, assessing chronic plaque psoriasis samples (n=5) which are characterized by
vigorous hyper- and parakeratosis, no increase in Staphylococcus or S. aureus loads were
measured using qPCR analysis. No significant changes in bacterial, Staphylococcus and S.
aureus loads were observed in psoriasis samples when compared to HS and NS (Figure 26 A-
C) (1). This indicates that the observed S. aureus overabundance in AK and SCC is not solely

driven by high amounts of keratin on the tumor surface but might be a tumor specific

phenomenon.

To summarize, these data collectively indicate a significantly different microbial community
type in skin tumors, which deviate from normal skin. Taxon Staphylococcus dominates in AKs
and SCCs while S. aureus is the most abundant taxon in SCC. This microbial change is
associated with reduction of typical skin commensals like S. epidermidis or C. acnes. BCCs

show a reduced bacterial load and represent a more variable community composition (1).
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Figure 26. Bacterial, Staphylococcus, S. aureus abundance in psoriasis, skin tumors, NS
and HS (normal skin) entities. Bacterial load as measured by 16S rRNA gene,
Staphylococcus (genus) loads and S. aureus loads are not significantly changed in psoriasis
compared to HS and NS (ANOVA; Turkey’s multiple comparison test; *p<0.05; **p<0.01;
**%p<0.005). Adopted from (1).

1.3. S. aureus is mostly localized to hyperkeratotic regions and in areas with invasive

tissue of the cutaneous SCC and its precursor AK.

FISH was employed to determine the in-sifu localization of bacteria and S. aureus in our tumor
entities. A pan-bacterial 16S rRNA (EUB338) probe was used for overall bacterial detection
and a S. aureus specific (Sau) probe was used for this taxon. The specificity of the FISH probes

was assessed ahead by using mixed cultures of S. aureus and S. epidermidis (Figure 27).
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Figure 27. Assessment of the specificity of FISH probes used in the study. Mixed cultures
of S. aureus and S. epidermidis were stained with (A)DAPI, (B) a panbacterial (EUB) probe
and (C) a S. aureus specific probe. The S. aureus probe specifically stains just S. aureus cells

as specified in the merged (D) image.

A significant number of S. aureus specific fluorescence signals were detected in the
hyperkeratotic regions of AK & SCC samples (Figure 28 A-B) which were absent in BCC
samples. S. aureus signals were also detected in the invasive tissue areas of SCC samples and
only sparse signals in BCC samples (Figure 28 B-C). Bacterial signals were absent in the
dermis of any of the tumor entities. To that end, these findings confirm the S. aureus
colonization of hyperkeratotic surface areas of AK and SCC as well as invasive tumor tissue
in SCC. Moreover, these findings reassure the histologic representation of abundant coccoid

microbial structures visible in AK and SCC specimens (Figure 12 D-E) (1).
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Figure 28. In situ visualization of S. aureus shows its association with hyperkeratotic
areas in (A) AK and (B) SCC using FISH (DAPI: blue, EUB338: red; S. aureus: grey;
magnification 650x). (C) Semi-quantitative scoring of S. aureus specific signals in
hyperkeratotic surface areas and invasive tumor parts in AK, SCC and BCC specimens,
respectively (***p<0.005; Kruskal Wallis; na, not applicable; AK, n=5; SCC, n=5; BCC, n=5).
Adopted from (1).

1.4. Inflammation severity significantly correlated to altered microbial community in

AK but not in SCC or BCC

The dermal immune infiltrates in skin tumors is a known predictor of tumor progression and
disease prognosis (14, 90). AK, SCC and BCC typically show increased dermal inflammation
compared to healthy skin. Thus, we investigated whether the grade of inflammation is
associated with specific microbial community changes. Tumor samples were histologically
graded into low- and high-inflammation categories (Figure 29 A). A significantly increased
richness (p<0.05, unpaired t-test) and different microbial community composition in PCoA
(p<0.05, ANOSIM; measure: weighted unifrac) were identified in high grade inflamed AK
(Figure 29 B-C). Higher inflamed lesions were characterized by gradually increased
Staphylococcus reads (Figure 29 D; p=0.06, Kruskal Wallis), validated by performing qPCR
specific for Staphylococcus genus (figure 29 E). No significant differences in microbial
community structure could be discerned among low- and high inflammation specimens in SCC

and BCC, which might be attributed to an underrepresentation of low inflammation cases in
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both entities in our sample set (only 2 out of 12 specimens in SCC and 3 out of 13 in BCC were

"low"). Of note, a higher dermal inflammation is typical for SCC and BCC since they represent

advanced tumor entities in general. Together, these findings suggest that higher dermal

inflammation levels are associated with higher microbial richness and that S. aureus is at least

gradually increased in higher inflamed AK lesions.
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Figure 29. Higher inflammation is associated with increased richness and altered
microbial community in AK. (A) Representative images of low grade (upper panel) and high
grade (lower panel) inflammation (arrows; low grade: focal immune infiltrate mainly
surrounding small vessels; high grade: papillary and upper reticular dermis are densely
populated by immune cells, often representing as continuous bands of inflammatory cells). (B)
Significantly increased microbial richness (p<0.05; unpaired t-test at 118420 reads). (C)
Different microbial community composition in low vs. high grade inflamed AK (PCoA;
measure: weighted unifrac; p<0.05, ANOSIM). (D) Staphylococcus relative abundance is
gradually increased in higher inflammation in addition to significantly reduced Bacteroides
(**p< 0.01; Kruskal Wallis). Inflammation levels were semi-quantitatively scored using light
microscopy (low grade, n=5; high grade, n=7; data are mean+SEM). (E) Staphylococcus
abundance as assessed by qPCR also shows a correlation trend with grade of inflammation in

AK.

1.5. Antimicrobial peptides (AMP) are differently expressed in epithelial skin tumors.

In addition to immune cells, humoral immune factors like AMPs are also important in skin
defense. Interestingly, several AMPs have been implicated in tumor development (118, 141,
186). Consequently, in order to understand the expression of these AMPs in association with
S. aureus colonization and tumorigenesis, we measured the major skin AMPs, i.e., hBD-1, -2
and -3, RNase7 and psoriasin (S100A7) in our samples via qRT-PCR. These AMPs, except
hBD-1 which is reported to be constitutively expressed in skin, are known to be modulated via

microbes (187, 188). They are also known to modulate epithelial cell growth and migration
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(118, 141, 186-188). Significantly increased transcription levels of ZBD-2 and -3 were detected
in SCCs and AKs compared to both normal skin as well as BCC (Fig. 30 B, C). Psoriasin
mRNA also increased, but to a lesser extent in SCC compared to normal skin and BCC (Fig.

30 E). In contrast, transcription levels of ZBD-1 and RNase7 were significantly increased in

AK, although at a relatively low level (Figure 30 A, D) (1).
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Figure 30. Expression of AMPs in human skin tumors as assessed by qRT-PCR.
Significantly increased mRNA expression of ABD-2, hBD-3 (B, C) and to lesser extent
psoriasin (S100A7) (E) in AK and SCC compared to normal skin and BCC. Increased mRNA
expression of ABD-1 (A) and Rnase7 (D) in AK (¥p< 0.05, **p< 0.05; ***p<0.005; Kruskal-
Wallis; HS, healthy skin, n=5; AK, n=21; SCC, n=22; BCC, n=11; data are mean+SEM).

Adopted from (1).
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To confirm the increased expression on the protein level, we used immunohistochemical
scoring emphasizing hBD-2 and hBD-3 specific antibodies on a subset of samples. This
analyses confirmed increased protein expression of hBD-2 in SCC (Fig. 31A-B) whereas, hBD-
3 protein expression was significantly increased in AK compared to SCC and BCC, which is

in line with a previous report (189).
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Figure 31. Protein expression of AMPs hBD-2 and -3 in human skin tumors assessed by
immunohistochemistry. Immunohistochemical scoring of hBD-2 (A) and hBD-3 (B) protein
expression in tumor samples. Representative images showing the staining pattern are shown
on the left (AK, n=5; SCC, n=5; BCC, n=5; *p<0.05; ***p<0.005, one-way ANOVA, Tukey’s

multiple comparison test).

Together, these findings show that AMPs are differently expressed in keratinocytic skin
tumors, wherein hBD-2 and hBD-3 show a stronger expression in AK and SCC.
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1.6. Pearson correlation matrix of assessed features in AK, SCC and BCC shows a

significant positive correlation of hBD-2 expression with S. aureus in SCC.

Broad correlation analysis of assessed parameters which includes AMP expression, bacterial,
Staphylococcus and S. aureus loads, histologically scored levels of hyper-/parakeratosis,
inflammatory infiltrate and neutrophilic granulocytes as a known predictor of skin tumor
progression (90) were performed. Several significant correlations were observed as seen in the
correlation matrices (Figure 32). Most pertinent to our study was the significant positive
correlation of hBD-2 expression with Staphylococcus and S. aureus loads in SCCs. Other
significantly positive but differing correlations within AMP mRNA levels were apparent in the
entities. Also, only hBD-3 showed a significant positive correlation with psoriasin and hBD-2
expression in all of the tumor entities. Correlations between hyper- and parakeratosis,
inflammation, and neutrophilic granulocytes were not evident. Only in BCCs, hyper-
/parakeratosis and neutrophils were associated with increased AMP expressions. Two
significant negative correlations were found: inflammation with hBD-1 expression in BCCs
and inflammation with bacterial load in SCCs (Figure 32). Collectively, this analysis proposes
a possible connection between the type of microbial colonization and AMP expressions with
particular prominence on S. aureus overabundance and hBD-2 expression in SCCs. Broadly,
our analysis proposes that an altered microbial colonization in keratinocyte skin tumors could

influence AMP expression with probable down-stream effects on tumor biology (1).
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Figure 32. Pearson correlation matrix of assessed features in AK, SCC and BCC. Strong
correlations are specified by large circles, while weak correlations are shown by small circles.
The color of the scale bar signifies the kind of correlation with 1 indicating a strong positive
correlation (dark red) and -1 demonstrating a strong negative correlation (dark blue). t-tests
were applied for significance testing to the individual correlations, and significant correlations
were indicated with * p < 0.05, ** p < 0.05, *** p <0.005; specified as stars in the respective
circles. The significant correlation of S. aureus loads with #BD-2 mRNA expression in SCC is
highlighted (box); # implies that no S. aureus signals were detected in BCC with qPCR.
Adopted from (1)

1.7. §. aureus challenge of cutaneous SCC cells stimulates hBD-2 expression and

confers a proliferative stimulus on tumor cells.

It has been shown that S. aureus induces expression of 4bd-2 and -3 in differentiated primary
keratinocytes (74). However, no such studies have been performed with cutaneous squamous
cell carcinoma cells challenged with S. aureus. Hence, to assess whether S. aureus leads to
induction of hBDs in SCC (HSC-1 and SCL-1) and in HaCaT cells (resembling non—tumorous
keratinocytes), we performed co-culture experiments. Two strains of S. aureus DSM799 and
DSM11823 were used for this assay with increasing MOlIs of 2, 20 and 100, respectively. Of
note, these strains are devoid of classical secreted toxin genes, which was necessary for
employing co-culture experiments since toxin producing strains (e.g. DSM 1104 harboring
enterotoxin G and I) immediately overgrew and induced pronounced cell death in preliminary
experiments (Figure 35). Bacterial growth was assessed simultaneously by CFU plating before
and after infection (Figure 33). After 24 hours of challenge, hBD-1, -2 & -3 mRNA expression
was measured by qRT-PCR (1).

Prior to the bacterial infection, both the strains of S. aureus were assessed for their growth
kinetics to determine their density during the exponential growth phase. This was then used to
calculate input multiplicity of infection (MOIs) for the co-culture experiments. Both the strains
reached the exponential phase with a similar density between 12-14 hours and 14-hour time

point was used for infection experiments (Figure 34).
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Figure 33. CFU plating of S. aureus strains DSM 799 and DSM 11823 before (input) and
after 24 hrs. of challenge of (A) HSC-1, (B) SCL-1 and (C) HaCaT cells. Adopted from (1).
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Figure 34. S. aureus growth curve assessment of strains (A) DSM799 and (B) DSM11823

to determine their density in the exponential phase. 14-hour time point for both the strains was

used for co-culture experiments.

Figure 35. Microscopic images of SCC cells (HSC-1) treated with Staphylococcus aureus
strain DSM1104 at MOI 2, 20 & 100 (B-D) in comparison to untreated control cells (A) and
cells treated with strain DSM 11823 at MOI 20 (E) for 24 hours. SCC cells treated with strain
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DSM1104 (harboring enterotoxin) led to cell death as visible from apoptotic cells/cell debris
at MOI 2 (B) and cell debris at MOI 20 and 100 (C-D). Treatment with DSM 11823 shows no
cell debris or apoptotic cells at MOI 20 (E).

hBD-1, -2 and -3 expression levels were assessed by qRT-PCR after 24 hours of challenge.
Both strains of S. aureus when co-cultivated with HSC-1 and SCL-1 significantly increased
the expression of ZBD-2 mRNA levels compared to #BD-1 and -3 in a dose-dependent manner
at MOI 2, 20 & 100, whereas HaCaT showed no or only a minor increase of both ~ZBD-2 and -
3 mRNA expression compared to #BD-1 (Figure 36). Notably, a significant increase in the
number of viable cells were observed when cSCC cells were treated with S. aureus strains
(DSM799 and DSM11823) in a dose-dependent manner as measured by flow-cytometry
(Figure 37 A) or the cck-8 assay (Figure 37 B). Of note, the growth-promoting effect leveled
off to some extent at higher MOIs. No increase in the percentage of viable cells were observed

when HaCaT cells were co-cultured with S. aureus (Figure 37 A-B) (1).
Notably, co-culture with either of the strains did not show any visible changes in cell
morphology of cutaneous SCC cells or HaCaT cells (Figure 38 & 39), necrosis and apoptosis

as measured by flow cytometry (Figure 40) (1).

To summarize, S. aureus specifically induces 2BD-2 mRNA expression in cutaneous SCC cells

and induces tumor cell growth which could hypothetically promote tumor progression.
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Figure 36. S. aureus challenge of ¢cSCC cells stimulates hBD-2 expression. hBD2 mRNA

expression measured by qPCR is dose-dependently and dominantly increased in SCC cells with

increasing MOIs of S. aureus strains DSM799 and DSM 11823 (**p<0.01, ***p< 0.005, one-

way ANOVA, Bonferroni correction). Adopted from (1).
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Figure 37. 8. aureus challenge of ¢SCC cells shows a significant increase in viable cells
(A) A significant increase in the number of viable cells was observed when SCC cells were
treated with S. aureus strains of DSM799 and DSM 11823 at MOI 2, 20 & 100 as measured by
the average number of viable cells per second using Flow cytometry (bar chart represents the
mean value of percentage of viable cells normalized to control + standard error from three
independent experiments (**p< 0.01; ***p< 0.005, one-way ANOVA; Dunnett’s multiple
comparison test) and by (B) CCK-8 assay (* p <0.05; ** p <0.01; *** p <0.005, Kruskal—
Wallis, Dunn’s multiple comparison test). HaCaT showed no increase in cell number. Adopted
from (1).
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Control MOI 2

MOI 20 MOI 100

Figure 38. Microscopic images of HSC-1 cells treated with Staphylococcus aureus strains
DSM799 (A) and DSM 11823 (B) at MOI 2, 20 & 100 for 24 hours. No significant change

in cell morphology was observed in any of the treated cells compared to untreated control.
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Control MOI 2
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Figure 39. Microscopic images of HaCaT cells treated with Staphylococcus aureus strains
DSM799 (A) and DSM 11823 (B) at MOI 2, 20 & 100 for 24 hours. No significant change

in cell morphology was observed in any of the treated cells compared to untreated control.
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Figure 40. Apoptosis and live/dead assay of SCC and HaCaT cells. HSC-1 (A, B), SCL-1
(C, D) and HaCaT (E, F) cells challenged with S. aureus DSM799 and DSM 11823 assessed by
Annexin V/7-AAD staining and flow cytometry. No significant difference in apoptotic and
necrotic cells were evident compared to controls. Bar chart representation of three independent
Annexin V/7-AAD assays showing the percentage of viable (Annexin 7-AAD-), apoptotic
(Annexin V+/7-AAD-) and dead (Annexin V+/7-AAD+) cells, respectively. Bars show the
mean £SD. *p<0.05, **p<0.01, ***p<0.001, by one-way ANOVA and post-hoc Dunnett's test.
Adopted from (1).

1.8. Human B-defensins (hBD) differentially regulate the cell proliferation of ¢SCC

cells.

hBDs are known to mediate cell proliferation of various tumor cell lines like oral and head and
neck squamous cell carcinoma.(121, 133, 190) and are also the major AMPs produced by
human skin (49, 115). hBD-2, -3 and -4 have also been implicated to stimulate epidermal
keratinocyte migration and proliferation (115). To assess whether hBDs directly induce cell
growth of SCC cells, we incubated cells with 20 pg/ml hBD-1, -2 and -3, a concentration found

on human skin (115) and monitored cell proliferation with a live-cell monitoring system

(xCelligenceTM) as well as by a standard cell counting assay (CCK-8). hBD-2 treatment
significantly increased proliferation of HSC-1 cells (normalized cell index [nci] 3.147 £+ 0.09
vs. 2.64 = 0.05 at 16 h incubation) and SCL-1 cells (nci 6.28 £+ 0.6 vs. 4.38 + 0.3), whereas
hBD-3 significantly impaired cell growth of both HSC-1 (nci 1.41 £ 0.15 vs. 2.64 £ 0.05) and
SCL-1 cells (nci2.96 £0.3 vs. 4.38 +0.3), respectively. hBD-1 showed no effect on cell growth
(Figure 41 A). A similar pattern of proliferation was observed after 24 hrs when assessed using
CCK-8 assay. HSC-1 cells treated with hBD-2 showed increased growth (0.91 + 0.02% vs.
0.76 = 0.05%) and when treated with hBD-3 showed reduced growth (0.36 = 0.02% vs. 0.76 +
0.05%) compared to controls; SCL-1 cells treated with hBD-2 also showed increased growth
(0.89 £0.02% vs. 0.77 £ 0.01%) and when treated with hBD-3 showed reduced growth (0.55
+0.03% vs. 0.77 + 0.01%) compared to controls (Figure 41 B) (1).

In summary, these data demonstrate that S. aureus particularly stimulated 2BD-2 expression in
both cutaneous SCC cell lines HSC-1 and SCL-1, which also led to increased tumor cell
growth. Such effects were not observed by infecting the non-tumorous HaCaT cell line. In

particular, hBD-2 and hBD-3 have opposing effects on SCC cell growth, wherein the former
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induces, and the latter inhibits proliferation. Since S. aureus mainly induces hBD-2 expression
in SCC cells, it is intriguing to speculate that S. aureus overabundance prevalent in SCC might

favor increased tumor cell proliferation which might impact its growth and disease progression
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Figure 41. hBD-2 expression leads to increased cell proliferation: (A) Real-time monitoring
of HSC-1 growth with the xCelligenceTM system during challenge with 20 ug/ml hBD-1, -2
and -3, respectively. A significantly increased cell proliferation indicated by the normalized
cell index during hBD-2 challenge and a significantly decreased proliferation during hBD-3
challenge was detected after 16 hrs (*p<0.05; ***p<0.005, one-way ANOVA, Turkey’s
multiple comparison test). (B) Relative (%) cell proliferation compared to controls (untreated
cells) after 16 hrs using the xCelligenceTM system (*p<0.05; ***p<0.005, one-way ANOVA,
Turkey’s multiple comparison test). (C) Increased (hBD-2) and decreased (hBD-1) cell
proliferation of HSC-1 cells treated with 20 pg/ml hBD-1, -2 and -3 for 24 hrs measured by
the CCK-8 assay (*p< 0.05, Kruskal-Wallis, Dunn’s multiple comparison test). Adopted from

().
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Part 2:

2.  Fusobacterium and F. nucleatum are increased in adenomatous polyps and

colorectal carcinoma

Another well-characterized microbial habitat is the gastrointestinal tract, which is home to
trillions of microbes. These microbiota, along with their metabolic byproducts and host
interactions, directly influence both normal physiology and disease processes. Fusobacterium
species, specifically F. nucleatum has been associated with tumorigenesis of epithelial tumors
of the GI tract (89, 96, 97). In this regard, the Fusobacterium-specific adhesin FadA has shown
to drive tumorigenesis. Quantitative real-time PCR was performed using Fusobacterium
genus-specific and Fusobacterium nucleatum specific primers. Normal colon tissue, colon
adenomatous polyps (i.e. the non-invasive precursor) and invasive colon carcinoma (CRC)
specimens served as input for qPCR. A gradual increase in the abundance of Fusobacterium
and F. nucleatum was measured from normal colon to adenoma and colorectal carcinoma.
Interestingly, a decrease in FadA levels was observed from adenoma to carcinoma suggesting
a down-regulation of this virulence factor during neoplasia progression (figure 42A). A similar
pattern of expression was observed in paired adenoma and carcinoma samples as well (figure

42 B).
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Figure 42. Fusobacterium and F. nucleatum abundance increase in polyps and colorectal
carcinoma. Quantitative real-time PCR for the detection of Fusobacterium, F. nucleatum and

FadA in A: polyps (P) and carcinoma (T) B: In a paired sample of polyp and carcinoma.
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Part 3:

Published in https://doi.org/10.3389/fmicb.2017.00180

3. Optimization of fungal DNA isolation and amplification from skin FFPE samples

We compared fungal DNA yield and amplification of skin FFPE samples extracted from
Qiagen FFPE kit with modifications. Mechanical disruption using bead-beating was added to
the extraction procedure since this step was shown to be crucial for complete lysis of microbial
cells in specimens, significantly influencing correct community representation (191, 192).
Interestingly, bead-beating significantly led to lower DNA yields (Table 7) in comparison to
extraction without bead-beating (Figure 43 A), and a significantly decreased signal-to-noise
ratio in ITS PCR, impairing efficient fungal PCR amplification (Figure 43 B). Thus,
mechanical lysis of specimens could also prevent reliable mycobiota analysis especially if low-

biomass samples like skin are used (2).

Next, in an attempt to use the most appropriate primers to retrieve much of the fungal
community present in skin FFPE samples, we used ITSIF and ITS2 R to amplify the ITS1
region and ITS3F and ITS4R to amplify the ITS2 region (193, 194). We observed increased
PCR performance using ITS2 primers in human skin FFPE sample’s DNA isolated without
bead-beating. Table 8 summarizes commonly used ITS1 and ITS2 oligonucleotide primers.

Thus, these results indicate that the choice of the DNA isolation method and the use of ideal
ITS region for fungal amplification needs to be adapted depending on the requirements of the

study (Eg: type of tissue material and site of investigation) (2).

Sample ID Diagnosis DNA (ng) with bead beating DNA (ng) without bead beating
S1 Healthy skin 22,7 43,8
S2 Keratocanthoma 14,24 67,73
S3 Healthy skin 16,54 52,07
sS4 Basal cell carcinoma 8,19 47,25
S5 Squamous cell carcinoma 3,56 157
S6 Basal cell carcinoma 72,66 151,49
S7 Healthy skin 40,16 76,67
S8 Healthy skin 37,56 63,98
S9 Healthy skin 1,2 23,14
S10 Skin diagnosed with fungal infection 18,14 57,73
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Table 7. Samples used in the study and assessment of DNA extraction protocol with and

without bead beating. Adopted from (2).

Region

ITS1

ITS2

ITS1-2incl.

5.8S rRNA
gene

Name Sequence (Forward) Name
ITS1 TCCGTAGGTGAACCTGCGG ITS2
ITS5 GGAAGTAAAAGTCGTAACAAGG ITS2
ITS1F CTTGGTCATTTAGAGGAAGTAA [TS2
ITS1-F_KYO2 TAGAGGAAGTAAAAGTCGTAA  ITS2_KYQO2
18S-F GTAAAAGTCGTAACAAGGTTTC 5.8S-1R
ITS3 GCATCGATGAAGAACGCAGC  ITs4
ITS3_KYO2 GATGAAGAACGYAGYRAA ITS4
fiITS9 GAACGCAGCRAAIIGYGA ITS4
flTS7 GTGAR TC ATC GAATC TTTG ITS4
glTS? GTGARTCATCGARTCTTTG ITS4
5.85-F GTGAATCATCGARTCTTTGAAC 28S1-R
ITS5 GGAAGTAAAAGTCGTAACAAGG [TS4
ITS1F CTTGGTCATTTAGAGGAAGTAA [ITS4-B

ITS1-F_KYO2 TAGAGGAAGTAAAAGTCGTAA

IS4

Sequence (Reverse) Length
(bp)

GCTGCGTTCTTCATCGATGC ~290
GCTGCGTTCTTCATCGATGC ~315
GCTGCGTTCTTCATCGATGC ~350
TTYRCTRCGTTCTTCATC ~300-400
GTTCAAAGAYTCGATGATTCAC ~300-400
TCCTCCGCTTATTGATATGC ~330
TCCTCCGCTTATTGATATGC ~400
TCCTCCGCTTATTGATATGC ~390
TCCTCCGCTTATTGATATGC ~340
TCCTCCGCTTATTGATATGC ~340
ATGCTTAAGTTCAGCGGGTA ~300
TCCTCCGCTTATTGATATGC ~B641
CAGGAGACTTGTACACGGTCCAG ~600
TCCTCCGCTTATTGATATGC ~700

Tm
(°C)

References

65 White et al., 1990;
Mufioz-Cadavid et al.,
2010; Schoch et al., 2012

63 White et al., 1990
51 Mello et al., 2011
47 Toju et al., 2012
*ns  Findley et al., 2013

62 White et al., 1990,
Mufioz-Cadavid et al.,
2010; Mello et al., 2011;
Flury et al., 2014

47 Toju et al., 2012

55 I|hrmark et al., 2012
57 lhrmark et al., 2012
56  |hrmark et al., 2012
ns Findley et al., 2013

58  White et al., 1990;
Munoz-Cadavid et al.,
2010; Flury et al., 2014

55 Gardes and Bruns, 1993
47 Tojuetal., 2012

*ns, not specified.

Table 8. Overview of commonly used I'TS1 and ITS2 primer pair. Adopted from (2).
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Figure 43. Fungal DNA isolation and ITS amplification (A) Significant difference in the

concentration of isolated DNA with and without bead beating (**p<0.005 by Mann Whitney

test; n=10; data are mean+SEM). (B) Significantly higher detection of fungal abundance using
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ITS2 primers from DNA isolated without bead beating, (*p< 0.05, ***p<0.005; n=10 by
Kruskal-Wallis; data are mean+SEM). Adopted from (2).
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V1. Discussion

Malignant tumors are intricate gathering of transformed cells harboring genetic aberrations
associated with non-neoplastic cells which include immune and stromal cells as well as
microbes. Notably, the development of cancer affects the normal microbiome and vice versa.
Depending on the type of microbes present, the lesion could either progress or regress to cancer.
Indeed, the homeostatic balance between host and microbiome is either disturbed or restored
and the mechanism by which this dysbiosis or eubiosis impacts progression or regression to
cancer includes pro-inflammatory or anti-inflammatory response. Skin and colon both
represent organs, which harbor considerable bacterial microbiome. Also, apart from bacteria,
fungi constitute an important part of the human microbiota. In this regard, we demonstrate 3
aspects in this thesis. Our first findings indicate that changes in the skin microbiota emerging
during carcinogenesis of epithelial skin tumors could promote tumor growth via modulation of
AMP expression. We further show in the second part, the abundance of Fusobacterium species
in adenomatous polyps and CRC in comparison to normal tissue. Finally, the third part
demonstrates an optimal method to extract DNA from skin FFPE samples and the use of ideal

ITS region for fungal amplification.

Skin being the largest organ of the human body, represents the first line of defense against
foreign microbes (33). DNA sequencing studies have aided in identification of skin disorder
associated microbes such as S. aureus with atopic dermatitis and P. acnes with acne vulgaris
(19). However, the role of skin microbiome in carcinogenesis is not well studied. Since skin
FFPE samples were used for the study, optimization of an ideal DNA isolation method was
essential to isolate maximum microbial DNA present in our skin sample entities. From our
analysis, Maxwell 16 FFPE Plus LEV DNA purification kit demonstrated to be better than the
QIAamp DNA FFPE tissue kit. Additional sequential bead-beating and enzymatic steps aided
in better isolation of microbial DNA by effective cell lysis. This process aided in better
homogenization of skin tissue samples which is difficult to lyse given their structure. Also,
since skin harbors a significant number of gram-positive bacteria, using lytic enzymes
(mutanolysin and lysostaphin) led to better isolation of microbial DNA. For eg lysostaphin, a
glycylglycine endopeptidase is known to specifically cleave the cross-linking pentaglycine
bridges in the cell wall of staphylococci (149, 195). Similarly, Mutanolysin also has lytic

activity against some species of Streptococcus and Lactobacillus (149, 196). Finally, Maxwell
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16 FFPE Plus LEV DNA purification kit being semi-automated eased the DNA isolation

procedure for a large sample set.

We next assessed the microbiota of main keratinocyte skin tumors- AK, SCC & BCC.
Histology revealed significant microbial colonization mainly in AKs and SCCs. Microbiota
profiling of these keratinocyte skin tumors showed significantly different microbial community
compositions in comparison to normal skin, and also in between tumor entities. Our analysis
showed that AK and SCC have a significantly higher microbial richness but lower evenness
and diversity as compared to BCC. These results suggest the presence of certain dominant
(driver) bacteria in AK and SCC. PCoA showed a significant difference in the microbial
community between AK and SCC compared to BCC, but no difference between AK and SCC.
Given that each entity is signified by a specific histoarchitecture (microanatomy), representing
different microbial habitats, it is reasonable to hypothesize that these specific niches might
select for a certain microbiota composition. This notion is also supported by the fact that AK,
the precursor lesion, and SCC, the advanced (invasive) tumor, represent rather similar
microbiota compositions differing from BCC. One hallmark feature of AK and SCC is hyper-
and parakeratosis, which represents abundant layered keratin on the lesional surface.
Microscopy revealed abundant microbial structures resembling cocci in regions of hyper and/or
parakeratosis. Bacterial load assessed by qPCR showed no change in AKs and SCCs compared
to normal skin but a reduction in BCC. Taxonomic analysis showed
increased Staphylococcus in AKs and SCCs and an overabundance of the species S. aureus in
SCCs as a prominent feature which was also confirmed by qPCR. However, the cause for
increased S. aureus in relation to the resident microbiota in ¢SCCs is so far not known, but the
reasons could be several. In our study, S. aureus loads as determined by qPCR and the hyper-
/parakeratosis as measured using microscopy did not significantly correlate. Viewing this from
the perspective of host-microbiota interdependence, it could be hypothesized that a changed
microbial habitat (eg: hyperkeratosis) could change the ability of certain microbes to colonize
(1). Also, other studies support the fact that hyperkeratosis does not seem to favor S. aureus
growth. For example, a study by Kullander ez al investigating the benign skin lesion seborrheic
keratosis, also characterized by hyperkeratosis, found no S. aureus overabundance (169).
Additional assessment of psoriasis samples in our study (also hyper- and parakeratotic) did not
show an overabundance of Staphylococcus aureus (Figure 24). Notably, current knowledge
suggests that psoriasis is dominated by bacterial taxa like Streptococcus, Corynebacterium or

the fungi Malassezia and Candida (197-202) but the association of S. aureus with psoriasis is
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not clear so far (203). Also, other factors such as tumor-specific metabolites could play an
important role in promoting colonization with S. aureus. Interestingly the skin of
immunocompetent individuals is typically not infected with S. aureus unless the barrier is
injured or broken (204). Thus, the ulcerating nature of SCC might also favor S. aureus
colonization. Importantly, S. aureus was also found in the infiltrative neoplastic epithelium in
SCCs, which could be of pertinence to the progression of the disease. Drawing parallels to
what is known with F. nucleatum and colorectal cancer, its shown that F. nucleatum migrate
with invasive and metastatic tumor tissue, in turn having a direct influence on cancer cell
proliferation and growth (205). Lastly, S. aureus growth could also be influenced by the
changed metabolism of neoplastic cells. Both AKs and SCCs are known to have impaired
production of sebum (206) which could inhibit commensals like Propionibacterium
(dependent on lipids derived from sebum), in turn opening niches for proliferation of S. aureus
(16, 207). Another skin commensal, which is a known competitor of S. aureus is S. epidermidis.
Notably, we found that abundance of S. epidermidis as measured by qPCR was reduced in
tumors in comparison to normal skin, supporting the notion that increased pathogenic S. aureus
colonization might lead to decreased commensal abundance. Also, S. epidermidis was recently

shown to protect against skin cancer (1, 10, 17, 48).

Approximately 15 % of the human cancers are attributed to infectious sources (208) wherein
the concomitant type and the severity of inflammation is often a predictor of tumor progression
(209). Consequently, certain microbiome-types likely show a stronger capacity to drive
tumorigenesis. One such example is Helicobacter pyroli inducing chronic gastritis and stomach
cancer (210). Staphylococcus aureus is an important human pathogen which is known to be
responsible for a vast majority of bacterial skin infections in humans (49). It is known to be
associated with flares of atopic dermatitis (43, 46) and could also be often isolated from chronic
wounds and burn scars (211). However, S. aureus is also known to asymptomatically colonize
30% of the healthy individuals but it is generally considered pathogenic if present on the skin
and is known to drive inflammation (46, 56, 117). We, therefore, graded the level of
inflammation in our keratinocyte skin tumor samples and assessed whether the microbial
community types are different. Higher inflammation levels significantly correlated with
increased species richness, a different microbial community type and increased abundance of
Staphylococcus in only AK but not in SCC or BCC, suggesting the involvement of
Staphylococcus in skin tumor development. We also observed increased abundance of S.

aureus correlating with higher inflammation levels in AK. Interestingly, the common skin
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commensal S. epidermidis is known to dampen inflammation (212) and enhances the
expression of the AMPs in keratinocytes to increase skin defense against infection (213), which

correlates to less or no detection of S. epidermidis in our tumor entities.

Keratinocytes actively participate in the innate immune response of the skin by the production
of various cytokines, chemokines and AMPs. AMPs are important in skin defense mechanisms
and act against a broad spectrum of microbes (214). They are also known to be involved in
tumor development and their altered expression in keratinocyte tumors are extensively studied
(118, 141, 186, 189). The association of hBDs and S. aureus in each of the skin disorders are
different indicating no general mechanism of this association. For example, in purulent skin
infections, S. aureus severity is known to be associated with induction of hBD-3 but not hBD-
2(214); in chronic venous ulcer, a significant induction of hBD-2 and psoriasin was observed
but no significant association between bacterial colonization and AMP expression were
observed (215); several studies in AD have shown increased as well as impaired hBD
expression depending on the severity of infection and inflammation (216). Also, specific
Staphylococcal enterotoxin A producing S. aureus strain isolated from AD induced
upregulation of hBD-2 expression in HaCaT which could result in the induction of persistent
eczematous skin lesion indicating strain-specific effects (217). Contrasting to these findings,
nasal carriers of S. aureus showed a down regulation of hBD-2 and -3 retaining an advantage
of epithelial colonization and infection (218). It has been shown that infection of human
primary epidermal keratinocytes or HaCaT with S. aureus leads to upregulation of hBD-2,
hBD-3 and RNase 7 (118, 186). However, the differentiation state of the keratinocyte is a major
factor contributing to the expression pattern of hBDs (74). In particular, hBD-2 and the
constitutively expressed hBD-1 exerts only weak activity against S. aureus unlike hBD-3 and
RNase7 which are highly active against S. aureus (187). Importantly, S. aureus seem to have
developed strategies to repress AMP action. For example, IsdA (surface protein iron surface
determinant A) of S. aureus is known to decrease bacterial cellular hydrophobicity making the

bacteria resistant against hBD-2 (1, 219).

Interestingly, studies show that skin keratinocytes discriminate the commensal S. epidermidis
from pathogenic S. aureus by differentially inducing AMPs and activating distinct signaling
pathways which in turn induce an adaptive and innate immune response accordingly (74). Also,
both the mechanisms induced by commensal and pathogen are known to act in a synergetic

manner to amplify the immune response in human skin (74). Of note, hBD-3 is known to be
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highly active against S. aureus (187) and, according to our study, exerts a suppressive growth
of the cSCC cells. Also, S. epidermidis is known to inhibit both nares colonization and biofilm
formation by S. aureus (220) (213). Further, S. aureus colonization has shown to reduce the
abundance of S. epidermidis. Hence, from our findings, it could be claimed that due to high
abundance of S. aureus colonization in our tumor entities AK & SCC, S. epidermidis
abundance is inhibited which in turn explains the low or nil induction of hBD-3 expression

when challenged with S. aureus.

Our experiments investigating SCC cells originating from cutaneous tumor were reported for
the first time to the best of our knowledge. We noted significant induction of only hBD-2 after
S. aureus challenge, whereas hBD-1 and hBD-3 were not induced. Interestingly, hBDs are
known to be involved in neoplasia progression (221). Several studies have reported
dysregulation of hBDs in various cancers cells like oral, esophageal, kidney, liver and others
(221). Depending on the anatomical locations and cancer type, hBDs seem to be differentially
regulated (221). Hence, the induction of just hBD-2 in cSCC after S. aureus challenge that we
observed seems to be specific to keratinocyte skin cancer cells. Also, each AMP affects the
growth promotion and migratory behavior of keratinocytes which seem to be largely dependent
on the origin of the cell (221). For example, hBD-1 has shown to inhibit migration and
proliferation of oral, prostrate, renal and bladder tumor cells (222-224) whereas hBD-2 has
shown to inhibit the proliferation of oral cancer cells and promote the proliferation of
esophageal, lung and cervical cancer cells (134, 135, 190, 225). Meanwhile, hBD-3 promoted
the proliferation and migration of cervical cancer cells and inhibited colon cancer cell
migration (226, 227). Therefore, it has been claimed that a specific B-defensin may promote or
inhibit cancer cell proliferation/migration depending on the origin of the cancer cell, and the
consequence is known to be associated with whether the defensin is increased or decreased in

the tumor from which the cells originate (1, 221).

In our study, only hBD-2 challenge promoted an increased cSCC cell proliferation, suggesting
a self-perpetuating circulus-vitiosus for S. aureus and keratinocyte skin cancer. In contrast,
hBD-3, which was not induced by S. aureus challenge, had an inhibitory effect on the cSCC
cells suggesting that a change in the expression pattern of hBD-2 and hBD-3 in cutaneous SCC
might be the basis of growth promotion induced by S. aureus colonization. However, none of
these effects were seen in non-tumorous keratinocytes i.e., HaCaT. Notably, differential

expression of AMPs in our tumor tissue samples such as increased hBD-3 mRNA expression
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in AK and SCC as measured by qPCR but no significant increase of hBD-3 mRNA in ¢SCC
cells when treated by S. aureus could also be attributed to other factors like UV which are

known to modulate skin AMPs vastly (228).

Another important factor for consideration is the microbiota composition of the skin that varies
greatly from oral or GI mucosa, implying that the cutaneous and mucosal development of SCC
and involvement of resident microbiota might differ greatly (229). For example, oropharyngeal
mucosa is colonized by a completely different microbiota than the skin and also tumors arising
at this site are primarily caused by smoking and HPV, thus representing a differing SCC
etiology compared to human skin. Interestingly, in a non-neoplastic disease like atopic
dermatitis, induction of skin keratinocyte proliferation by S. aureus was recently shown (48).
A lowered hBD-2, -3 and LL-37 expression in AD which are driven by skewed cytokine
signaling appear to influence S. aureus colonization (230-232). Other factors like the severity
of inflammation and infection in AD also influence AMP expression levels (216). Therefore,
molecular factors of S. awreus which are involved in driving skin pathogenesis and

tumorigenesis depends on the context and would need to be elucidated by further research (1).

In summary, these results show an increased Staphylococcus aureus abundance in AK and
SCC, dominating the hyperkeratotic region, significantly inducing hBD-2 expression which in
turn leads to hyperproliferation of squamous epithelia. These results are specific to cSCC as is
observed in two ¢SCC cell lines with two different strains of S. aureus. Collectively, this
knowledge might aid in the development of biotherapeutics for out-competition of skin
pathogens such as S. aureus. Since S. aureus is also genetically diverse and expresses a varying
repertoire of virulence factors, it could be that only certain strains of S. aureus are involved in
SCC pathogenesis. Therefore, cultivation studies enabling genomic investigations of S. aureus
strains derived from AK and SCC samples are important for future research aims. Such
knowledge might also allow the development of (bacterial) biomarkers for risk assessment of

AK to SCC progression (1).

Colorectal carcinoma (CRC) similar to ¢SCC, is also a malignant tumor known to develop
from specific precursor lesions, i.e. adenomatous polyp. Kostic et al (2012) characterized the
microbial composition of CRC and found that Fusobacterium nucleatum was enriched in
carcinomas (89). Later McCoy et al (2013) showed that the Fusobacterium is enriched in

adenomas in comparison to normal tissues (97). We validated these results and observed a
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subsequent increase in the abundance of Fusobacterium and F. nucleatum in adenoma and
carcinoma in comparison to healthy tissue and also from polyp to carcinoma in paired samples.
A decrease in the adhesion molecule FadA from adenoma to carcinoma which is required by
the F. nucleatum for attachment and invasion into epithelial cells was observed suggesting a
downregulation in the advanced entity. Multiple potential mechanisms have been studied so
far by which F. nucleatum promotes CRC. Interestingly, Fusobacterium overabundance is also
positively correlated with IBD (102). IBD 1is associated with an increased risk for the
development of CRC. Hence, it would be noteworthy to explore the link between the role of

Fusobacterium spp. in colorectal carcinoma pathogenesis and its associated IBD cases.

Lastly, we also addressed some of the critical issues in mycobiota analysis in our study. Fungi
are prevalent in all microbial colonized body sites such as skin, gastrointestinal, respiratory
and genital tract (2). Fungal cell abundance varies from <0.1% of microorganisms in the GI
tract to up to 10% on the skin, depending on the habitat (31). However, microbiota
investigations have mainly focused on bacteria and measures to culture and characterize fungi
are not well established. A variety of clinical specimens like whole blood, plasma, serum, fresh
tissues, biopsies, cells in culture, and paraffin-embedded tissue specimens are used for
detection and identification of fungal pathogens. A number of methods and kits are available
for isolation and purification of fungal DNA (12) (233-236) though they all follow similar basic
processes. However, formalin-fixed paraffin-embedded (FFPE) specimens represent an
important source of archived and morphologically defined material when fresh clinical tissue
is unavailable or difficult to obtain (237, 238). Nucleic acid isolation from FFPE tissues are
known to be quite challenging in comparison to fresh tissue. This could be due to cross-linking
of biomolecules, fragmentation of nucleic acids and also the period from the time of fixation.
Many other factors, such as the pH value of the fixative, storage conditions, and particularly
the extraction methodology, are known to influence the obtained nucleic acid quality greatly
(238, 239). Also, the isolated DNA may contain remnants of substances that might inhibit the
amplification reaction and chemicals such as formalin may inhibit the proteinase K used in
DNA extraction (194, 240). In short, obtaining high-quality fungal DNA from FFPE is
difficult, as only minimal quantities of intact DNA may be present in the sample (194).
Therefore, finding the most suitable method of nucleic acid isolation from clinical samples,
especially from FFPE yielding maximum coverage of the fungi present is an indispensable
factor. Several protocols and kits have been described for isolation and purification of fungal

nucleic acids from environmental samples and FFPE so far. The protocol generally involves
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mechanical tissue disruption, enzymatic cell membrane lysis; especially addition of lyticase to
break down the rigid fungi cell wall followed by column or automated isolation (233, 241). A
total of 69 commercially available kits are known to be reported for manual and automated
extraction of nucleic acids from FFPE material (238). However, Cadavid et al., 2010 have
shown that two kits- TaKaRa (Takara Bio Inc, Shiga, Japan) and QiaAmp kit (Qiagen,
Chatsworth, CA) to be efficient in fungal DNA isolation from FFPE with slight modifications
from the suggested kit’s protocol (194). In our study, we used the Qiagen FFPE kit with
modifications suggested by Cadavid et al., 2010, both with and without bead beating.
Interestingly, we observed that bead-beating significantly lead to lower DNA yields and a
significantly decreased signal-to-noise ratio in ITS PCR, impairing efficient fungal PCR
amplification. Though, we observed from our studies on skin FFPE samples that using bead
beating in the isolation procedure led to a reduction in fungal detection, other factors such as
the fungal abundance, type of sample and difference in the body site such as skin, lung, gut,
scalp etc influence detection to a great extent. Therefore, it is important to take into account

the above factors while choosing the right method for isolation (2).

Once the DNA is extracted, in order to amplify the fungal DNA, a multitude of primers have
been designed so far (233). The internal transcribed region (ITS) was proposed as the formal
barcode for fungal detection (233, 242). ITS1 and 2 regions of fungal ribosomal DNA are
highly variable sequences and can be used to distinguish fungal species by PCR analysis (243).
In general, ITS primers make use of the conserved regions, 18S, 5.8S, and 28S, of the rRNA
gene to amplify the non-coding but transcribed regions between them (193). However, unlike
for bacterial detection where 16S V1-V2 or V4 regions are known to be the most ideal marker
with primers retrieving as many bacteria as possible, the primers available for fungal detection
lack maximum coverage. In an attempt to use the most appropriate primers to retrieve much of
the fungal community present in our FFPE sample sets, we used ITS1F and ITS2 R to amplify
the ITS1 region and ITS3F and ITS4R to amplify the ITS2 region (193, 194). Two important
factors that we considered while choosing primers for our study were the length of the
amplified fragment (<300bp for qPCR) and to retrieve as many fungi as possible. Most of the
literature known so far, claims that ITS2 region is better compared to ITS1 for fungal detection
in FFPE samples (194, 244). We also observed increased PCR performance using ITS2 primers
and human skin FFPE samples (Figure 41 B). However, other reports obtained similar

amplification rates with ITS1 and ITS2 oligonucleotides(233, 245-247).
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Also, though we observed increased PCR performance using the ITS2 primers for skin FFPE
samples, several other reports have obtained similar amplification rates using both ITS1 and
ITS2 primers but for different tissue material or from other body sites (233, 245, 246). Hence,
it is important to take into account the type of tissue material available and the body site for
fungal abundance, before finalizing on the method for DNA isolation and the ITS PCR
amplification (2).

VII. Conclusions

1. Our study demonstrates the involvement of S. aureus in cutaneous neoplasia
development and progression. Neoplastic transformation (e.g., via UV) leads to an altered
microbial habitat (e.g., via increased keratin production leading to hyperkeratosis). This favors
protumorigenic microbiota, specifically high loads of S. aureus, which modulates the
expression of hBDs. Induced hBD-2 confers a protumorigenic growth stimulus on tumor cells,
thereby promoting tumor growth (1). Analyzing the contribution of the skin microbiota to
tumorigenesis will aid in better understanding of the complex interplay between the tumor
microenvironment and tumor cells. This knowledge might open new avenues for innovative
therapies modulating the microbiota in UV-damaged skin, thus counteracting SCC

development and progression.
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Healthy skin

2. F. nucleatum is strongly associated with CRC progression from adenomatous polyps.

3. Fungal DNA isolation method and the ideal ITS region for detection of fungal
abundance needs to be adapted depending on the needs of the study and also on the

basis of the type of material, source and body site.

Taken together, establishing the contribution of microbiota to carcinogenesis will provide
novel means for diagnostic and therapeutic interventions. Also, recognition of specific bacteria
and fungi and the mechanisms by which they promote or regress carcinogenesis is necessary

to advance specific therapeutic interventions.
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IX. Appendix

Appendix 1. Human skin samples used in this study

samplelD  Age Sex

76 Male
2 68 Male
3 74 Male
4 60 Male
5 60 Male
6 74 Male
7 n Male
8 60 Female
9 86 Female
10 67 Female
11 73 Male
12 94 Female
13 n Female
14 75 Male
15 75 Male
16 n Male
17 90 Female
18 90 Female
19 75 Female
20 7 Female
2 75 Female
2 82 Male
23 48 Male
2% n Female
25 75 Male
26 87 Male
27 it Female
28 n Male
29 83 Male
30 80 Female
31 82 Female
32 i Female
3 83 Female
34 84 Male
35 83 Male
36 91 Male
37 n Male
38 n Female
39 96 Female
40 93 Female
41 88 Male
4 84 Male
43 84 Male
44 n Male
45 83 Female
46 88 Male
47 88 Male
48 82 Male
49 90 Male
50 67 Female
51 69 Female
52 62 Female
53 82 Female
54 80 Male
55 81 Male
56 70 Male
57 81 Male
58 58 Male
59 47 Female
60 83 Female
61 60 Male
62 n Male
63 83 Female
64 83 Female
65 7 Male
66 44 Male
67 n Female
68 kel Male
69 88 Male
70 86 Male
s 54 Female
n 60 Female
73 60 Female
74 46 Female
7 52 Female
76 63 Male
m 2 Female
78 2 Female
iEl 58 Female
80 48 Female
81 78 Female
82 57 Female
8 2 Female
84 62 Female
85 41 Female
86 38 Female
87 71 Female
88 31 Female

Condition

AK
AK
AK
AK
AK
AK
AK
AK
AK
AK
AK
AK
AK
AK
AK
AK
AK
AK
AK
AK
AK
AK
AK
AK
AK
scc
scc
scc
scc
scc
scc
scc
scc
scc
scc
scc
scc
scc
scc
scc
scc
scc
scc
scc
scc
scc
scc
BCC
BCC
BCC
BCC
BCC
BCC
BCC
BCC
BCC
BCC
BCC
BCC
BCC

NS

NS (adjacent to
NS

NS (adjacent to

sample 44)

sample 45)

sample 47)

Tumor region
Head
Ear
Cheek
Nose
Head
Upperarm
Ear
Nose
Upperlip
Jaw
Eye
Head
Preauricular
Nose
Temple
Neck
Cheek
Cheek
Eyebrow
Cheek
Nose
Parietal
Scalp
Cheek
Ear
Ear
Cheek
Forehead
Temple
Jaw
Hand
Hand
Behind ear
Wrist
Upper arm
Head
Under the eye
Forehead
Cheek
Nose
Scalp
Cheek
Forehead
Scalp
Scalp
Scalp
Ear
Head
Shoulder
Cheek
Eyebrow
Nose
Cheek
Ear
Cheek
Forehead
Neck
Shoulder
Shoulder
Temple
Forehead
Scalp
Cheek
Scalp
Scalp
Neck
Forehead
Forehead
Ear
Cheek
Chest
Chest
Chest
Chest
Chest

Chin
Spine
Nose
Chest
Ear
Elbow
Foot
Foot
Back
Forehead

Exact location (if available)
Frontal
Ear helix, left
Cheek left
Nose bridge middle
Parietal, middle
Left
Preauricular left
Glabella
Right
Right
Orbita, right
Frontolateral, left
Right
Tip
Right
Right
Right
Left
Left
Right
Bridge

Parietal
Left
Ear helix left
Ear heli, ight
Right
Parietal eft
Left
Angulus mandibularis, rght
Dorsum, right
Dorsum, left
Retroauricular, left
Volar, right
Right
High frontal, middle
Infraorbital, left

Left
Bridge, right
Occipital
Right
Frontal, left
Tempora, left
Parietal, left
Frontal
Ear helix, left
Temporal, right
Left
Left
Lateral,left
Glabella
Right
Retroauricular, right
Mandibular, left
Frontal
Left
Right
Frontal, left
Right
Temporal, right
Temporal, left
Reg. zygomatica, right
Temporal, left
Parietal

Left
Media,left
Lateral,right
Lateral,left
Right

Specimen type
Total excision
Punch biopsy
Total excision
Punch biopsy
Punch biopsy
Punch biopsy
Total excision
Total excision
Punch biopsy
Total excision
Punch biopsy
Punch biopsy
Total excision
Punch biopsy

Total excision/shaving

Total excision/shaving

Total excision/shaving

Total excision/shaving

Total excision/shaving

Total excision/shaving

Total excision/shaving

Total excision/shaving
Total excision
Total excision

Total excision/shaving
Total excision
Total excision
Total excision
Punch biopsy
Punch biopsy
Total excision
Total excision
Total excision
Total excision
Punch biopsy
Punch biopsy
Total excision
Total excision

Total excision/shaving
Total excision
Total excision
Total excision
Punch biopsy
Total excision
Punch biopsy
Total excision
Total excision
Total excision
Total excision
Punch biopsy
Punch biopsy
Punch biopsy
Total excision
Total excision
Punch biopsy
Total excision
Punch biopsy
Total excision
Total excision
Total excision
Total excision
Total excision
Total excision
Total excision
Total excision
Total excision
Total excision
Total excision
Total excision
Total excision
Total excision
Total excision
Total excision
Total excision
Total excision
Total excision
Total excision
Total excision
Total excision
Total excision
Total excision
Total excision
Total excision
Punch biopsy
Punch biopsy
Punch biopsy
Punch biopsy
Punch biopsy

Microbiota analysis Bacterialload (microscopy Fungalload (microscopy) AMP gPCR

X

> > x> X x> x>

> > > > x> x> x>

>3 3 x> 3 x> 3 > X > > > x> > 3 > x> > > X > X X x> X X > x>

Note: AK, aktinic keratosis; SCC, squamous cellcarcinoma; BCC, basal cel carcinoma; NS, normal sin (adjacent to tumorl; Hs, healthy skin; PS, psoriasis

3¢ 3 3 x> 3 > > 3 3 X > 3 3 > > > 3 > X > > > X > > 3 x> > 3 > X > 3 3 x> > 3 x> > 3 > > > > 3 X > > 3 > > > 3 > X > > > X > X X x> > X x X x

X

<3 3 > 3 3 > 3 3 3 3 3 3 3 > X 3 3 > X 3 3 3 > X 3 3 3 X 3 > > X X 3 > X X X % > XX % > XXX x> XX x> XX >x>x XXX >x>xx>X>x>xx>x>x>xx
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>3 3K XX X 3 X X X X 3 X X X X X X X X 3 X X X X X X X X X X
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>
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X
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=

> 3 3 > 3 3 X > 3 3 > > > 3 > X > 3 > x> > 3 3 X > > > X > 3 > X > > > > X x>

> > = x>

aphylococcus P S. aureus GPCR . epidermidis

X

3 3 > 3 3 > > X 3 > > X X 3 3 X X X > > x

x> 3 3 > x> > X X 3 > > X X % > X x>

3 3 > x> > X X x> X X < x

< > > = >

X

> 3 > 3 3 > X > > X X > >
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3¢ 3¢ > 3 3 > 3 3 > > 3 X > 3 > X > > > X X > > > X > > > X % > x X b %D XD %D XD x5 xx5xxxxxx XX XXX x

3 3¢ > x> > X 3 3 > X X X > x
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Specimen
Tumor
Tumor

paired normal colon

paired normal colon (distal resection margin)

Adenomatous polyp, Mucosa
Carcinoma, Mucosa
Adenomatous polyp, Mucosa
Adenomatous polyp, Mucosa
Carcinoma, Mucosa
Normal Mucosa
Adenomatous polyp, Mucosa
Adenomatous polyp, Mucosa
Normal Mucosa
Adenomatous polyp, Mucosa
Adenomatous polyp, Mucosa

Appendix 2. Human colon samples used in the study

Diagnosis/Grade
Adenocarcinoma; G2
Adenocarcinoma; G2
paired normal colon

paired normal colon (distal resection margin)

Adenomatous polyp
Adenocarcinoma; G2
Adenomatous polyp
Adenomatous polyp
Adenocarcinoma; G2
paired normal colon
Adenomatous polyp
Adenomatous polyp
paired normal colon

Adenomatous polyp serrated (TSA)

Adenomatous polyp serrated (TSA)
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Appendix 3. Microbiota Analysis Batch file

Batch file specifying parameters used for microbiota analyses. Parameters other than default

settings are shown in parentheses

MOTHUR (v.1.23)

assemble.paired()

screen.seqs(criteria 97; optimize: minlength maxlength)

unique.seqs()

align.seqgs(reference=silva.bacteria.fasta)

screen.seqs(maxhomop: 8; criteria: 97; optimize: start, end)
filter.segs(vertical=T, trump=.)

unique.seqs()

pre.cluster()

chimera.uchime()

remove.seqs(dups=T)

classify.seqs(template=trainset9 032012.pds.fasta, taxonomy=trainset9 032012.pds.tax,
cutoff=80)
remove.lineage(taxon=Mitochondria-Chloroplast-Archaea-Eukaryota-unknown)

deunique.seqs()

split.groups()

QIIME (v.1.8.0)

add_qiime_labels.py ()

pick de novo otus.py ()
core_diversity analyses.py (-e 42258)

LEfSe (v.1.0)
"(Kruskal-Wallis test: alpha=0.05; Wilcoxon test: alpha=0.05; LDA threshold=2.0)"

Three group comparison —one against all mode multi-class analysis
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Appendix 4. Primers used in this study

TABLE S2. Primers used in this study

Gene symbol Gene name
165 rRNA 168 ribosomal RNA

165 rRNA 165 ribosomal RNA {pan-bacterial}

165 rRNA 165 ribosomal RNA (P. acnes specific)

nue A Thermestable nuclease gene (Staphylococeus aureus specific)
GIuSE Glutamic acid-specific serine [ (Stap ICOCCUS EP
tuf Elongation factor Tu (Streptococcus specific)

1635 rRNA 165 ribosomal RNA {Staphylococcus genus)

hBD-1 Human beta defensin-1

hBD-2 Human beta defensin-2

hBD-3 Human beta defensin-3

Rnasef Ribonuclease A family member 7
hs100A7 Psoriasin

acth Human Beta actin

is specific)

AMAMAMADMAODTMIDTMAITMAIATMIODTMAON

Sequence (5'to 3') Reference
AGAGTTTGATCCTGGCTCAG Baker et al. 2003
CTGCTGCCTYCCGTA
CGGTGAATACGTTCCCGG Furet JP, et al; 2009
TACGGCTACCTTGTTACGACTT
TTTTGTGGGGTGCTCGAG Montalban-Arques A, et al., 2016
CCAACCGCCGAAACTTTC
GCGATTGATGGTGATACGGTT Brakstad O, et al; 1992; Kullander J, et al; 2009
AGCCAAGCCTTGACGAACTAAAGC
GGCAAATTTGTGGGTCAAGA Hohnadel M, et al., 2014, Byme FJ_ etal; 2014, Li W, et al; 2013
TGGCTAATGGTTTGTCACCA
GTACAGTTGCTTCAGGACGTATC Picard FJ, et al., 2004
TGGGTTGATTGAACCTGGTTTA
TGAGTGATGAAGGTCTTCGGATC Li W, et al; 2013
ATAACGCTTGCCACCTACGTATTAC
AGATGGCCTCAGGTGGTAACTTT Vordenbaumen S, etal., 2010
GGGCAGGCAGAATAGAGACATT
TGATGCCTCTTCCAGGTGTTT Vordenb&umen S, etal., 2010
GGATGACATATGGCTCCACTCTT
TCCATTATCTTCTGTTTGCTTTGC Vordenb&umen S, etal., 2010
TTCTGTAATGTGTTTATGATTCCTCCAT
GAAGACCAAGCGCAAAGC Zanger P, et al., 2009
AGCAGAAGGGGGCAGAAT
CACACATCTCACTCATCCTTCTACTCG Garreis F, et al., 2011
GTTCTCCTTCATCATCGTCAGCAG
CGTGCTGCTGACCGAGS Montalban-Arques A, et al., 2016

ACAGCCTGGATAGCAACGTAC
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Appendix 5: LEfSe analysis output

LEfSe analysis output

Taxa
k__Bacteria
k__Bacteria.p__Firmicutes
k__Bacteria.p__Firmicutes.c__Bacilli
k__Bacteria.p__Firmicutes.c__Ba, o__Bacillales
k__Bacteria.p__Firmicutes.c__Ba, o__Bacillales.f__Staphylococcaceae
k__Bacteria.p__Firmicutes.c__BacillLo__Bacillales.f__Staphylococcaceae.g__Staphylococeus
k__Bacteria.p__Actinobacteria
k__Bacteria.p__Actinobacteria.c__Actinobacteria

k__Bacteria.p__ Actir ia.c__Act ia.o__Ad etales

k__Bacteria.p__Proteobacteria

k__Bacteria.p__Actir ia.c__Act ales.f__Cory iaceae.g__ Corynebacterium
k__Bacteria.p__ Actir ia.c__Act ales.f__Cory iaceae

k__Bacteria.p__ Actir ia.c__Act ales.f__Pr jacea

k__Bacteria.p__Ac ia.c__Act ales.f__Propi E__Proj ium

k__Bacteria.p__Firmicutes.c__Bacilli.o__Lactobacillales
k__Bacteria.p__Proteobacteria.c__Betaproteobacteria

k__Bacteria.p__Bacteroidetes
k__Bacteria.p__Proteobacteria.c__Betaproteobacteria.o__Burkholderiales
k__Bacteria.p__Firmicutes.c__Ba o__Lactobacillales.f__Streptococcaceae
k__Bacteria.p__Firmicutes.c__Bacilli.o__Lactobacillales.f _Streptococcaceae.g  Streptococcus
k__Bacteria.p__ Bacteroidetes.c_ Bacteroidia.o__ Bacteroidales
k__Bacteria.p__Bacteroidetes.c__ Bacteroidia
k__Bacteria.p__Proteobacteria.c__Alphaproteobacteria

k__Bacteria.p__Bacteroidetes.c__ Bacteroidia.o__ Bacteroi .f__Bacteroi

k__Bacteria.p__ Bacteroidetes.c_ Bacteroidia.o__ Bacteroi AN .8__Bacteroides
k__Bacteria.p__ Firmicutes.c__Ba o__Bacillales.f __OtherBacillales.g__OtherBacillales
k__Bacteria.p__ Firmicutes.c__Ba o__Bacillales.f__OtherBacillales
k__Bacteria.p__Proteobacteria.c__Betaproteobacteria.o__ Burkholderiales.f _Comamonadaceae
k__Bacteria.p__ Actir ia.e_ Acti a0 Al
k__Bacteria.p__ Proteobacteria.c__Gammaproteobacteria
k__Bacteria.p__Proteobacteria.c__Betaproteobacteria.o__Burkholderiales.f__Comamonadaceae.g__unclassifiedComa
k__Bacteria.p__Protecbacteria.c__Betaproteobacteria.o__Burkholderiales.f__Oxalobacteraceae
k__Bacteria.p__Proteobacteria.c__Betaproteobacteria.o__Burkholderiales.f__Oxalobacteraceae.g__unclassifiedOxalok
k__Bacteria.p__Bacteroidetes.c__Flavobacteriia

k__Bacteria.p__Bacterocidetes.c__Flavobacteriia.o__Flavobacteriales

k__Bacteria.p__Actir ia.c__Acti ia.o__ Al ales.f__Microbacteriaceae
k__Bacteria.p__Firmicutes.c__Clostridia.o__Clostridiales

k__Bacteria.p__Firmicutes.c__Clostridia
k__Bacteria.p__Bacterocidetes.c__Flavobacteriia.o__Flavobacteriales.f___Weeksellaceae_
k__Bacteria.p__Proteobacteria.c__Gammaproteobacteria.o__Pseudomonadales
k__Bacteria.p__Proteobacteria.c__Alphapro! ia.o__Rt .f__Rhodob:
k__Bacteria.p__Proteobacteria.c__Alphaprotecbacteria.o__ Rhodobacterales
k__Bacteria.p__Actinobacteria.c__Actinobacteria.o__Actinomycetales.f__Micrococcaceae g Rothia
k__Bacteria.p__Firmicutes.c__Clostridia.o__Clostridiales.f___Tissierellaceae_
k__Bacteria.p__Proteobacteria.c__Alphaprotecbacteria.o__Rhodobacterales.f__Rhodobacteraceae.g__unclassifiedRhe
k__Bacteria.p__Bacteroidetes.c__Flavobacteriia.o__Flavobacteriales.f___Weeksellaceae_.g__Cloacibacterium
k__Bacteria.p__Proteobacteria.c__Alphaprotecbacteria.o__Rhizobiales
k__Bacteria.p__Proteobacteria.c__Betaproteobacteria.o__Burkholderiales f__Alcaligenaceae
k__Bacteria.p__Proteobacteria.c__Betaproteobacteria.o__Burkholderiales.f__Alcaligenaceae.g__Achromobacter
k__Bacteria.p__Firmicutes.c__Clostridia.o__ Clostridiales.f___Tissierellaceae__g__Anaerococcus
k__Bacteria.p__Proteobacteria.c__Alphaprotecbacteria.o__Caulobacterales.f__Caulobacteraceae
k__Bacteria.p__Proteobacteria.c__Alphaprotecbacteria.o__Caulobacterales

Bacter

ales.f__Micro

LOG
5,99979924
5,73585245
5,71495893
5,67522886
5,64718814
5,64642601
5,51188014
5,50982455

5,5097934
5,36135611
5,30838996
5,30838996
5,24181871
5,24007879
5,10584208

5,0709138
5,02126527
5,00485304
4,97094955
4,95012554
4,84209611
4,84209611
4,77924078
4,76160701
4,76160701
4,72913143
4,72913143
4,65208929
4,64409262
4,62081795
4,60159343
4,56881363
4,46234608
4,42575628
4,42575628
4,42303925
4,40615493
4,40615493
4,40055447
4,34983147
4,33802967
4,33802967
4,30752943
4,30462806
4,28158659
4,27320527
4,25235302
4,21798533
4,21782858
4,20435153
4,17674363
4,17674363

Category
BCC

scc
scc

BCC

BCC

BCC

BCC

BCC

BCC

BCC

LDA
3,578977

5,231365

5.262796
5.262042

4,663697

4,310367

4,667927

4,652343

4,241202

4,293236

4,199414

3,980711

3,997223
3,997223
3,994863

3,982351

3,958783

3,907204

P-value
0,035613158

0,044817628
0,032681595
0,032681595

0,005210471
0,039418024

0,011173608
0,010390857

0,005622787
0,006812638

0,005464178
0,014832063
0,009895668

0,009895668
0,014299395

0,014684707

0,042157105
0,002043536

Relative abundance (Mean +/- SD)
scC BCC

0.42123778 + 0.1425
0.38648949 £ 0.1405
0.38618021 + 0.1405

0.5287074 +0.1440 0.13771509 + 0.0955
0.50702865 # 0.14432 0.08181914 + 0.07601
0.500662594 + 0.14433 0.0816872 + 0.0759

0.05456506 * 0.0655
0.07302778 £ 0.0751

0.01929579 + 0.039 0.09904444 + 0.0828
0.03803732 £ 0.05521 0.08393532 + 0.0769

0.05303009  0.0646
0.04321807 + 0.05870

0.01208495 + 0.03154 0.17836248 £0.10617
0.01139704 +0.0306 0.17420746 £ 0.10519

0.02208495 + 0.0424  0.00446459 £ 0.0192  0.04009374 + 0.05441

0.00856843 + 0.026606 0.00887221 + 0.02707 0.07625743 + 0.073611
0.01353481 +0.0333  0.00344813 + 0.01692 0.03512845 + 0.05106
0.01556036 + 0.03572
0.01689918 + 0.0372

0.01689918 + 0.03720
0.01620178 + 0.03644

0.00648102 +0.02316 0.02264581 + 0.041261%
0.00397374 + 0.0181610.02509887 + 0.04338
0.00397374 +0.0181  0.02509887 + 0.0433
0.00356243 + 0.017195 0.02209157 £ 0.04076

0.01475936 + 0.0348

0.00346426 + 0.01696 0.02336292 + 0.04189

0.02155323 + 0.0419
0.01098896 + 0.0300

0.00023047 + 0.0088 0.00438879 + 0.01833
0.001187 + 0.0099 0.01771216 + 0.03658
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Appendix 5: LEfSe analysis output (continued)

k__B ia.p_ Actir . e g__Micrococcus
k__Bacteria.p__Actinobacteria.c__Actinobacteria.o__Actinomycetales.f_Microbacteriaceae.g_ Microbacterium
k__Bacteria.p__Protecbacteria.c__Alphaproteobacteria.o__Caulob ales.f__Caulot aceae.g_ L
k__Bacteria.p__Proteobacteria.c__Gammaproteobacteria.o_ Pseudomonadales.f_Pseudomonadaceae
k__Bacteria.p__Firmicutes.c__BacillLo__Lactobacillales.f__Lactobacillaceae.g__Lactobacillus
k__Bacteria.p__Firmicutes.c__ Bacill.o__Lactobacillales.f__Lactobacillaceae

k__B ia.p__Proteob ja.e__ G orot (ER
k__Bacteria.p__Firmicutes.c__ Bacill.o__Gemellales
k__Bacteria.p__Firmicutes.c__Bacill.o__Gemellales.f__Gemellaceae

k__Bacteria.p__Firmicutes.c_ Bacill.o__Gemellales.f__Gemellaceae.g__unclassifiedGemellaceas
k__Bacteria.p__Protecbacteria.c__Betaproteobacteria.o__ Burkholderiales.f__Comamonadaceae.g_ OtherComamona,
k__Bacteria.p__Protecbacteria.c__Betaproteobacteria.o__Methylophilales
k__Bacteria.p__Protecbacteria.c__Betaproteobacteria.o__Methylophilales.f__Methylophilaceae

k__ Bacteria.p_ Proteobacteria.c_ Betaproteobacteria.o_ Methylophilales.f  Methylophilaceae.g  unclassifiedMethy
k__Bacteria.p__Firmicutes.c__Bacill.o__Lactobacillales.f__Aerococcaceae

k_ Bacteria.p_ Firmicutes.c_ Bacill.o_ Lactobacillales.f Enterococcaceae
k__Bacteria.p__Firmicutes.c__Bacill.o__Lactobacillales.f__Enterococcaceae.g_ Enterococcus

k__ Bacteria.p_ Proteobacteria.c_ Gammaproteobacteria.o_ Enterobacteriales.f  Enterobacteriaceae

k__B ia.p__Pro jae_ G orot ia.o__Enterobacteriales

k__ Bacteria.p_ Proteobacteria.c_ Gammaproteobacteria.o_ Enterobacteriales.f  Enterobacteriaceae.g  unclassified
k__Bacteria.p__Protecbacteria.c__Betaproteobacteria.o_ Burkholderiales.f__Oxalobacteraceae.g_ lanthinobacteriun
k__ Bacteria.p_ Proteobacteria.c_ Gammaproteobacteria.o_ Pseudomonadales.f  Moraxellaceae
k__Bacteria.p__Protecbacteria.c__Deltaprotecbacteria

k_ Bacteria.p_ Proteobacteria.c_ Deltaprotecbacteria.o_ Myxococcales
k__Bacteria.p__Protecbacteria.c__Deltaproteobacteria.o__ Myxococcales.f__0315_6G20
k__Bacteria.p__Proteobacteria.c__Deltaproteobacteria.o__Myxococcales.f__0319_6G20.g__unclassified0319_6G20
k__Bacteria.p__Bacteroidetes.c__Bacteroidia.o__Bacteroidales.f__Prevotellaceae
k__Bacteria.p__Bacteroidetes.c__Bacteroidia.o__Bacteroidales.f__Prevotellaceae.g_ Prevotella
k__Bacteria.p__Firmicutes.c__Bacill.o__Lactobacillales.f__Carnobacteriaceae

k__Bacteria.p__Firmicutes.c__ Bacill.o__Lactobacillales.f__Carnobacteriaceae.g__Granulicatella
k__Bacteria.p__Protecbacteria.c__Gammaproteobacteria.o__ Pseudomonadales.f__Moraxellaceae.g__Enhydrobacter
k__Bacteria.p__Actinobacteria.c__Actinobacteria.o__Actinomycetales.f__Microbacteriaceae.g__CandidatusAguiluna
k__Bacteria.p__Fusobacteria

k__Bacteria.p__Fusobacteria.c__Fusobacterila

k__Bacteria.p__Fusobacteria.c__Fusobacteriia.o__Fusobacteriales
k__Bacteria.p__Proteobacteria.c__Alphaproteobacteria.o__Rhizobiales.f__Brucellaceae
k__Bacteria.p__Protecbacteria.c__Alphaproteobacteria.o__Rhizobiales.f__Brucellaceae.g__Ochrobactrum
k__Bacteria.p__Firmicutes.c_ Bacilli.o__Lactobacillales.f__Streptococcaceae.g_ Lactococcus
k__Bacteria.p__Actinobacteria.c__Actinobacteria.o__Actinomycetales.f__Micrococcaceae.g__unclassifiedMicrococcac
k__Bacteria.p__Actinobacteria.c__Actinobacteria.o__Actinomycetales.f__Actinomycetaceae
k__Bacteria.p__Protecbacteria.c__Gammaproteobacteria.o__Xanthomonadales
k__Bacteria.p__Protecbacteria.c__Gammaproteobacteria.o__Xanthomonadales f__ Xanthomonadaceae
k__Bacteria.p__Protecbacteria.c__Alphaproteobacteria.o__Rickettsiales
k__Bacteria.p__Protecbacteria.c__Alphaproteobacteria.o__Sphingomonadales
k__Bacteria.p__Protecbacteria.c__Alphaproteobacteria.o__Rickettsiales.f__unclassifiedRickettsiales
k__Bacteria.p__Proteobacteria.c__Alphaproteobacteria.o__Rickettsiales f__unclassifiedRickettsiales g unclassifiedRic
k__Bacteria.p__Protecbacteria.c__Betaprotecbacteria.o__Neisseriales.f__Meisseriaceae
k__Bacteria.p__Proteobacteria.c__Betaproteobacteria.o__Neisseriales

k__Bacteria.p__Firmicutes.c_ Bacill.o__Lactobacillales.f__Aerococcaceae.g_ Alkalibacterium
k__Bacteria.p__Cyanobacteria

k__Bacteria.p__Firmicutes.c_ Clostridia.o__Clostridiales.f___Tissierellaceae_g__ Finegoldia
k__Bacteria.p__Protecbacteria.c__Alphaproteobacteria.o__Sphingo dales.f__Sphi ¥ d.
k__Bacteria.p__Proteobacteria.c__Alphaproteobacteria.o__Rhizobiales.f__Rhizobiaceae
k__Bacteria.p__Proteobacteria.c__Alphaproteobacteria.o__Rhizobiales.f__Rhizobiaceae.g_ Agrobacterium
k__Bacteria.p__Actinobacteria.c__Actinobacteria.o__Actinomycetales.f__Microbacteriaceae.g_ Cryocola

ja.e__Actinob ia.o__Acti ales.f

aul,

f__Pseudomonadaceae.g_ Pseudome

4,1425893
4,14025387
4,13520198
4,13414493
4,108176
4,108176
4,10474504
4,08321043
4,0832001
4,07779304
4,0431042
4,02356445
4,02356445
4,01617188
4,01485034
4,00828645
3,99323307
3,97957451
3,97957451
3,95439629
3,93719408
3,9333045
3,91717908
3,91717908
3,9123919
3,9123919
3,8957432
3,8957432
3,88513047
3,87820179
3,83960511
3,82757892
3,82707067
3,82707067
3,82707067
3,81924303
3,81924303
3,81575646
3,80715066
3,76338751
3,76032106
3,75664644
3,7473058
3,73900031
3,73662601
3,73662601
3,73387181
3,73387181
3,72700098
3,71064749
3,71001306
3,70572218
3,68528676
3,68473521
3,63819712

BCC

BCC
BCC

BCC
BCC

BCC
BCC

AR

3,728644

3,522511
3,522511

3,390818
3,391596

3,312422
3.312422

3,297696

0,000612458 0.00333466 + 0.01664 0.00020252 + 0.00817€0.01250447 + 0.03130

0,042453557 0.0048963 + 0.020150 0.00272906 + 0.015055 0.00783559 + 0.02446
0,042453557 0.0048963 + 0.020150 0.00272506 + 0.015055 0.00783959 + 0.024460

0,019510368 0.00165419 +0.01173  0.00125573 +0.01023% 0.00425169 + 0.018046
0,019428573 0.00165038 £+ 0.01171 0.00123752 +0.01014 0.00425169 + 0.0180461

0.00125686 +0.01022 |0.0068657 +0.02290
0.00125686 +0.010227 0.0068657 + 0.022502

0,036547513 0.0022 = 0.01352
0,036547513 0.0022 £ 0.013525

0,007058176 0.00414824 +0.018554 0.00020171 +0.0040950.00337229 + 0.01607
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Appendix 5: LEfSe analysis output (continued)

k__Bacteria.p__ Firmicutes.c_ Bacilli.o__ Bacillales.f __ Bacillaceae
k__Bacteria.p__Cyanobacteria.c__4C0d_2

k__Bacteria.p__Cyanobacteria.c__4C0d_2.0__MLE1_12.f _unclassifiedMLE1_12
k__Bacteria.p__Cyanobacteria.c__4C0d_2.0__ MLE1_12

k__Bacteria.p__Cyanobacteria.c__4C0d_2.o0__ MLE1_12.f__unclassifiedMLE1_12.p_ unclassified MLE1_12
k__ Bacteria.p__Fuscbacteria.c__ Fusobacteriia.o__Fusob s.f__Fus i
k__Bacteria.p__Fusobacteria.c__Fusobacteriia.o__Fusobacteriales.f__Fusobacteriaceae.g__Fusobacterium
k__Bacteria.p__Bac i c__Sphi
k__| ia.p__Bac i c__Sphi i
k__Bacteria.p__Firmicutes.c__Bacilli.o__Bacillales.f__Bacillaceae.g__Bacillus
k__ B i ia.c_ Actinob ia.o_ Actinomycetales.f  Nocardioidaceae
k__Bacteria.p__Actinobacteria.c__Actinobacteria.o__Actinomycetales.f__Sporichthyaceae
k__Bacteria.p__Actinobacteria.c__Actinobacteria.o__Actinomycetales.f__Sporichthyaceae g__unclassifiedSporichthyas
k__Bacteria.p__Proteobacteria.c__| ia.o__Xanthomor .f__Xanthomonadaceae.g__Stenotropl
k__| ia.p__Actir iae__Act] ia.o__Actinomycetales.f__unclassifisdActinamycetales
k__Bacteria.p__Actinobacteria.c__Actinobacteria.o__Actinomycetales.f__unclassifiedActinomycetales.g__unclassified?
k__Bacteria.p__Proteobacteria.c__Alphaproteobacteria.o__Rhodospirillales
k__Bacteria.p__Firmicutes.c__Clostridia.o__ Clestridiales.f__Veillonellaceae
k__Bacteria.p__Firmicutes.c__Bacilli.o__Bacillales.f___Exiguobacteraceas_

k__Bacteria.p__ Firmicutes.c_ Bacilli.c_ Bacillales.f __ Exiguobacteraceae .g  Exiguobacterium
k__Bacteria.p__Fusobacteria.c__Fusobacteriia.o__Fusobacteriales.f__Leptotrichiaceae.g__Leptotrichia

ial

.0 hi iale:

k__Bacteria.p__Fusobacteria.c__Fusobacteriia.o__Fusobacteriales.f__Leptotrichiaceae
k__Bacteria.p__Bacteroidetes.c___Saprospirae_.o___Saprospi _.f__Chitinop/
k__Bacteria.p__Bacteroidetes.c___Saprospirae_.o___ Saprospirales_

k__ B ia.p_ Bacteroid .£__ Saprospirae_

k__Bacteria.p__Firmicutes.c__Bacilli.o__Lactobacillales.f__Aerococcaceae.g__Facklamia
k__Bacteria.p__Actinobacteria.c__Actinobacteria.o__Actinomycetales.f__Nocardioidaceae.g__unclassifiedMocardioida
k__| ia.p__Actir ia.e__Acti ia.o__Actinomycetales.f__Actinomycetaceae.g__ Actinomyces
k__Bacteria.p__Proteobacteria.c__Alphaproteocbacteria.o__Rhi i 1 i

k__Bacteria.p__ Proteobacteria.c__Alphaprotecbacteria.o_ Rhizobiales.f  unclassifiedRhizobiales.g_unclassifiedRhize
k__Bacteria.p__Actinobacteria.c__Actinobacteria.o__Actinomycetales.f__Actinomycetaceae.g__Trueperella
k__Bacteria.p__Proteobacteria.c__Betaproteobacteria.o__Neisseriales.f__Neisseriaceae.g__Neisseria
k__Bacteria.p__Bacteroidetes.c__Flavobacteriia.o__Flavobacteriales.f___ ae_.g__uncl d_!
k__Bacteria.p__ Firmicutes.c_ Bacilli.o__ L b £ Aerococcus

illales.f__Aeroco

k__Bacteria.p__Proteobacteria.c__Alphaprotecbacteria.o__Rhizobiales.f__Methylobacteriaceae
k__Bacteria.p__Proteobacteria.c__Alphaproteobacteria.o__Rhodospirillales.f__Rhodospirillaceae
k__Bacteria.p__Proteobacteria.c__| D iao_|
k__Bacteria.p__Proteobacteria.c__| p iao_ | .f__Pasteur

gt hilus

k__Bacteria.p__ Proteobacteria.c__| iao_ P llales.f__Pasteur
k__Bacteria.p__Bacteroidetes.c__Bacteroidia.o__Bacteroidales.f__OtherBacteroidales.g__OtherBacteroidales
k__Bacteria.p__Bacteroidetes.c__Bacteroidia.o__Bacteroidales.f__OtherBacteroidales
k__Bacteria.p__Bacteroidetes.c___Saprospirae_.o___Saprospi _.f__Chitinop/ - inibacterium
k__Bacteria.p__Bacteroidetes.c__Flavobacteriia.o__Flavobacteriales.f___Weeksellaceae_.g__Chryseabacterium

k__ Bacteria.p__ Firmicutes.c_ Clostridia.o__ Clostridiales.f_ Veillonellaceae.g_ Veillonella
k__Bacteria.p__Firmicutes.c__Clostridia.o__Clostridiales.f__Ruminococcaceae
k__Bacteria.p__Proteobacteria.c__Alphaprotecbacteria.o__Rhodospirillales.f__Acetobacteraceae
k__Bacteria.p__Proteobacteria.c__Betaproteabacteria.o__ Burkhaolderiales.f__Burkholderiaceas

k__Bacteria.p__ Proteobacteria.c__| b iao_ P i lales.f _ Moraxell g Aci b
k__Bacteria.p__Firmicutes.c__Clostridia.o__Clostridiales.f__Ruminococcaceae.g__Ethanoligenens
k__Bacteria.p__Bacteroidetes.c__Bacteroidia.o__Bacteroidales.f__Porphyromonadaceae
k__Bacteria.p__Firmicutes.c__Bacilli. illales.f__Asroco .&__Alloiococcus

k__| ia.p__Bacters £__Sp ila.o__Sph iales.f__1 i ( g__unclas
k__ B ia.p_ Bacteroid c_ Sphi b ila.o_ Sphi b iales.f__unclassifiedSphingobacteriales
k__Bacteria.p__Actinobacteria.c__Actinobacteria.o__Actinomycetales.f__Micrococcaceae.g__Kocuria
k__Bacteria.p___Thermi_

k__Bacteria.p___Thermi_.c__Deinococei
k__Bacteria.p__Proteobacteria.c__Alphaproteobacteria.o__Rhodospirillales.f__Rhodospir g_u od,
k__Bacteria.p__ Bacteroidetes.c_ Bacteroidia.o__ Bacteroidales.f Porphyromonadaceae.g  Porphyromonas
k__Bacteria.p__Bacteroid c__Cy hagia.o__C f__Cytophagaceae
k__Bacteria.p__Bacteroidetes.c__Cytophagia

3,63285436
3,62502424
3,62502424
3,62502424
3,62502424
3,59489881
3,59489881

3,5900082

3,5900082
3,58693146
3,58095826
3,57422394
3,57422394
3,57259789
3,57169725
3,57169725
3,55729808
3,55617042
3,55477009
3,55477009
3,54812235
3,54812235
3,53130131
3,53130131
3,53130131
3,52953118
3,52034102

3,5181185

3,5162718

3,5162718
3,50660013
3,49403811
3,46746397
3,45098928
3,44414616
3,44334184
3,44234154
3,44234154

3,4416669
3,43257644
3,43257644
3,42686011
3,42312527
3,41929169
3,41302627
3,40505259
3,37438791
3,36608002
3,34731078
3,32983368
3,32552268
3,32547168
3,32547168

3,3229957
3,30791194
3,30791194
3,30640026

3,2961461
3,28961447
3,28961447

AK

BCC

BCC

3,106559 0,046295316 0.00332895 + 0.016627 0.00106248 + 0.00943 0.00357266 + 0.01654

3,213652  0,040045006 0.00171856 + 0.01195 0.00016123 + 0.003665 0.0027085 + 0.01441

3,149524 0009123855 0.00130187 + 0.01040 0.000072373 + 0.00245 0.00273779 £ 0.014452
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