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Abstract

Background: Atopic eczema (AE) is an inflammatory skin disorder affecting approximately
20% of children worldwide, with early onset leading to later development of asthma and
allergies. Genetic and environmental factors have been shown to contribute to the development
of AE. On a micro-environmental level, the skin pH is increased in AE, micro-wounds - caused
by scratching - change the availability of oxygen within the skin, and there is an overgrowth of
S. aureus in AE. Currently, a large proportion of research focuses on how the microbiome
changes in AE and how S. aureus impacts the immune system in AE. Although the skin is a
multi-layered organ, microbiome studies often focus on the skin's surface and do not consider
the absolute bacterial abundance but instead only the compositional changes. Also, many
immunological studies stimulate the skin with S. aureus, either in the epidermis or the dermis,
without knowing the actual localization of S. aureus within diseased skin. Bacteria are found
in the deeper layers of the skin, and there is an oxygen gradient within the skin which can
encourage anaerobic bacteria to grow. The micro-wounds in AE would subsequently cause a
loss of this oxygen gradient. The anaerobic microbiome is reduced in AE lesional skin. Still, it
is currently unknown whether this reduction is specific to lesional skin and its relationship to
the severity of AE. In general, there is not one particular type of S. aureus but multiple strains
that differ in host immunological stimulation and resistance to antibiotics. During an AE flare,
one clonal type is found on the skin. Also, a proportion of the healthy population can carry S.
aureus without developing AE, suggesting healthy and AE strain differentiation. S. aureus can
influence the skin through small molecule, i.e. metabolite, secretions, and there have yet to be
studies connecting S. aureus’s secretions to the skin metabolome. Although there are various
methods for measuring the skin metabolome, the myriad of ways varies in invasiveness with
the current non-invasive method, pre-wet swabs, requiring a week of preparation before
sampling, making it unfeasible for translation into the clinical setting.

Hypothesis and Aims: This thesis aims to explore the impacts of the micro-environment (the
microbiome, oxygen, pH, and S. aureus) on skin homeostasis and to create a method to
determine skin health through its metabolite signature. (A1) I hypothesize that the bacterial
load differs across the skin layers and within skin disease. As compositional data has shown S.
aureus to be overgrown in AE; (A2) | presume it is present in higher absolute abundance within
AE. In addition, because bacteria are found across the skin layers, and there is a differential
oxygen gradient across the skin, (A3) there should also be an anaerobic microbiome within the

skin. AE skin has micro-wounds and a decrease of structural proteins like tight junctions and



filaggrin. This would hypothetically cause a loss of the skin’s oxygen gradient and,
consequently, (A4) a loss of the anaerobic microbiome in both lesional and non-lesional skin.
(B1) In addition, the change of microenvironment in AE, specifically the increase in pH and
flux of oxygen throughout the skin, can impact S. aureus, and AE strains should be best suited
to take advantage of these microenvironment changes. Because S. aureus can be present within
healthy skin, there must be a differential strain response to AE-like environmental changes
between healthy and AE strains. (C1) | hypothesize that the healthy and AE S. aureus strain
secretions are indistinguishable in healthy environmental conditions (acidic pH and anoxic).
(D1) Lastly, the current non-invasive sampling standard (pre-wet swabs) for skin metabolome
collection is not feasible for transition into clinics due to its time-intensive processing. | aim to
develop a new sampling method that is comparable to the current non-invasive sampling
standard.

Methods: Tape strips were taken from healthy, AE, psoriasis, and Chronic Spontaneous
Urticaria participants and the total abundance of bacteria across the skin layers was measured
by gPCR. The 16S rRNA gene was used to determine the bacterial load, and two other targets
for Staphylococci and S. aureus were also measured within the samples. Two studies were used
for the measurement of the anaerobic microbiome: the CK-AD study?, which focused on depth
differences in healthy skin, and the ProRaD study?, which focused on observing changes in
AE. From these studies, compositional data, measured by 16S rRNA next-generation
sequencing, was cross-referenced to the literature to annotate the oxygen status of each OTU.
Afterward, the relative abundance of the anaerobic OTUs at the surface and within the skin and
between healthy and AE samples taken at the skin's surface was quantified. For determining
the environmental (pH and oxygen) impact on S. aureus, participant strains isolated from
healthy and AE individuals were grown in low pH aerobic, neutral pH aerobic, neutral pH
anoxic, and oxygen fluctuation conditions. The area under the curve was calculated from the
growth curves and used for comparison of growth. Furthermore, for 30 (15 healthy, 15 AE)
strains, the secretions were collected and measured by UPLC-MS?2. Finally, WET PREP and
pre-wet swab samples were taken from the skin of healthy individuals (n=22) and run on

! The CK-AD study is a study that was focused on connecting epidermal barrier dysfunction, as measured through
the skin’s transcriptome, to microbiome signatures, measured by RNA sequencing, in AE and healthy participants.
Only three healthy participants in the study had the deeper skin sampled, and this portion will be used for the
research within this thesis. The study has been published, see (Altunbulakli et al. 2018).

2 The ProRaD study is a multi-center, time-course observational study focused on AE, described in Bieber et al.
(Thomas Bieber et al. 2020) and found at https://ck-care.ch/en/studies/pro-rad-study/. Participants in the study
will be observed for five years. Data used from this cohort consists of AE - LS (n = 149) and NL (92) - and healthy
(HE, 35) samples.
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UPLC-MS?. A follow-up study comparing WET PREP and bare skin volatilome measurement,
along with the volatilome of AE and healthy skin, was performed using a SICRIT-MS. All data
were analyzed using either MetaboAnalyst, Prism, or R.

Results: From the investigation in this thesis, the data clearly shows that the micro-
environment is an essential factor in skin health. From the microbial side, bacteria are detected
throughout the layers of the epidermis, with a higher bacterial load found in AE samples. In
addition, the absolute abundance of Staphylococci is increased in AE and psoriasis and
correlates to severity. S. aureus is specifically abundant within AE skin and can be found across
the layers of the skin. In addition, the anaerobic microbiome is lost within AE skin, and its loss
correlates to AE severity. With regards to S. aureus growth, within scratching (oxygen flux)
conditions, there is a larger growth of AE S. aureus strains, and the location of isolation plays
a significant role in how much the environment impacts bacterial growth. In addition, the
metabolite secretions from S. aureus differ according to the host’s skin status. Healthy and AE
strain differences are best seen for the shift in the pH than for changes in oxygen levels.
Regarding skin metabolomics, the sampling method does impact the capture of the skin’s
metabolites. Besides lipid detection, WET PREP is comparable to pre-wet swabs and can
measure the skin volatilome and distinguish AE and healthy skin.

Conclusion: Regarding microbiome studies, the skin should not be considered only at its
surface but as a whole because differentiation in bacterial load is seen across its layers. In
addition, because the bacterial load is increased in skin diseases with a known barrier
disruption, further research should look deeper into the composition of the data to determine if
this rise of bacteria is due to select species or only a group of bacteria. The anaerobic
microbiome appears to have been lost in AE, and whether this loss is inherent to AE skin or
simply a result of scratching should be further explored. Since no select anaerobic species
contributes to the differences between healthy and AE skin, the impact of one select species
should not be the focus of therapies. Instead, the focus should be restoring the biome as a whole.
Regulating oxygen and pH levels in the skin is critical to preventing S. aureus overgrowth;
these environments can distinguish between healthy and AE strains. Other therapies on AE
should consider a joint environmental approach, and the metabolites highlighted here should
be further explored to confirm clinical relevance. In addition, WET PREP has shown great
promise in its use for diagnosing AE, and follow-up studies are underway to create this

diagnostic.



Zusammenfassung

Hintergrund: Das atopische Ekzem (AE) ist eine entzindliche Hauterkrankung, von der
weltweit etwa 20% der Kinder betroffen sind und deren friihes Auftreten zur spateren
Entwicklung von Asthma und Allergien fuhrt. Es hat sich gezeigt, dass genetische und
umweltbedingte Faktoren zur Entwicklung von AE beitragen. Genauer gesagt ist der pH-Wert
der Haut bei AE erhoht, Mikrowunden - verursacht durch Kratzen - verdndern die
Verflgbarkeit von Sauerstoff in der Haut, und es kommt zu einer GbermaRigen Vermehrung
von S. aureus bei AE. Derzeit konzentriert sich ein groRer Teil der Forschung darauf, wie sich
das Mikrobiom bei AE verandert und wie S. aureus das Immunsystem bei AE beeinflusst.
Obwonhl die Haut ein vielschichtiges Organ ist, konzentrieren sich Mikrobiom-Studien haufig
auf die Hautoberflache und berticksichtigen nicht die absolute Bakterienmenge, sondern nur
die Veranderungen in der Zusammensetzung. AuBerdem stimulieren viele immunologische
Studien die Haut mit S. aureus, entweder epidermal oder dermal, ohne die tatsachliche
Lokalisierung von S. aureus in der erkrankten Haut zu kennen. Die Bakterien befinden sich in
den tieferen Schichten der Haut, weil in der Haut ein Sauerstoffgefalle existiert, das das
Wachstum anaerober Bakterien beginstigen kann. Die Mikroverletzungen bei AE wirden in
der Folge zu einem Verlust dieses Sauerstoffgradienten fiihren. Das anaerobe Mikrobiom ist in
lasionaler Haut bei AE reduziert. Allerdings ist derzeit nicht bekannt, ob diese Verringerung
spezifisch fir die l&sionale Haut ist und in welchem Zusammenhang sie mit dem Schweregrad
der AE steht. Dar(liber hinaus gibt es nicht nur einen bestimmten Typ von S. aureus, sondern
mehrere Stamme. Wéhrend eines AE-Schubs kolonisiert ein klonaler Typ die Haut. AufRerdem
kann ein Teil der gesunden Bevolkerung S. aureus in sich tragen, ohne AE zu entwickeln, was
auf eine Differenzierung zwischen gesunden und atopischen Stdmmen hindeutet. Daruber
hinaus gibt es zwar verschiedene Methoden zur Messung des Hautmetaboloms, doch sind diese
unterschiedlich invasiv, wobei die derzeitige nicht-invasive Methode, der vorgangig
angefeuchtete Abstrich, eine einwdchige Vorbereitung vor der Probenahme erfordert, was eine
Ubertragung in den klinischen Bereich unmdglich macht.

Hypothese und Ziele: Ziel dieser Arbeit ist es, die Auswirkungen der Umwelt (Mikrobiom,
Sauerstoff, pH-Wert und S. aureus) auf die Homoéostase der Haut zu untersuchen und eine
Methode zur Diagnose der Hautgesundheit zu entwickeln. (A1) Ich stelle die Hypothese auf,
dass die bakterielle Belastung in den verschiedenen Hautschichten und innerhalb der
Hautkrankheiten unterschiedlich ist. (A2) Da die Zusammensetzung von S. aureus in der Regel

bei AE Ubermafig ist, gehe ich davon aus, dass dieser in AE in groRerer absoluter Menge
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vorhanden ist. Da die Bakterien in allen Hautschichten zu finden sind und es ein
unterschiedliches Sauerstoffgefélle in der Haut gibt, (A3) sollte es aulerdem ein anaerobes
Mikrobiom in der Haut geben. Die AE-Haut weist Mikroverletzungen und eine Abnahme von
Strukturproteinen wie Tight Junctions und Filaggrin auf. (A4) Dies wirde hypothetisch zu
einem Verlust des Sauerstoffgradienten in der Haut und folglich zu einem Verlust des
anaeroben Mikrobioms sowohl in der ldsionalen als auch in der nicht-lesionalen Haut fiihren.
Dariiber hinaus kann sich die Veranderung der Mikroumgebung bei AE, insbesondere der
Anstieg des pH-Werts und des Sauerstoffflusses durch die Haut, auf S. aureus auswirken. Es
wird angenommen, dass AE-Stdmme am besten geeignet sind, diese Verdnderungen der
Mikroumgebung zu nutzen. (B1) Da S. aureus auch in gesunder Haut vorkommen kann, muss
es eine unterschiedliche Reaktion des Stammes auf AE-&hnliche Umweltveranderungen
zwischen gesunden und AE-Stammen geben. (C1) Ich stelle die Hypothese auf, dass die
Sekrete des gesunden und des AE-Stamms von S. aureus unter gesunden Umweltbedingungen
(niedriger pH-Wert und anoxisch) nicht zu unterscheiden sind. (D1) Schlielich ist der
derzeitige nicht-invasive Probenahme-Standard (vorgenédsste  Abstriche) fur die
Hautmetabolom-Sammlung aufgrund der zeitaufwandigen Verarbeitung nicht Anwendung in
Kliniken geeignet. Mein Ziel ist es, eine neue Probenahmemethode zu entwickeln, die mit dem
derzeitigen nicht-invasiven Probenahmestandard vergleichbar ist.

Methoden: Es wurden Klebebandstreifen von gesunden (HE), AE-, Psoriasis- und CSU-
Teilnehmern entnommen, und die Gesamthdufigkeit von Bakterien in den verschiedenen
Hautschichten wurde mittels gPCR gemessen. Das 16S rRNA-Gen wurde zur Bestimmung der
bakteriellen Belastung verwendet, und zwei weitere Ziele flr Staphylokokken und S. aureus
wurden ebenfalls in den Proben gemessen. Zur Messung des anaeroben Mikrobioms wurden
zwei Studien herangezogen: die CK-AD-Studie?, die sich auf Tiefenunterschiede in gesunder
Haut konzentrierte, und die ProRaD-Studie*, die sich auf die Beobachtung von Veranderungen

bei AE konzentrierte. Aus diesen Studien wurden die mittels 16S rRNA-Sequenzierung der

3 Die CK-AD-Studie ist eine Studie, die sich darauf konzentrierte, eine Verbindung zwischen der epidermalen
Barrieredysfunktion, die durch das Transkriptom der Haut gemessen wurde, und den Mikrobiomsignaturen, die
durch RNA-Sequenzierung gemessen wurden, bei AE und gesunden Teilnehmern herzustellen. Nur bei drei
gesunden Studienteilnehmern wurde die tiefere Haut beprobt, und dieser Teil wird fir die Forschung in dieser
Arbeit verwendet. Die Studie ist veroffentlicht worden, siehe (Altunbulakli et al. 2018).

4 Bei der ProRaD-Studie handelt es sich um eine multizentrische Beobachtungsstudie mit Schwerpunkt auf AE,
die in Bieber et al. (Thomas Bieber et al. 2020) beschrieben und unter https://ck-care.ch/en/studies/pro-rad-study/
zu finden ist. Die Teilnehmer an der Studie werden Uber einen Zeitraum von funf Jahren beobachtet. Die
verwendeten Daten aus dieser Kohorte bestehen aus AE - LS (n = 149) und NL (92) - und gesunden (HE, 35)
Proben.
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néchsten Generation gemessenen Zusammensetzungsdaten mit der Literatur abgeglichen, um
den Sauerstoffstatus der einzelnen OTUs zu annotieren. Anschlielend wurde die relative
Haufigkeit der anaeroben OTUs an der Hautoberflache und innerhalb der Haut sowie zwischen
gesunden und AE Proben an der Hautoberflache quantifiziert. Um den Einfluss der Umwelt
(pH-Wert und Sauerstoff) auf S. aureus zu bestimmen, wurden die aus gesunden und AE
Personen isolierten Teilnehmerstdimme unter aeroben Bedingungen mit niedrigem pH-Wert,
neutralem pH-Wert, anoxischem pH-Wert und Sauerstofffluktuation geziichtet. Der
Wachstumserfolg wurde anhand der Flache unterhalb der Kurve gemessen, die aus den
Wachstumskurven berechnet wurde. AuRerdem wurden fur 30 Stamme (15 HE, 15 AE) die
Sekrete gesammelt und mittels UPLC-MS? gemessen. SchlieBlich wurden von der Haut
gesunder Personen (n=22) WET-PREP- und Vor-Nass-Abstrichproben entnommen und mit
UPLC-MS? untersucht. Eine Folgestudie, in der die Volatilom-Messungen von WET PREP
und nackter Haut sowie die Volatilom-Messungen von AE und gesunder Haut verglichen
wurden, wurde mit einem SICRIT-MS durchgefuhrt. Alle Daten wurden entweder mit
MetaboAnalyst, Prism oder R ausgewertet.

Ergebnisse: Aus der Untersuchung in dieser Arbeit geht eindeutig hervor, dass die Umwelt
ein wesentlicher Faktor flr die Hautgesundheit ist. Was die mikrobielle Seite betrifft, so
werden Bakterien in allen Hautschichten nachgewiesen, wobei eine hohere bakterielle
Belastung in AE- und Psoriasis-Proben festgestellt wurde. Dariber hinaus ist die absolute
Héufigkeit von Staphylokokken bei AE und Psoriasis erhoht und korreliert mit dem
Schweregrad. Insbesondere S. aureus scheint in der AE-Haut besonders haufig zu sein und ist
in allen Hautschichten auffindbar. Dartiber hinaus geht das anaerobe Mikrobiom in der AE-
Haut verloren, und sein Verlust korreliert mit dem Schweregrad der AE. Was das Wachstum
von S. aureus betrifft, so ist unter den Bedingungen des Kratzens (Sauerstoffzufuhr) ein
groReres Wachstum von S. aureus-Stammen bei AE zu beobachten. Der Ort der Isolierung
spielt eine wichtige Rolle dabei, wie stark die Umgebung das Bakterienwachstum beeinflusst.
Dariiber hinaus unterscheiden sich die Metabolitensekrete von S. aureus je nach Hautstatus des
Wirts, und die Unterschiede zwischen Gesundheits- und AE-Stdmmen lassen sich am besten
bei der Verschiebung des pH-Werts als bei Verdnderungen des Sauerstoffgehalts erkennen.
Was die Hautmetabolomik betrifft, so wirkt sich die Probenahmemethode auf die Erfassung
der Hautmetaboliten aus. Neben dem Lipidnachweis ist WET PREP vergleichbar mit
vorgenassten Abstrichen und kann das Hautvolatilom messen und AE von gesunder Haut

unterscheiden.
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Schlussfolgerung: Bei Studien zum Mikrobiom sollte die Haut nicht nur an der Oberfléache,
sondern als Ganzes betrachtet werden, da sich die Bakterienbelastung in den verschiedenen
Hautschichten unterscheidet. Da die bakterielle Belastung bei Hautkrankheiten mit einer
bekannten Barrierestorung erhoht ist, sollten weitere Untersuchungen die Zusammensetzung
der Daten genauer untersuchen, um festzustellen, ob dieser Anstieg der Bakterien auf
ausgewahlte Arten oder nur auf eine Gruppe von Bakterien zurlickzufiihren ist. Das anaerobe
Mikrobiom scheint bei AE verloren gegangen zu sein, und es sollte weiter untersucht werden,
ob dieser Verlust mit der AE-Haut zusammenhéngt oder einfach eine Folge des Kratzens ist.
Da keine ausgewahlte anaerobe Spezies zu den Unterschieden zwischen gesunder und
anaerober Haut beitrégt, sollten die Auswirkungen einer ausgewahlten Spezies nicht im
Mittelpunkt der Therapien stehen. Stattdessen sollte der Schwerpunkt auf der
Wiederherstellung des Bioms als Ganzes liegen. Die Regulierung der Sauerstoff- und pH-
Werte in der Haut ist fur die Verhinderung eines tibermaRigen Wachstums von S. aureus von
entscheidender Bedeutung; diese Umgebungen kénnen zwischen gesunden und aeroben
Stdmmen unterscheiden. Andere Therapien zur Behandlung von AE sollten einen
gemeinsamen Umweltansatz berlicksichtigen, sowie eine weitere Untersuchung der hier
hervorgehobenen Metaboliten kénnte erfolgen, um ihre klinische Relevanz zu bestétigen.
Dariiber hinaus hat sich WET PREP als sehr vielversprechend fiir die Diagnose von AE

erwiesen, und es laufen derzeit Folgestudien zur Entwicklung dieser Diagnose.
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Chapter 1 -Factors of Skin Homeostasis

Chapter 1 - General Introduction

As the skin is easily viewed without the need for specialized equipment or techniques,
the history of research and treatment of the skin extends as far back as 1550 B.C. with the Ebers
Papyrus discovered at Thebes (Ferreira, Weber, and Bonamigo 2021). Hippocrates, often
referred to as the father of medicine, was the first to classify skin diseases based on their origin,
using the terms idiopathic, referring to diseases with a visible origin on the skin, and
exanthematic, referring to those diseases which seem to bloom outwards from inside the body
(Ferreira, Weber, and Bonamigo 2021; Ladda and Lynde 2019). From the 18" to 19" century,
several advancements in dermatology were made. Of note are three publications, Doctrina de
Morbis Cutaneis by Joseph Jacob Ritter von Plenck in 1776, Tractatus de Morbis Cutaneis by
Anne Charles Lorry in 1777, and the Atlas der Hautkrankeiten by Ferdinand von Hebra in 1856
(Azulay 2003; Ferreira, Weber, and Bonamigo 2021). Doctrina de Morbis Cutaneis was the
first published book on Dermatology and covered 150 skin diseases (Azulay 2003; Ferreira,
Weber, and Bonamigo 2021). Tractatus de Morbis Cutaneis focused on internal and external
pathologies of the diseases, rejecting the former theory of humors (black bile, yellow bile,
phlegm, and blood) and covered the skin’s anatomy alongside disease pathology (Azulay 2003;
Everett 1979). In addition, Lorry was the first to consider the skin as an organ and generated
theories on the influence of the macro-environment on the skin (Everett 1979). Hebra was a
famous dermatologist in Vienna who mentored many pioneers in the field, and the Atlas der
Hautkrankeiten was the first German atlas of dermatology (Ferreira, Weber, and Bonamigo
2021). At the beginning of the 20" century, the role of fungi in causing skin disease was
becoming more solidified, and novel treatments such as ultra-violet light therapy came into
popularity (McCaw 1944). In addition, in the 20" and 21% centuries, discussions of the role of
bacteria in skin health earnestly began and continue to be subjects of discussion (Swaney and
Kalan 2021). Since 1550 B.C. there have been many innovations within the field of
dermatology, and there are still many mysteries as to the pathogenesis of many skin diseases.
This thesis will cover the aspects of the micro-environment on the health of the skin and its

homeostasis.

1.1 Factors of Skin Homeostasis
1.1.1 Physical
As our barrier to the outside world, the skin is the largest organ in the human body and

has several factors contributing to its health. Physically the skin is divided into three main parts:

1
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the epidermis (the outermost layer), the dermis, and the hypodermis. The epidermis comprises
five layers, from the outside to the inside: the stratum corneum, stratum lucidum, stratum
granulosum, stratum spinosum, and stratum basale, visualized in Figure 1.1. The skin divides
itself from the stratum basale and cornifies as it is pushed upwards to the stratum corneum. The
segments of the skin are not evenly divided in size (R. Wong et al. 2016), and for the smallest
layer, the epidermis, its thickness is influenced by body location, sex (disputed), age, and
individual variation (Sandby-Mgller, Poulsen, and Wulf 2003; Lintzeri et al. 2022). In addition,
hair follicles and sweat glands in the skin span from the epidermis to the dermis, and sebaceous
glands lie within the dermis. All of this makes up the first divisions of the skin.

Because the skin forms a cellular barrier from the environment, several factors go into
maintaining the physical connectivity of the skin. To form that cutaneous barrier, keratinocytes
use (1) tight junction complexes (Simpson, Patel, and Green 2011; Katsarou et al. 2023;
Nguyen and Soulika 2019), (2) filaggrin (FLG) (Simpson, Patel, and Green 2011; Furue 2020),
and (3) the cornified envelop (Simpson, Patel, and Green 2011). Many factors go into each part
of the cutaneous barrier, and here | will briefly review the broader concepts. Tight junctions
are transmembrane proteins connecting keratinocytes among the stratum granulosum
(Katsarou et al. 2023). Tight junctions also regulate molecular exchange between keratinocytes
and control the skin’s permeability (Katsarou et al. 2023). FLG is a structural protein that
resides among the stratum corneum, and its uncleaved precursor protein, pro-filaggrin, resides
among the stratum granulosum (Simpson, Patel, and Green 2011; Furue 2020). FLG has a role
in maintaining skin hydration (T. Matsui et al. 2011; Sandilands et al. 2009), pH (Proksch
2018a) and is the scaffold for the cornified envelope (Simpson, Patel, and Green 2011). The
cornified envelope is comprised of Keratins 1 and 10, desmosomes, loricrin, and involucrin
(Furue 2020). It is a hydrophobic barrier for the skin and has redundancies in loricrin and
involucrin that prevent one mutation from destroying the entire layer (Simpson, Patel, and
Green 2011; Furue 2020).
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Figure 1.1 Divisions of the Skin

Figure modified from (Yousef, Alhajj, and Sharma 2023). The skin is divided into three major parts: the epidermis, dermis,
and hypodermis. Visualized here are the divisions within the epidermis: the stratum corneum, stratum lucidum, stratum
granulosum, stratum spinosum, and stratum basale in descending order from the outer surface of the skin to within.

1.1.2 Chemical

Alongside the physical barrier, there is also the chemical barrier of the skin consisting
of natural moisturizing factors, salt, pH, and oxygen. The skin’s pH gradient rises from the
acidic skin surface to the blood (Proksch 2018a). More specifically, within the stratum
corneum, the pH increases around two units from the surface to deeper layers (Schreml et al.
2011; Turner, Cullander, and Guy 1998). In a more detailed study, this gradient was found to
be parabolic, where the lowest pH can be found within the stratum corneum (personal
communication about unpublished data from Seo-yeon Moon, et al. and (Wohlrab, Gebert, and
Neubert 2018)). At the skin’s surface, the pH ranges from 4 to 6 (Finnegan, Duffy, and Morrin
2022; Schmid-Wendtner and Korting 2006; Proksch 2018a; Ali and Yosipovitch 2013). This
low pH can inhibit the colonization of pathogenic organisms (Skowron et al. 2021; Proksch
2018b) and aids in controlling skin differentiation (Proksch 2018b; Ali and Yosipovitch 2013).
pH is also influential in maintaining the lipid barrier in the skin, where sphingomyelinase and
beta-glucocerebrosidase - involved in ceramide synthesis - are pH-dependent (Ali and
Yosipovitch 2013). In addition, based on in vivo studies, a lower pH helps with the adhesion
of resident skin flora to the skin (Lambers et al. 2006).

Several factors control and impact the skin’s pH. As hinted earlier, the filaggrin-
histidine-urocanic acid pathway can control the skin’s pH with FLG breakdown, acidifying the
skin via amino acids (Afghani et al. 2022; Proksch 2018a). In addition, the breakdown of
phospholipids, by secretory phospholipase 2, into free fatty acids can acidify the stratum
corneum (Fluhr et al. 2004; llic et al. 2014). Lastly, the Na* /H" antiporter (NHE1) can acidify
the skin, and loss of this pump in older skin coincides with a pH increase (Choi et al. 2007;
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Fluhr et al. 2004). Washing the skin with soap can increase the skin’s pH (Lambers et al. 2006),
and salicylic acid and tape stripping decrease the skin’s pH (Finnegan, Duffy, and Morrin
2022). However, the skin’s buffering capacity, over time, is relatively high (Hulpusch et al.
2020a; Turner, Cullander, and Guy 1998), whereas only products with high buffering capacity
can effectively modulate skin pH (Proksch 2018a; Brinke et al. 2021). Despite that, it is much
easier to alkalize the skin than to acidify it (Zhai et al. 2009), possibly due to the mechanisms
behind the skin’s buffering. CO3, keratin, sebum, and amino acids have all been suggested as
buffering agents within the skin (Levin and Maibach 2008). The latter, amino acids, is the only
agent not disputed in its contribution (Levin and Maibach 2008). Amino acids are produced
from the breakdown of FLG and other proteins within the skin (Levin and Maibach 2008;
Levin, Friedlander, and Del Rosso 2013a). Overall, within healthy skin, there is a stable system
maintaining its acidic mantle.

Alongside the acidic mantle is a hypoxic mantle within the skin. Although the skin is
exposed to atmospheric oxygen, the lack of oxygen is crucial for skin function. In vitro
keratinocyte studies show that anoxic conditions, i.e., no oxygen, can prolong the cells’
lifespan, and cells are still viable in this environment (Kino-oka et al. 2005). Under hypoxic
conditions, i.e., low oxygen, in vitro keratinocytes better reflected the typical activity observed
in the stratum basale (Ngo et al. 2007). In addition, when grown in hypoxic conditions, human
skin equivalents better mimic native human skin, according to their ceramide composition and
epidermal differentiation (Mieremet et al. 2019). Finally, the lack of oxygen can even assist in
maintaining a healthy skin state. Mild hypoxia prevents the proliferation of mutagenic, i.e.,
cancerous cells, by inducing cell apoptosis of those cells in primary normal human
keratinocytes (Nys et al. 2012; 2011). The location of the anoxic layer appears to lie within the
epidermis. A study by Evans et al. found that the epidermis and hair follicles are hypoxic
(Evans et al. 2006). Hypoxia-inducible factor la (HIF-1a) is a transcription factor that is
deactivated according to oxygen presence because it degrades when oxygen is present. NO and
H20. can prevent oxygen-based degradation, but overall, HIF-1a appears to be a good metric
for locating the anoxic environment in the skin (Karlenius and Tonissen 2010). HIF-1o has
been discovered within the basal layer of the epidermis (Rezvani et al. 2011) and can induce
FLG gene expression (W. J. Wong et al. 2015), indicating that low oxygen levels can regulate
the pH skin barrier. These low oxygen conditions can also assist in the growth of skin
commensals which is covered in more detail within section 1.1.5. Overall, this shows the

presence and benefits of the hypoxic mantle.
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1.1.3 Immune

The skin has a resident immune system and multiple different types of skin-resident
immune cells. The immune response is divided into innate (non-specific) immunity and
adaptive (specific) immunity, which have components within the epidermis and dermis.
Keratinocytes and Langerhans cells (LC) are a part of the innate immune response.
Keratinocytes can recognize invaders by their pathogen-associated molecular patterns (Nestle
et al. 2009). This recognition occurs at their pattern recognition receptors (PRR), such as Toll-
like receptors (TLR) (Gallo and Nakatsuji 2011), which are transmembrane proteins on the
outside of the cell (Daéron 2022). After recognition of pathogens, keratinocytes then produce
antimicrobial peptides (AMP) and secrete cytokines like interleukins (IL) and thymic stromal
lymphopoietin (TSLP) to signal for recruitment of cells such as dendritic, T helper (Th), and B
cells (Nestle et al. 2009). LC are skin-specific dendritic cells (DC). LC can recognize microbes
and, upon activation, create tight junctions with keratinocytes to penetrate through previously
established tight junctions in the skin to reach the stratum corneum (Simpson, Patel, and Green
2011). Afterward, LC migrates and primes T cells through antigen presentation (Merad,
Ginhoux, and Collin 2008). Residing alongside LC in the stratum spinosum and basale are
CD8* T cells (Simpson, Patel, and Green 2011; Nguyen and Soulika 2019). T cells are a part
of the adaptive immune response, and CD8* T cells recognize antigens presented by
keratinocytes and LC (Nestle et al. 2009; Black et al. 2007). In general, after antigen
recognition, T cells will both signal using cytokines to recruit more immune cells and kill
microbial, infected, or defective cells (Ho and Kupper 2019). There are different types of T
cells, such as memory (Tm; including resident memory cells in the skin, Trm), Th, T regulatory
(Treg), and natural killer T (NK) cells. Each type has a specialized function. Tm cells remember
previous antigens and respond to the enemy cells after activation. Th cells secrete cytokines,
for example, IL, to further signal for inflammation (P. Hu et al. 2021), and there are different
types of Th cells (Type 1 and Type 2) which secrete unique cytokine profiles to activate
different sets of immune cells. Treg cells are a type of Th cells that can turn off the immune
response (Kondélkova et al. 2010; P. Hu et al. 2021). NK cells are lymphocytes with a T cell
receptor and can secrete cytokines TNF and IFNy and induce apoptosis of enemy cells (Nestle
et al. 2009). LC, keratinocytes, and CD8" T cells are the immune cells within the epidermis.

Regarding the dermis, there are DC, macrophages, mast cells, and NK cells. DCs are a
part of the innate immune response, and like the epidermal DC, DC are antigen presenters and

induce the proliferation of T cells. Unlike epidermal DC, dermal DC interact with follicular Th
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cells and B cells (Merad, Ginhoux, and Collin 2008). Another member of the innate immune
response is macrophages which are scavengers that recognize, phagocyte, and degrade bacteria,
defective, and dead cells and can also activate T cells (Hirayama, lida, and Nakase 2017; Yanez
et al. 2017). B cells are a part of the adaptive immune response. Secretion of immunoglobulin
E (IgE) antibodies by B cells can activate mast cells to degranulate, secrete cytokines, and
directly interact with keratinocytes (Voss et al. 2021). In bacterial infections, mast cells can
recognize TLR and release AMP (Voss et al. 2021). Taken together, various cells are involved
in the immune barrier of the skin, with differentiation in their localization within healthy skin.
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Figure 1.2 Skin Immune System

Figure taken from (Ho and Kupper 2019). The localization of the cells that form the immune system within the skin
differ across the skin. Abbreviations: langerhans cells (LC), dendritic cells (DC), T helper (Th), T resident memory
(Trm), natural killer T (NK).

1.1.4 Neurological

Along with the immunological system within the skin, there is a neurological barrier,
and here we will briefly cover the fundamentals of this skin barrier. The neurological barrier is
connected to the peripheral, autonomous, and central nervous system (Roosterman et al. 2006).
Within the skin lies sensory nerves, and they are responsible for recognizing the sensations of
temperature, pressure, and itch, to name a few (Ansel et al. 1997; Roosterman et al. 2006).
These nerves are found in the epidermis and dermis, extending into hair follicles and skin
glands (Roosterman et al. 2006). The neurological system within the skin is not just responsible

for sending external environmental signals but can also interact with the immune system
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(Steinhoff et al. 2003; Ansel et al. 1997; Paus, Theoharides, and Arck 2006). When sensory
nerves are activated, they send a pulse to the central nervous system, and afterward, another
signal is sent in the reverse direction where, for example, neuropeptides are released (Ansel et
al. 1997). These neuro-mediators, i.e., neuropeptides, neurohormones, and neurotransmitters,
can bind to cell receptors on keratinocytes, mast cells, T cells, and B cells and activate cytokine
production and antibody secretion (Ansel et al. 1997; Steinhoff et al. 2003). In addition, the
communication between the neurological and immune systems is bidirectional. For example,
histamine can upregulate the gene expression of a stress-response hormone, corticotropin-
releasing hormone (Paus, Theoharides, and Arck 2006). The neurological system within the
skin can also sense various environmental changes within the skin. Microbial agents and
protons (pH changes) can activate skin neurons (Steinhoff et al. 2003). These are the
fundamental concepts of the skin’s nervous system.

1.1.5 Microbiome

According to (Whipps, Lewis, and Cooke 1988; Berg et al. 2020), the microbiome is
the collection of microorganisms - such as bacteria and fungi - present within a physio-
chemical distinct matrix (gut, mouth, skin). For this thesis, the term “microbiome” will refer
solely to the bacterial component. The microbiome is integral to skin health through its
symbiotic relationship with the immune system (Gallo and Nakatsuji 2011). In early life, the
skin microbiome primes the immune system through interaction with T cells, preventing later-
in-life aberrant inflammation (Scharschmidt et al. 2015; Weckel et al. 2023; Ho and Kupper
2019). Staphylococcus epidermidis is a suspected skin commensal that can prevent
inflammation after injury of the skin by secretion of lipoteichoic acid, which binds to TLR2
and blocks the Interferon regulatory factor 3 (IRF3) inflammatory pathway (Gallo and
Nakatsuji 2011). In addition, commensal bacteria can prevent the colonization by pathogens
through the secretion of AMP (Gallo and Nakatsuji 2011; Nakatsuji et al. 2017; Flowers and
Grice 2020), and the combination of microbial and host AMP can more stringently prevent the
colonization of pathogens (Flowers and Grice 2020). Finally, through fermentation, anaerobic
bacteria produce short chain fatty acids (SCFASs), of which the most abundant are acetic acid,
butyric acid, and propionic acid (den Besten et al. 2013). SCFAs are known to control
inflammation within the gut, but there is little research on the skin. Of what is known, within
the skin butyric acid can activate Treg cells by increasing the expression of G-protein-coupled
receptor 43 (Schwarz, Bruhs, and Schwarz 2017), which could then suppress immune system

inflammation.
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Despite the relative uniformity in the components of the skin, there is variety in terms
of sub-structures (hair follicle density, epidermal thickness, presence of sweat and sebaceous
glands) within the skin. This variety can create unique microenvironments - sebaceous, dry,
and moist - within the skin (Dwyer and Scharschmidt 2022). These microenvironments
influence the microbiome’s composition (Grice et al. 2009; Costello et al. 2009). In one study
by Costello et al., the tongue microbiome was transplanted to the forehead and the forearm
(Costello et al. 2009). Over time, the microbiome of the sebaceous forehead resembled the pre-
transplantation biome, while at the dry forearm site, the microbiome still resembled the tongue
microbiome (Costello et al. 2009). This highlights the importance of the microenvironment in
shaping the composition of the skin microbiome, where the capability to shape and influence
the skin microbiome depends on the sampling location. Other factors affecting the skin
microbiome, summarized in Figure 1.3, are interpersonal variation (Grice et al. 2009; Costello
et al. 2009), temporal variation (Grice et al. 2009; Costello et al. 2009), age, sex, hygiene, and
external environment (Skowron et al. 2021). Environmental factors are less influential on the
dermal microbiome (Bay et al. 2020). Interestingly, many studies sample only the external
surface of the skin.
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Figure 1.3 Influential Factors of Skin Microbiome
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Figure taken from (Skowron et al. 2021). Both intrinsic and extrinsic factors can influence the composition of the skin
microbiome. The currently known intrinsic influential factors are age, genetics, gender, immunity, hormones, sleep, stress,
and metabolism, while the extrinsic factors are hygiene, cosmetics, chemical exposure, nutrient availability, sunlight (in

particular UV radiation), climate, physical activity, and pollution.

The microbiome can penetrate the deeper layers of the skin. The pathogen S. aureus
can penetrate as far down as the dermis (Nakatsuji et al. 2016). The microbial composition
differs in surface versus deeper layers of the stratum corneum (P. L. Zeeuwen et al. 2012).
Compared to the dermal microbiome, microbial richness is higher in the epidermis (Bay et al.
2020). A mouse study by Shen et al. suggests that T cells limit the commensal bacteria’s
colonization of the deeper microbiome. Still, according to the above studies, the microbiome
is found in the deeper layers of the skin (Shen et al. 2014). As highlighted above SCFAs can
impact the inflammation within the skin, and anaerobic bacteria produce them. The oxygen
content within the skin decreases, and based on next-generation sequencing, 16S ribosomal
RNA of anaerobes is found within the skin (Bay et al. 2020). Also, anaerobic bacteria can be
isolated from the skin (Benediktsdottir and Hambraeus 1982; Nielsen et al. 1975) and taken
together; this suggests a new possible grouping for microorganisms within the skin that impact
skin homeostasis. This anaerobic microbiome would be particularly interesting to skin disease
because the anaerobic microbiome could elucidate novel pathways involved in disease
pathogenesis.

Studies on the microbial load are a valuable supplement to the microbial composition
because it helps further the understanding of the microbiome’s connection to skin homeostasis.
Depending on the location, the skin can harbor 10%to 10° CFU/cm? of bacteria (Skowron et al.
2021). Many studies on the skin microbiome only focus on relative abundances of the taxa,
i.e., bacteria, generated by next-generation sequencing. However, relative abundance data
should be supplemented with absolute abundance information to validate the previous
conclusions (Morton et al. 2019). In addition, skin barrier function, assayed by transepidermal
water loss (TEWL), decreases with increasing bacterial load. This suggests that beyond select
species contributing to skin health, the bacterial quantity overall can impact skin homeostasis
(Jinnestal et al. 2014). Of particular interest are bacteria quantity found across the skin layers
and its function in relation to disease, where many studies have focused on the quantification
of select taxa but rarely in aggregation to skin depth. Overall, the skin is a complex organ with
various paths involved in maintaining homeostasis, resulting in many opportunities for

dysfunction and subsequent disease development.
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1.2 Atopic Eczema
1.2.1 Brief Introduction of Atopic Eczema

AE is caused by an interplay of genetics and the environment (Nutten 2015). One aspect of
the genetic predisposition of AE is due to the downregulation of skin barrier proteins such as
FLG, loricrin, and involucrin (Sugiura et al. 2005; Palmer et al. 2006; K. C. Barnes 2010;
Agrawal and Woodfolk 2014). FLG mutation is the most dominant relative to the others
(Kobayashi and Imanishi 2021). In addition, AE has a Th2 cytokine (Godlewska et al. 2020)
and IgE-mediated immune response (Bantz, Zhu, and Zheng 2014; Hill and Spergel 2018).
Alongside these host-related drivers of AE, AE arises in conjunction with microbial dysbiosis,
where the disturbed microbes can signal inflammation in the affected area (Kobayashi et al.
2015; Park and Lee 2017; Eyerich et al. 2018). Despite these various factors, AE is a complex
disease with stratified potential causes for pathogenesis, each described as an AE endotypes,
summarized in Table 1.1 (Czarnowicki et al. 2019; Werfel et al. 2016). Because of each
endotype’s unique differences and overlaps, we can further understand the specific
mechanisms involved in each by comparing across these endotypes.

Table 1.1 Endotypes of Atopic Eczema
Table modified from (Afghani et al. 2022). Atopic eczema has been described as having different endotypes, such as IgE
mediation, Filaggrin (FLG) level, Staphylococci presence, S. aureus influence, and biological race.

Endotype Categories

IgE Mediated (extrinsic) vs. non-mediated (intrinsic)
FLG Deficient vs non-deficient

Staphylococci Present vs. absent

S. aureus Influenced vs. independent

Biological Race Asian vs. African vs. European

1.2.2 Impact and Influential Factors

Although AE was first coined in 1933, similar descriptions of the disease can be found
as far back as ancient China and ancient Rome (Bhattacharya, Strom, and Lio 2016; Kramer et
al. 2017; Taieb, Wallach, and Tilles 2006). Despite this long history of disease, a cure has not
been found, and according to the International Study of Asthma and Allergies in Childhood, a
longitudinal epidemiological study covering 56 countries, AE has been increasing in
prevalence (H. Williams et al. 1999; Odhiambo et al. 2009; Bantz, Zhu, and Zheng 2014; T.

Bieber et al. 2016). AE is an inflammatory cutaneous disease described as itchy, oozing skin
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(Roth and Kierland 1964; Bhattacharya, Strom, and Lio 2016). AE is associated with other
epithelial disorders like allergy (Gour and Lajoie 2016) and asthma (Roth and Kierland 1964;
Bhattacharya, Strom, and Lio 2016; Kramer et al. 2017). AE is described to be the first stage
of the atopic march, which is the development of later-in-life atopic disorders due to early life
Th2- and IgE-mediated disease (Bantz, Zhu, and Zheng 2014; Hill and Spergel 2018) (Figure
1.4). The outcomes of atopic march are highly related to the age of AE onset, where children
who develop AE within the first two years of life have the strongest association with developing
asthma and allergies later-in-life. While those who develop AE after two years are more likely
to develop allergic rhinitis (Roduit et al. 2017). This is further stratified by the endotypes of
AE, where those with the IgE-mediated endotype are more prone to develop asthma and rhinitis
than those without (Bantz, Zhu, and Zheng 2014). There are several theories for the
pathogenesis of atopic march, summarized in Figure 1.5. 1%, as the skin barrier is weaker in
children with AE, this allows for easier penetration of allergens and leads to sensitization of
the immune system through TSLP, IL-33, IL-17 and other Th2-related responses (Bantz, Zhu,
and Zheng 2014; Hill and Spergel 2018; L. Yang, Fu, and Zhou 2020). 2", the lack of exposure
to commensal organisms within the skin means that the skin never learned an adequate immune
response that is more Th1 skewed (Bantz, Zhu, and Zheng 2014; Gilles et al. 2018). 3", genes
related to the susceptibility of AE are associated with susceptibility to other allergic diseases
(L. Yang, Fu, and Zhou 2020). 4", because the atopic march connects several epithelial
diseases, this disease could be due to an inherent epithelial dysfunction (L. Yang, Fu, and Zhou
2020). The development of AE is also associated with other disorders beyond the atopic march.
Those with moderate-to-severe AE have a higher incidence rate of non-melanoma skin cancer,
with a 4.1-fold increase in the incidence rate per 1000 people per year for women and a 6.4-
fold increase for men (Hedderson et al. 2023). As hinted in Figure 1.4, although AE is described
as a pediatric disease with a higher prevalence within children (Silverberg et al. 2021), AE can
persist throughout an individual’s life. According to Roth and Kierland, after a 20-year follow-
up of individuals diagnosed with AE, 60% of individuals with mild AE and 71% with severe
disease had continual disease symptoms (Roth and Kierland 1964). Overall, this highlights

only a small snippet of the importance of AE and its relevance for study.
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Figure 1.4 Atopic March
Figure taken from (Hill and Spergel 2018). Atopic march has been described as the development of later-in-life atopic
disorders due to early life Th2- and IgE-mediated disease. This includes atopic dermatitis, food allergy, asthma, and
allergic rhinitis, where as seen in the figure the diagnosis of these four diseases changes as individuals age. In general,
there is a trend where the precent that are diagnosed with food allergy, asthma, and allergic rhinitis rises after the diagnosis

of atopic dermatitis.
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Figure 1.5 Pathways of Atopic March

Figure taken from (L. Yang, Fu, and Zhou 2020). Atopic march has been hypothesized to be due to many different
pathways with knowledge still needed on how these pathways intersect. Of those pathways are (1) skin barrier damage
due to arise in thymic stromal lymphopoietin (TSLP), 1L-33, IL-25, and a decrease in filaggrin, (2) microbiome alteration
whether in the skin or the gut, (3) interference of predicted genes, (4) cellular and molecular dysfunction, and (5) epigenetic
factors causing predisposition for these diseases related to atopic march.

There are a variety of factors associated with AE. First, the intrinsic factors will be
described, and then the extrinsic. AE is slightly more prevalent in females than males (Roth
and Kierland 1964; H. Williams et al. 1999; Odhiambo et al. 2009; Silverberg et al. 2021,
Maintz et al. 2021), but this appears to depend on the country of study (Silverberg et al. 2021).
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Country of inhabitance has a more significant impact on the prevalence of AE than ethnic
grouping (H. Williams et al. 1999), suggesting that environmental exposures may contribute to
AE development. This does not dismiss the genetic inheritance of AE, where familial history
has long been associated with the disease and is one of the criteria for AE (Roth and Kierland
1964; Bhattacharya, Strom, and Lio 2016; C. Hu et al. 2019). In addition, children with parents
who have allergies are more likely to develop AE (Roduit et al. 2017). Downregulation of FLG,
the most common mutation in AE, along with involucrin and loricrin, have been found in a
portion of AE patients (Sugiura et al. 2005; Palmer et al. 2006; K. C. Barnes 2010; Agrawal
and Woodfolk 2014; Kobayashi and Imanishi 2021). Skin barrier genes are not the only
mutations in AE. Several susceptibility loci related to IgE have been identified (Cookson and
Moffatt 2002), and genetic associations related to Th2 cytokines genes, IL-4 and IL-13, have
been discovered (Saito 2005; Dubin, Del Duca, and Guttman-Yassky 2021). Finally, a study
of 5297 children from diverse ethnic backgrounds, sub-grouped into Mediterranean, African,
and Asian, found that Asian and African descent is positively associated with later-onset and
chronic AE and that FLG mutation positively associates with children of Asian ethnicity (C.
Hu et al. 2019). There is variation in the FLG locus between African Americans and European
Americans, suggesting unique disease mechanisms among these populations (Zhu et al. 2021).
Together these hints towards a genetic component to AE, but it appears to be a subgroup within
the disease.

AE is also associated with extrinsic factors such as environmental exposures, for
example, socioeconomic factors, stress, and urbanization (Luschkova et al. 2021). The lifetime
prevalence of AE is higher in those of higher socioeconomic status (Ofenloch et al. 2019). In
addition, stress has a cyclical impact on AE suffers. Those afflicted with AE have a lower
quality of life, such as sleep disturbances, lifestyle constraints, and continual skin itchiness,
which can induce stress, and stress can directly induce AE’s immunological profile (Arndt,
Smith, and Tausk 2008). This includes increased expression of Th2 cytokines, mast cell-based
inflammation, and skin-barrier impairment (Arndt, Smith, and Tausk 2008). In addition,
according to an international study based on 18 countries, the prevalence of AE is higher in
urban/suburban areas relative to rural (Silverberg et al. 2021). The reason behind this
association is multi-factorial. In a study comparing Amish and Hutterites — both being rural
communities, but the Hutterites allow for industrial farming — Amish children had decreased
asthma prevalence and the presence of protective innate immune signaling (Stein et al. 2016).

This suggests that an increase in farm-based exposure can strengthen the innate immune system
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and prevent the development of asthma (Stein et al. 2016). Regarding AE, children with farm
exposure have reduced incidence of AE, where increased diversity in farm animal and rural
environmental exposure had the largest reduction in incidence (Steiman et al. 2020). The birth
cohort study, Protection Against Allergy Study in Rural Environments (PASTURE), supports
this and found that prenatal exposure to farm animals was also protective against AE (Roduit
et al. 2017). Rural exposure is not the only protective measure against AE. Higher bacterial
load in drinking water in early life can also protect against the development of AE (Turkalj et
al. 2020). These results led to the “hygiene hypothesis,” where early exposure to infectious
agents can protect against disease, e.g., AE development (Strachan 1989; von Mutius 2010;
Hulpusch et al. 2021). This summarizes a portion of the extrinsic factors associated with AE.

1.2.3 The Role of Microbes in Pathogenesis of Atopic Eczema

Prior exposure to microbes could prevent the colonization of pathogenic organisms
associated with AE. Microbe is a general term referring to viruses, fungi, and bacteria. Viral
infections, like herpes simplex virus, vaccinia virus, and coxsackie viruses, can occur in AE
but only for small populations of AE individuals (P. Y. Ong and Leung 2010; 2016). AE
individuals appear to be more susceptible to these viruses, possibly due to cytokine IFN-y and
AMP IL-37 reduction than the viruses driving the disease (P. Y. Ong and Leung 2010; 2016).
Another controversial driver of AE is Malassezia, which has been found on the skin of AE
individuals, and research is ongoing to determine if it induces AE (P. Y. Ong and Leung 2010;
Nowicka and Nawrot 2019). Finally, on the bacterial side, S. aureus is highly associated with
AE (Oh et al. 2013; R. D. Bjerre et al. 2017; Ogonowska et al. 2021) and is overgrown in AE
(Cardona, Cho, and Leung 2006). Not all AE individuals carry S. aureus; 57-100% of children
and 54-100% of adults carry S. aureus (Ogonowska et al. 2021). The prevalence of S. aureus
is more common in the nose relative to the skin of AE individuals (Lehmann et al. 2004). In a
study of 66 AE adults, 77.3% had S. aureus in both the nose and the skin (Breuer et al. 2002).
The re-colonization of S. aureus on the skin is suggested to come from the nose (Ogonowska
et al. 2021), which is supported by the study of Clausen et al., where the clonal complex of S.
aureus was identical across the nose, lesional (LS) and non-lesional (NL) skin of AE
individuals (Clausen et al. 2017). There are unique factors in colonization that allow AE strains
to colonize the skin, further described in section 1.2.4. S. aureus colonization can also occur in
healthy individuals. In a study of 20 healthy individuals, all had culturable S. aureus from the
nose but not the skin (Matard et al. 2020). Still, in a larger study by Armstrong-Esther, there
were subsets of the healthy population with culturable S. aureus from the skin (Armstrong-
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Esther 1976); see Figure 1.6. for a breakdown. Despite this healthy colonization, S. aureus
relative abundance can be predictive of AE disease severity (Hulpusch et al. 2020b), and counts
of S. aureus have been associated with severity when measured according to itchiness, patient
assessment, whole body Investigator’s Global Assessment (Leung et al. 2009), and SCORAD
(De Tomassi et al. 2023). One explanation for this could be the stimulation of the immune
system by Staphylococci exotoxins containing superantigens, which have been correlated with
AE severity (Bantz, Zhu, and Zheng 2014). 50-80% of AE S. aureus strains produce
superantigens with no one superantigen primarily driving severity (Leung et al. 2009; P. Y.
Ong and Leung 2010; 2016). In addition, strains isolated from steroid-resistant AE skin had
mutations in exotoxin production (Schlievert et al. 2010). These genes are usually not
expressed in anoxic conditions, but the mutations allowed for secretion of exotoxins in
anaerobic conditions (Schlievert et al. 2010). In addition to superantigens, S. aureus can induce
Th2 cytokine IL-33 release (Luo, Lai, and Chang 2023), which is one of the inflammatory
markers of AE (Chung et al. 2022). Also, the peptidoglycan that forms the cell wall of S. aureus
stimulates the infiltration of mast cells into the dermis (K. Matsui and Nishikawa 2005).
Microbes have been associated with AE, and S. aureus is associated with severity and can

stimulate an immune response reflective of AE.
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Figure 1.6 Carriage of S. aureus from 50 healthy adults and 50 healthy children
Figure modified from (Armstrong-Esther 1976). The distribution of S. aureus isolation was determined from the nose (N),
throat (T), hands (H), or combinations of these locations according to the percentage of individuals whom has a positive
isolation. Both children (top plots) and adults (bottom plots) were included in the study, and according to consistent
isolation over time these individuals were separated on whether they were persistent carriers (plots on the right) or transient

carriers (plots on the left).
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Along with aggravating the immune system, S. aureus stimulates the neurological
system. Itchiness, also known as pruritus, is a fundamental symptom of AE (Sparavigna,
Setaro, and Gualandri 1999; Chovatiya and Silverberg 2022). S. aureus abundance has been
significantly correlated to itchiness severity, with a Spearman correlation coefficient of 0.306
(Leung et al. 2009). Among topical treatments, the strongest reducer of itchiness was primrose
oil (Sher et al. 2012) which has also been found to inhibit S. aureus growth (Lodhia, Bhatt, and
Thaker 2009). This further supports the connection between itch and S. aureus. In addition,
when AE individuals are treated with Endobioma™, a naturally derived protein that selectively
targets and kills S. aureus, their itchiness decreases by 74% after 14 days (Moreau et al. 2021).
S. aureus can stimulate itch both indirectly and directly. When keratinocytes come in contact
with microbes, they release alarmins (1L-33, TSLP) which can directly stimulate nerve cells to
signal itchiness (Legat 2021). In addition, AE S. aureus directly induces Glial cells surrounding
the neuron because they have pattern recognition receptors that can directly recognize bacteria
(Daéron 2022). For S. aureus specifically, both a-hemolysin (a secreted pore-forming toxin)
and fMIFL (a secreted peptide) could active neurons to signal pain and perhaps similar
mechanisms are used to stimulate itchiness (Chiu et al. 2013; Daéron 2022). Despite this
connection between S. aureus and skin itchiness, S. aureus is just one of the various drivers of
itchiness in AE, with the others reviewed in Figure 1.7. S. aureus appears to have multiple
facets that drive AE, but these methods can only occur once S. aureus successfully colonizes

and overgrows in the skin.
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Figure 1.7 Stimulators of Itch and Related Pathways
Figure taken from (Legat 2021). Itch is a common symptom in atopic eczema (AE), and there are several different
pathways which have been observed to cause the sensation of itch within this disease. When the skin is exposed to irritants,
allergens, microbes, and scratching it causes a cascade of reactions involving the inflammatory response which may result
in a downstream cytokine signaling to the neurons’ receptors causing the sensation of itch. There are currently several
different drugs (JAK1/2, Dupilumab, Lebrikizumab, Tralokinumab, Nemolizumab, Nalfurafine, Difelikefalin, and
Nalbuphine) that target cytokine signals and thereby disrupt the sensation of itch in AE.

1.2.4 Potential Causes of S. aureus Colonization

There are several possible reasons for S. aureus colonization, summarized in Figure
1.8, one of which is an improper immune response. AE keratinocytes are not able to produce
as many AMP relative to psoriasis due to the upregulation of IL-4/1L-13, which can cause AMP
suppression, thereby providing an opportunity for pathogens to colonize (P. Y. Ong et al. 2002).
AMP human B-defensin 2 (HBD-2) and LL-37 present in psoriasis, another skin disease, can
kill AE S. aureus strains (P. Y. Ong et al. 2002). The suppression of AMP may be influenced
by the host-keratinocyte secretion of alarmins (IL-25, IL-33, and TSLP), which results in IL-
13 secretion (Napolitano et al. 2023), or by Staphylococci itself, where staphylococcal
enterotoxin B can induce IL-13 expression (Lehmann et al. 2004). In addition, in AE, there is

a decrease in IL-17, a known inducer of AMP production in keratinocytes, which could be
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another pathway explaining the reduction of AMP in AE (P. Y. Ong and Leung 2016).
Improper immune response due to AMP reduction is one of the possible causes of S. aureus
colonization in AE.

Alongside improper immune response, another cause for S. aureus colonization in AE
is the loss of the commensal skin microbiome. AE has been described as having microbial
dysbiosis regarding evenness, i.e., how evenly the bacterial abundances are distributed (Rauer
etal. 2023), and this means that AE has a disbalance in the microbiome. Heavy use of soap and
exposure to pollution both result in AE formation, and this is because both collapse the
microbial skin barrier (Ahn 2014; Werfel et al. 2016; Tabata, Tagami, and Kligman 1998; T.-
Y. Wong 2017; Flohr, Pascoe, and Williams 2005). In addition, AE has been described as a
Th2-based inflammatory disease (Saito 2005), and coagulase-negative (CoN) Staphylococci,
capable of inhibiting S. aureus growth, have reduced colonization in Th2 inflamed skin
(Nakatsuji et al. 2023). In S. aureus colonized AE skin, there is a reduction in CoN
Staphylococci that are capable of inhibiting S. aureus by secretion of AMP, like phenol-soluble
modulin y and 3, while in healthy skin, there is an abundance of these bacteria (Gallo and
Nakatsuji 2011; Nakatsuji et al. 2017). In addition, skin commensal bacteria, Cutibacterium
acnes and S. epidermidis can directly inhibit S. aureus colonization through the secretion of
SCFAs (Shu et al. 2013; Traisaeng et al. 2019). SCFAs can pass the bacterial cell membrane
and kill S. aureus by reducing its intracellular pH (Shu et al. 2013). Commensal bacteria can
also directly manipulate the immune system to disfavor S. aureus colonization. In mouse
models, SCFAs (acetate, butyrate, and propionate) can reduce the IL-33 S. aureus-induced
inflammation in AE (Luo, Lai, and Chang 2023), which could then resolve the inflammation-
based dysbiosis described in (Nakatsuji et al. 2023). Lastly, commensal bacteria can prevent S.
aureus colonization by inhibiting its quorum sensing system and S. aureus-based skin damage
(M. R. Williams et al. 2019). The quorum sensing system is responsible for biofilm formation,
which is the aggregation of organisms into clumps that generate a unique ecosystem and aid in
survival. Overall, the collapse of commensals allows S. aureus to invade AE skin, and there
are multiple ways commensal bacteria prevent S. aureus colonization in healthy skin.

Although damage to the skin barrier creates a new niche for pathogenic colonization,
some barrier disruptions are more influential than others. In a study of 77 AE patients, S. aureus
bacterial load was significantly associated with lesionality of the skin (LS vs. NL) but not with
FLG mutation (van Mierlo et al. 2022). This is supported by a whole genome sequencing study

of healthy and AE participants with and without S. aureus colonization, where mutations in
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skin barrier genes were not associated with S. aureus colonization (Mathias et al. 2015). The
overall quantity of the FLG protein is lower in AE (S. J. Brown and McLean 2012), and its
breakdown products, urocanic acid (UCA) and pyrrolidone carboxylic acid can impact the
density and growth rate of S. aureus (Miajlovic et al. 2010). The method by which these
molecules impact S. aureus is through intracellular acidification (Miajlovic et al. 2010). This
highlights that genetic skin barrier dysfunction can influence S. aureus colonization, mainly
through environmental modulation.

pH can also impact S. aureus colonization in AE. S. aureus prefers to grow in more
alkaline environments (Whiting et al. 1996; Proksch 2018b; Skowron et al. 2021), and pH can
impact the effectiveness of skin-native bactericides like Dermcidin where its killing activity
was highest at pH 5.5 (Schittek et al. 2001) and B-lactams antibiotics where S. aureus are more
susceptible to them at acidic pH 5.5 conditions (Lemaire et al. 2007). The amino acid content
of AE skin is higher in AE lesions (llves et al. 2021; Afghani et al. 2022), and amino acids are
known regulators of the buffering capacity of the skin (Levin and Maibach 2008). This
coincides with the higher skin pH and reduced buffering capacity in AE patients (Cornbleet
and Joseph 1954; Sparavigna, Setaro, and Gualandri 1999; Levin, Friedlander, and Del Rosso
2013b; Panther and Jacob 2015). In addition, in a mouse model, alkalization of the skin resulted
in a Th2 response and TSLP-induced scratching (Jang et al. 2016). Although in this study, the
mice were not exposed to S. aureus (Jang et al. 2016), as explained earlier, aberrant immune
system function can benefit S. aureus colonization, and alkalization of the skin induced this
immune response. A rise in pH within AE coincides with itchiness (Sparavigna, Setaro, and
Gualandri 1999; Ali and Yosipovitch 2013), which can be stimulated through S. aureus. In
addition, S. aureus adherence to the stratum corneum is improved at pH 7 compared to pH 5.5
(Miajlovic et al. 2010). Also, as adhesion to a surface is the first step in biofilm formation
(Harris, Foster, and Richards 2002), it’s unsurprising that biofilm formation within S. aureus
is pH dependent, where S. aureus biofilm formation is best at neutral pH than more acidic or
alkaline pHs (Zmantar et al. 2010; Nostro et al. 2012). In summary, there are multiple different
pathways at which pH can assist in S. aureus colonization in AE.

Alongside pH, oxygen is a currently understudied mechanism that could explain S.
aureus colonization. S. aureus is facultative anaerobic, which means it can grow both in
anaerobic and aerobic conditions (Taylor and Unakal 2023). Because segments of the skin can
be hypoxic, the scratching of the itchy skin can perforate the barrier turning it more normoxic,

and allowing for a unique niche system that S. aureus could take advantage of. Still, as of yet,
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it has not been studied. Within osteomyelitis, S. aureus infection reduces oxygen availability
(Wilde et al. 2015). Although unknown in the skin, this activity could benefit S. aureus
colonization by creating a niche that competing aerobes cannot survive within. Interestingly,
when severe AE cases are treated with hyperbaric oxygen therapy, there is a reduction of
SCORAD, but this study did not determine if S. aureus was present before or after this
treatment (Mews et al. 2021). Ozone therapy on AE skin does not impact Staphylococci
abundance on LS and NL skin but has been shown to improve microbiome diversity (Zeng et
al. 2020). Whether this increase in diversity results in an enrichment of commensal bacteria is
still unclear. In addition, as referenced earlier, SCFASs can hinder S. aureus colonization, and
this production occurs by anaerobic bacteria (den Besten et al. 2013), which could be lost when
the skin is severely scratched. Although in opposing directions, oxygen appears to be an
essential factor to consider in S. aureus colonization and overgrowth in AE.

Lastly, the dysregulation of skin lipids could result in altered S. aureus colonization.
The levels of sphingosine, a component of the skin’s lipid barrier, are reduced in AE (Arikawa
et al. 2002). Sphingosine has been shown to negatively correlate with S. aureus colonization in
AE (Arikawa et al. 2002) and is a known antibacterial against S. aureus (Wu et al. 2021). In
addition, long chain fatty acids, a component of skin sebum, are reduced in AE (Schafer and
Kragballe 1991; Afghani et al. 2022), and long chain free fatty acids are antibacterial against
gram-positive organisms, of which S. aureus is a member (Gallo and Nakatsuji 2011). In

general, multiple mechanisms can contribute to the colonization of S. aureus within AE.
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Figure 1.8 Potential Mechanisms of S. aureus Colonization
Figure taken from (Ogonowska et al. 2021). There are several observations seen in atopic eczema (AE) that could result
in the subsequent colonization of S. aureus, such as mutations in the filaggrin gene, rise in skin pH, decrease in

antimicrobial peptides and host defensive peptides, and reduction in sphingosine and ceramides.
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1.2.5 Strain Diversity in S. aureus

Although the picture of S. aureus on the skin suggests that only one version of S. aureus
colonizes the skin, S. aureus has a variety of different strains. For example, S. aureus strains
from steroid-resistant AE skin have a diverse and larger virulence profile than the general AE
population (Schlievert et al. 2008; 2010). In addition, AE strains are heterogenous in toxin
production and adhesion genes (Acker et al. 2019). This hints toward potential diversity within
AE. As discussed earlier, subsets of the healthy skin population persistently carry S. aureus
(Armstrong-Esther 1976), and it is estimated that more than 30% of healthy people carry S.
aureus (Chen, Fischbach, and Belkaid 2018). In mice, healthy S. aureus does not elicit the
same inflammatory response as AE strains, suggesting strain-specific induction in AE (Byrd et
al. 2017). Compared to a laboratory control strain, AE strains encourage T cell proliferation
(lwamoto et al. 2017), and AE strains can penetrate keratinocytes and induce the production of
IL-1o through TLR9Y (Moriwaki et al. 2019). Of those individuals carrying S. aureus in AE, there
is only one monoclonal clade on their skin during a disease flare, even though there are
differences in which clade when compared across individuals (Byrd et al. 2017). This suggests
that one strain of S. aureus on the skin rises dramatically during disease flare. Despite the
individual heterogeneity, perhaps there is homogeneity regarding why these strains succeed
compared to others. AE S. aureus strains are highly adaptive to their environment, where
steroid treatment generates a niche where S. aureus strains respond by secreting more virulence
factors (Schlievert et al. 2008). This adaptive ability could extend into other niches like pH and
oxygen. In a study comparing three S. aureus strains native to bone (naturally hypoxic),
although hypoxia resulted in differences in biofilm response, all three had a common
mechanistic (gene expression) response to environmental stress (Lamret et al. 2021). These
potential group-level (AE vs. healthy) differences have yet to be fully explored in the context
of environmental response.

Furthermore, the presence of S. aureus on healthy skin contradicts the concept that S.
aureus is solely pathogenic. Commensal S. aureus isolates can produce SCFAs, acetate and
butyrate, and when co-cultured with the pathogenic USA300 strain, commensal isolates can
reduce pathogenic colonization in wounds (J.-J. Yang et al. 2018). Beyond the direct reduction
of pathogenic strains and connecting back to the hygiene hypothesis, priming of the skin’s
immune system with commensal S. aureus followed by later inoculation with a pathogenic
strain can reduce the growth of the pathogenic strain by antibody recognition (J.-J. Yang et al.

2018). This highlights the potential use of commensal S. aureus as a prophylactic or treatment.
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In addition, other compounds, besides SCFAs, may contribute to reduced pathogenic
colonization. As far as the researcher is aware, there are no untargeted studies on small
molecule secretion-level differences between healthy and AE strain types.

1.2.6  Other Skin Diseases

Although AE will be the main focus of this work, there are many other skin diseases with
unique pathogenesis. Two of which are used as disease-specificity controls within this thesis.
Chronic spontaneous urticaria (CSU) is an immunological disease with itchy welts on the skin
(Kaplan et al. 2023). It is a subtype of chronic urticaria, where the appearance of wheals,
angioedema, or both lasts over six weeks with unknown stimuli (Zuberbier et al. 2018). The
pathogenesis of CSU is predominantly immunological, where there is mast cell degranulation
and histamine release alongside a Th2, Th1/Th17 cytokine profile (Kaplan et al. 2023; Liu et
al. 2022). CSU is also associated with autoimmune diseases and pseudo-allergens, and diet-
prevention therapy is beneficial (Bansal and Bansal 2019). The gut microbiome has been
associated with CSU pathogenesis (Widhiati et al. 2022; Bansal and Bansal 2019), but as of
yet, to the author’s knowledge, there has been no study on the influence of the skin microbiome.
Of what is known for the gut microbiome, there is no consistent microbiome pattern for CSU,
with several studies conflicting on the abundance differences for Bacteroidetes and Lactobacilli
presence (Widhiati et al. 2022). Based on the current knowledge of CSU, it is predominantly a
systemic (i.e., associated with several organ systems dysfunction) immunological disease, and
overlaps with AE in regards to the type of inflammation response.

Another skin disease is psoriasis, characterized by epidermis hyperproliferation and
keratinocyte cell expansion, resulting in scaly skin (Nikam et al. 2023). Symptoms include itch
and pain (Boehncke and Schon 2015). Environmental trigger factors for psoriasis include
scratching, chemical irritants (Boehncke and Schon 2015), and smoking (Raharja, Mahil, and
Barker 2021). Psoriasis is inherited by over 60% of affected individuals (Dand et al. 2020).
Many genes are associated with the immune system or the skin barrier (Raharja, Mahil, and
Barker 2021; Quaranta et al. 2014). In contrast to CSU, psoriasis is a collodendritic and T cell-
mediated disease where onset is driven by dendritic cell production of TNFa and IL-23 and
then T cell continuation where Th17- and Thl-based inflammation occurs (de Rie, Goedkoop,
and Bos 2004; Boehncke and Schon 2015; Godlewska et al. 2020). The skin microbiome is
suggested to influence psoriasis, but current results are contradictory, and there is no definitive
microbiome signature (Godlewska et al. 2020), and the overlap in regards to the skin barrier

impairment makes it a good disease-specificity control for AE studies.
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1.3 Skin Metabolome

The skin metabolome is the collection of low molecular weight compounds, small
molecules < 1.5 kDa, present on and within the skin. Each layer of the skin is home to a unique
ecosystem of metabolites. Starting from the deepest layer, the sweat glands are subdivided into
eccrine, apocrine, and apoeccrine glands and comprise the sweat metabolome (Sato et al. 1989;
Mena-Bravo and Luque de Castro 2014). This segment consists of a myriad of small molecules
such as electrolytes like salt, potassium, bicarbonate, and ammonia, urea, lactate, amino acids,
and metal ions (Sato et al. 1989). Some of the molecules produced in the sweat glands can be
correlated to an individual’s plasma or contain amino acids initially originating from the
stratum corneum (Sato et al. 1989). Within the skin is also the Interstitial fluid (ISF), a liquid
within the connective tissue called the interstitium, composed of water-soluble compounds
excreted from the cells and blood capillaries (Wiig and Swartz 2012). Because the ISF is
partially composed of compounds secreted from blood capillaries, it unsurprisingly has a high
overlap (84%) with metabolites commonly found in the blood (Kool et al. 2007; Niedzwiecki
et al. 2018). This metabolome is often non-invasively isolated through the creation of suction
blisters, but other methods can also be used (Elpa et al. 2021; Samant et al. 2020). Continuing
outward is the stratum basale, and the composition of the stratum basale is mainly
phospholipids with the addition of cholesterols and triacyl-glycerides (Feingold and Elias
2014; J. van Smeden et al. 2014). At the stratum granulosum are glucosylceramides,
phospholipids and sphingomyelin, all of which are stored in pockets called “lamellar bodies”
(Feingold and Elias 2014; J. van Smeden et al. 2014). At the stratum corneum, hydrophilic and
lipophilic components produced from the insides and outsides of the corneocytes are found
(Bucks 1984). In addition, the stratum corneum contains cholesterols, ceramides, and free fatty
acids produced from the breakdown of the lamellar bodies (Elias 1996; Feingold and Elias
2014). These are the metabolites that make up the skin, but the skin can also have metabolites
produced from resident microbiota and environmental exposures (Afghani et al. 2022).

A variety of factors can influence the skin metabolome. As our barrier to the outside
environment, a variety of environmental factors, UV light, cosmetics, pollution, and the
microbiome, have been shown to influence the skin metabolome (Bouslimani et al. 2019; Misra
et al. 2021; Randhawa et al. 2014; Patra et al. 2023). Regarding host-related factors, sampling
location (Bouslimani et al. 2015) and age (Kuehne et al. 2017) are also influential. The sex of

the individual is also suspected to be influential for the skin metabolome, with sweat
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metabolomes showing differences (Hooton, Han, and Li 2016). These are the currently known
variable factors that can influence skin metabolome results, as recently summarized in (Afghani
et al. 2022).

As our outer layer, the skin provides a unique opportunity for monitoring disease.
Currently, the skin metabolome can potentially diagnose gut, brain, and lung diseases. In mice,
the gut can influence the skin metabolome, where different supplementations, caffeine, green
tea, epigallocatechin gallate, and theanine, produce distinct skin metabolomes (Jung et al.
2019). For the brain, the volatile metabolome, the metabolome of the volatile organic
compounds (VOCs) which produce odors, of sebum can correctly distinguish Parkinson’s
disease (Trivedi et al. 2019). This was also confirmed by the sebum’s lipidome (Sinclair et al.
2021). Despite this innovation, lipid modeling cannot differentiate between treated and
untreated Parkinson’s disease (Sinclair et al. 2021). Lastly, the sweat metabolome can not only
distinguish lung cancer patients but also hint at the possibility of diagnosing those with risk
factors for the development of lung cancer (Calderén-Santiago et al. 2015). Overall, the skin
metabolome is a good system for disease monitoring.

1.3.1 Current Sampling Methods

Despite skin metabolomics having the potential for disease monitoring, it is still in its
infancy. As hinted at prior, different parts (sebum, sweat, surface) of the skin can be used to
measure the metabolome. Despite the skin metabolome being a potential new system for
disease diagnosis, there is no standard regarding the sampling method. From the most invasive
side, skin biopsies can be taken by skin scrapes or tissue punches. As mentioned earlier, suction
blistering can be used for the capture of ISF, but also microneedle patches can be used along
with micro-dialysis and open-flow micro-perfusion. With regards to sweat collection, sweating
can be stimulated through heating or exercise and then collected. In the case of the macroduct
patch, an alkaloid drug that induces sweating is inserted in the skin by an electric field. To
forgo this stimulation, one could use a hydrogel micropatch. In addition, for non/minimally-
invasive methods not focused solely on sweat collection, tape stripping and pre-wet swabs can
be used. This is a brief overview of sampling methods, with a complete overview provided in
Figure 1.9 and Table 1.2. Each method for sample collection has pros and cons, described in
Table 1.2, and the influential impact of the sampling method has not yet been quantified. Of
the methods described among the non-invasive ones, they either take a large amount of
clinician, pre- or post-handling time. For example, the current, easiest-to-use non-invasive

method, pre-wet swab, requires a pre-wetting and “cleaning” of contaminations for one week
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using organic solvents, which makes it unsuitable for clinical settings. More importantly, swabs
are not an appropriate sampling method for damaged skin and skin lesions due to the irritation
of the rubbing and the drying effect of the solvents, and the total release of the chemicals from
the swab after sampling cannot be guaranteed. New sampling methods should be sought
because of the need to perform simplistic, cost-effective sampling for metabolomics in the

medical and cosmetic sectors.
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Figure 1.9 Methods for Skin Metabolomic Sampling
Figure taken from (Elpa et al. 2021). Although there has yet to be a comparison of sampling methods for skin metabolome,
fourteen different methods have been recorded (only 12 provided here from when the review was published) and tested in
the literature. These methods can be highly invasive such as taking sections of the skin with a scalpel, tissue puncture,
microdialysis, and open-flow microperfusion; minimally invasive such as skin blistering with a suction chamber, tape
strip, microneedle patch; or non-invasive such as collection of the sweat using a macroduct, extraction of the metabolome

using a solvent, a cellulose, polydimethylsiloxane, or hydrogel patch, or a solid phase microextraction.

Table 1.2 Pros and Cons of Each Skin Metabolomic Sampling Method
Figure modified from (Dutkiewicz, Chiu, and Urban 2017). Fourteen different methods for skin metabolome sampling

including their invasiveness score, sampling time, advantages, and negatives. Abbreviation: no data (n.d.)
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This thesis aimed to deepen the understanding of the micro-environmental factors that
influence the skin’s homeostasis and develop a simpler method for skin metabolome sampling.
The effects of the environmental factors — oxygen and pH - on the microbiome with a special
focus on S. aureus was explored with a summary found in the Graphical Abstract. As
elaborated in the introduction, there is a microbiome present within the skin, and the role of the
deeper layer microbiome is still unknown. In addition, currently, the majority of skin
microbiome studies measure the relative abundance of bacteria and do not consider actual
bacterial load, i.e., absolute abundance. (Al) | hypothesize that there is a deeper layer
microbiome and that the bacterial load differs across the skin layers and within skin disease. In
addition, as compositionally, S. aureus is commonly overgrowing in AE; (A2) | expect that
there is also a higher absolute abundance of S. aureus on the surface of AE skin and due to its
capability as an intracellular pathogen, that it penetrates the deep layers of AE skin.

Alongside the presence of bacteria, the low oxygen levels within the skin hypothetically
could support an anaerobic microbiome. Since most studies measure the relative abundance of
anaerobic bacterial reads or culture the anaerobic bacteria from the skin's surface, it first must
be established if there is an anaerobic microbiome within the skin. (A3) | presume there is an
anaerobic microbiome within the skin and, due to the loss of structural proteins like tight
junctions and filaggrin and the presence of micro-wounds, (A4) that the anaerobic microbiome
is lost in both LS and NL AE skin.

Also, scratching of the skin not only disturbs the skin but causes excessive contact,
potentially resulting in the recolonization of S. aureus from other areas of the body. S. aureus
is facultatively anaerobic and could take advantage of fluctuating oxygen conditions in itchy
skin because the skin barrier is damaged from scratching. In addition, S. aureus is known to
prefer more alkalized environments. Because the pH is increased in AE, and a hallmark
symptom of AE is itchiness, (B1) | suspect that S. aureus strains take advantage of this
changing ecological niche, where those strains isolated from AE individuals, as compared to
healthy isolated strains, are best adapted to AE conditions. Also, S. aureus can be found on
healthy skin. (C1) | hypothesize that the secretions of AE and healthy strains differ and that
this is environmentally specific.

Along with observing the impact of the environment in vitro, in vivo observations are
critical to understanding the effects of the environment on skin health. Physiological
measurements are essential to gauge functional changes in the skin, and chemicals, i.e.,

metabolites, provide a wealth of information about the functional changes to skin homeostasis.
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Unfortunately, the current sampling methods for skin metabolomics are not practical for
clinical translation due to arduous sample preparation before sampling, the long sampling time
required, and the complicated machinery involved. Because of this, (D1) | aim to develop a
new sampling method comparable to the current non-invasive sampling standard, pre-wet
swab. From this exploration into the different factors that affect skin homeostasis and the
development of more clinically feasible metabolome sampling, we will be one step closer to

fully understanding how AE develops and improving how it is diagnosed.

Chapter 2 - Materials and Methods
2.1 Material
2.1.1 Instruments
Table 2.1 Instruments

Instrument Supplier
Sparkreader Tecan

Illumina MiSeg® platform Illumina Inc
UPLC-MS? Agilent

SICRIT lonization Source Plasmion

MS for SICRIT Thermofisher Scientific
SpeedVac Fisher Scientific
Sonorex Bandelin
CFX364 Real Time System Thermocycler Biorad
Thermomixer F1.5 Eppendorf
Precellys Evolution Bertin Corp

Whitley DG250 Workstation
Centrifuge 5420

Don Whitley Scientific
Eppendorf

2.1.2 Software

Table 2.2 Software
Software Supplier
CLC Genomics Workbench 11.0.1 Qiagen

Rhea
AnnotlEM
Spark Control V2.3

(Lagkouvardos et al. 2017)
(Bhattacharyya et al. 2019)

Tecan
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R
Prism version 6.00 for Windows
Microsoft Office

Refiner MS GeneData Expressionist 13.5

Metaboanalyst v4.0 and 5.0
MicroblEM

MassTRIX

CFX Maestro Analysis Software

(R Core Team 2022)

GraphPad

Microsoft

GeneData AG

(Chong, Wishart, and Xia 2019)
(Hulpusch 2021)

(Suhre and Schmitt-Kopplin 2008)

Biorad

2.1.3 Consumables
Table 2.3 Consumables

Consumable

Supplier

96 well plate

Resazurin strips

14mm D-Squame Stripping Discs
Inoculation loop sterile, 10 ul
Microbank storage vial beads
PCR tubes

gPCR plates 384 well

Eppendorf Tubes (1.5, 2.0 ml)
Falcon Tubes (15; 50 mL)

Screw Cap Eppendorf Tubes (1.5 ml)

Syringe filter units (0.22 um)
Anotox

Palladium Catalyst

iHILIC®-Fusion UHPLC column, SS, 100 x

2.1 mm, 1.8 pm, 100 A column
Glass Vials, LC-MS Certified

100pm diameter zirconia-silica beads

Fisher Scientific
Schuett-biotec
Clinical&Derm

Carl Roth

Pro-Lab Diagnositics
Eppendorf

Thermo Fisher Scientific
Sarstedt

Sarstedt

Sarstedt

Merck Millipore

Don Whitley Scientific
Don Whitley Scientific
HILICON AB

Waters
Carl Roth GmbH + Co

2.1.4 Kits and Reagents
Table 2.4 Kits

Kit

Supplier
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QlAamp UCP Pathogen Mini Qiagen
MiSeq® Reagent Kit v3 600 cycles [llumina Inc
Staphaurex Plus* Remel

Table 2.5 Reagents
Reagent Supplier
Universal-Silikon OBl
Resazurin sodium salt Alfa Aesar
Stool DNA Stabilizer Solution Stratec
Trypton/Peptone from Casein Carl Roth
L-cysteine hydrochloride monohydrate Alfa Aesar
Mannit-NaCl-Agar Carl Roth
Yeast Extract Carl Roth
NaCl Carl Roth
LC-MS grade water Sigma Aldrich
Acetonitrile, LC-MS grade Sigma Aldrich
Ethanol, LC-MS grade Sigma Aldrich
PerfeCTa Multiplex g°PCR ToughMix Quantabio

Stool Stabilizer Solution

Q5 polymerase and reaction mix

Invitek Molecular

New England Biolabs

2.2 Description of Human Studies

In total, five human studies were performed with overlapping technigues.

2.2.1 CK-AD

The data provided from the CK-AD study® was only a subgroup of the data with seven
healthy (HE) individuals enrolled and three of which had surface and deep layer skin sampling,
previously published in (Altunbulakli et al. 2018). For the full study, individuals with clinically
diagnosed AE or healthy skin were included, and all ages were accepted. Participants were
excluded if they had antibiotic treatment six months before enrollment, and if topical steroids

or other treatments were used a month before sampling. Participants were not allowed to use

°> The CK-AD study is a study that was focused on connecting epidermal barrier dysfunction, as measured through
the skin’s transcriptome, to microbiome signatures, measured by RNA sequencing in AE and healthy participants.
Only three healthy participants in the study had the deeper skin sampled, and therefore, only healthy participants’
data will be used for the research within this thesis. The study has been published, see (Altunbulakli et al. 2018).
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soaps, sanitizers, skin care products and shower for a minimum of 12 hours (hrs) prior to
sampling. The cohort consisted of male and female individuals with ages ranging from 18 to
86. Swab samples were taken from the skin’s surface and within the skin’s epidermis. The
microbiome sampling, sequencing, and data cleaning were performed by prior colleagues listed
in (Altunbulakli et al. 2018) at the Institute of Environmental Medicine (IEM). Data analysis
is described in section 2.5.

2.2.2 ProRaD

The ProRaD study is a multi-center, time-course observational study focused on AE,
described in Bieber et al. (Thomas Bieber et al. 2020) and found at https://ck-
care.ch/en/studies/pro-rad-study/. Participants in the study will be observed for a period of five
years. The inclusion criteria for this study was individuals with healthy skin and clinically
diagnosed atopic disease. The atopic diseases include, but are not limited to the following: food
allergy, AE, psoriasis (P), asthma, and allergic rhinitis. There is no age restriction. Use of
therapeutics is allowed during the study and is not an exclusion criterion. Patients were
excluded when the participant is no longer willing to participate in the study. Data used from
this cohort consists of AE - LS (n = 149) and NL (92) - and healthy (HE, 35) samples.
Information collected within this cohort ranges from physiological measurements (pH,
corneometer, TEWL), severity scoring (SCORAD), bacterial cultivation, microbiome, drug or
emollient use, sex, bathing habits/prior bathing, creaming habits/prior creaming, diet, and
familial history. Surface swab skin microbiome samples were taken, and the sequencing was
performed by other colleagues at the IEM. Data handling and processing is described in section
2.5.

2.2.3 Deep Layer

The Deep Layer study is an observational study of HE, AE, P, and CSU participants.
All individuals had to have healthy skin or clinically diagnosed skin disease listed above. Skin-
diseased participants were excluded when they did not have lesions at the volar forearm and if
they are currently undergoing therapy. The ages of the participants ranged from 21-77.
Sampling and data collection were performed by the Metz group within the Department of
Dermatology and Allergy Charité at the Universitatsmedizin Berlin. Prior to sampling
participants were asked to refrain from using cremes or bathing. A subsection of the individuals
who participated in the study had their samples measured by Quantitative PCR (gPCR).
Specifically, 28 HE, 14 AE, 5 P, and 17 CSU patients were included. The focus of the study

was to observe if skin pH, TEWL, and the microbiome changed at different skin depths (surface
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to the stratum basale). These observations were taken by removing layers of the skin with 14
mm D-Squame Stripping Discs, i.e., tape strips (TS) (for more details, see section 2.4). Up to
80 TS were taken per subject. TS2 and TS20 from HE, AE, P, and CSU were used for DNA
extraction. For a subgroup of 6 AE and 7 HE, TS40, TS60, and TS80 were used for DNA
extraction to observe changes past the stratum corneum, which requires 20 to 50 discs (Jeroen
van Smeden et al. 2014). From these samples, the absolute quantity of the microbiome was
measured by quantitative polymerase chain reaction (QPCR), described fully in section 2.6.

2.2.4 WET PREP Study (Published)

All protocols described herein were previously published in (Afghani et al. 2021). Only
participants without diagnosed skin disease (n=21) or resolved skin disease (n=1) were
included in the study.

2.2.5 SICRIT lonization Source Study

Individuals from the ProRaD study were recruited for a small trial of skin metabolomic
sampling. For comparisons between WET PREP and direct skin sampling, three individuals
had WET PREP (described in 2.9) sampled and placed their skin directly in front of the SICRIT
ionization source attached to a Thermofisher Scientific mass spectrometer (MS) for 30 seconds
(sec). The WET PREP samples were heated and placed in front of the SICRIT ionization source
to avoid ionization-source-based confounders. In addition, five healthy and three AE
individuals’ (NL and LS) skin was sampled to determine if the WET PREP could be used for
AE diagnostics.

2.3 Description of Bacterial Studies

In addition to human studies, two bacterial studies were performed. The two described
in here are the “Time Series Analysis of Staphylococcus aureus” (TSASA) and the
“Differences in Atopic and Healthy Strain Secretions” (DAHSS) study.

2.3.1 TSASA

For TSASA, see full name above, because of observations of a pH-dependent potential
metabolism shift (diauxic shift) within the growth curves of patient strains of S. aureus (Figure
2.1), two strains of S. aureus (1 HE, 1 AE) were grown over 16 hours in varying pHs (pH 6.0,
pH 7.0, and pH 8.0). To cover before, during, and after the diauxic shift, supernatants were

collected at three different time points (for details, see section 2.8).
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Figure 2.1 Graphical Representation of TSASA Study
Scheme displaying when (blue arrows) during the growth phase of S. aureus samples were taken for the TSASA study.
The growth pattern displayed is for one strain grown in pH 6.0, pH 7.0, and pH 8.0 media. This figure was generated by
Katherine Wald.

2.3.2 DAHSS

Because of the results found from TSASA, a follow up study mimicking the environmental
conditions of the AE and HE skin was performed, termed DAHSS. The study design is visually
described in Figure 2.2 and Figure 2.3. More specifically, ProRaD bacterial isolates were
subjected to four different environmental conditions: aerobic pH 5.5, aerobic pH 7.0, anaerobic
pH 7.0, and anaerobic to aerobic flux pH 7.0. These environments were chosen to test normal
skin pH -around pH 5.5 - versus the elevated pH in AE - pH 7.0; to test healthy skin oxygen
environment -anaerobic; and observe the effects of the scratching conditions — anaerobic to
aerobic flux, simply termed “oxygen flux”. Anaerobic pH 5.5 was not used as an environmental
condition, because the strains were not capable of growth in this condition. Bacterial growth in
each condition was measured over 16 hrs, for more information see section 2.7. For a sub-
group of the strains, secretions were collected, see section 2.8, and measured by mass
spectrometry, see section 2.10. The outline for the number of strains used in the growth curves

and secretions can be found in Table 2.6.
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Table 2.6 Number of Strains Used for Growth Curves and Measurement of Secretions by

UPLC-MS?
HE AE
Conditions Skin Nose Skin Nose
Aerobic, pH 7 2 13 18 7
Aerobic, pH 5.5
Growth Curves  Anaerobic, pH 7
Anaerobic to Aerobic 2 13 15 7
flux
Aerobic, pH 7 2 13 15
-MS2 >
e Aerobic, pH 5.5
Anaerobic, pH 7
S. aureus
Aerobic Anaerobic |Ana — Aer
AE
pH| 5.5 7 7 7
X X
| __aa | ._//X'\\

\\\/{\M
HE AE HE

Figure 2.2 Study Design of the DAHSS experiments for Growth Curves

Aerobic  |[Anaerobic

Q
i |

LC-MS?

Figure 2.3 Study Design of the DAHSS Study for UPLC-MS?
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2.4 DNA Collection and Extraction

The Deep Layer, ProRaD, and CK-AD study followed different methods for DNA
collection. For the Deep Layer study, instead of skin swabs, 14mm D-Squame Stripping Discs
(Clinical&Derm) were used because, along with capturing the DNA sequences at that skin
layer, they would remove a skin layer, which is a part of the study’s goal (to observe changes
across the depths of the skin). Discs were taken by applying the disc to the skin, adding a
constant pressure with the application tool from Clinical&Derm for 5 sec and then removing
with sterile forceps. After sampling, the discs were placed back onto their original foil and
stored at -80 °C until thawed. Due to the large size of the D-Squame Stripping Discs, only half
of the strip was used for DNA extraction. Immediately before extraction, the discs were cut in
half using flame sterile scissors and placed in tubes containing beads (0.5 g, for later bead-
beating). For the ProRaD study, skin swabs were collected and stored at -80 °C in tubes with
0.5 g of beads and 500 puL Stool DNA Stabilizer Solution (Stratec). These swabs were later
thawed, processed, and measured for 16S rRNA content to determine the bacterial species
present in the individuals (HE and AE). Swabs were taken by rubbing the skin approximately
20 times within a region of 2 cm x 2 cm. The CK-AD study followed a similar protocol to the
ProRaD study, except that tape strips were used to remove skin layers for the within skin
samples, and then a swab sample was taken from the previously stripped area.

All DNA extractions for ProRaD and CK-AD studies were done by other colleagues at the
IEM involved in those studies but followed the same protocol, as described below, with minor
changes to volumes due to the addition of DNA stabilizing solution. The following protocol
was used to extract the Deep Layer study samples’ DNA. After sampling, the samples were
extracted following the QlAamp UCP Pathogen Mini protocol (Qiagen) for swabs with
modifications. In short, 650 uL aliquot of Buffer ATL + Reagent DX was added to the sample;
the tubes were then heated at 56 °C for 10 minutes (min) at 0.6 g. Then to release DNA, the
samples were bead beaten at 17,664 — 25,436 g for 90 sec, paused for 15 sec, then 17,664 —
25,436 g for 90 sec. Afterward, there was a quick centrifugation of 5 sec at 8,000 g. 400 uL of
the supernatant was removed, and to degrade proteins, 40 uL of ProteinaseK was added and
heated at 56 °C for 10 min without shaking. After a short centrifugation, 200 uL of Buffer
APL2 was added and heated at 70 °C for 10 min without shaking. After another brief
centrifugation, 300 uL of ethanol was added, mixed, and centrifuged. The lysate was then

transferred to DNA binding columns and vacuumed. To wash the column, 6700 uL APW1 was
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added, and a vacuum was applied to remove flow through. Then 750 uL APW?2 was added, and
the vacuum was used again. Finally, to elute the DNA, 40 uL of Buffer AVE was added to the
column, and samples were centrifuged at 20,000 g for 1 min, and this step was repeated once
to end up with a total of 80 uL of extracted DNA. Samples were then stored at -80 °C.

2.5 Sequencing and Microbiome Analysis

Both the ProRaD and CK-AD studies had next-generation sequencing performed on their
DNA-extracted samples. Sequencing was conducted in collaboration with Klaus Neuhaus at
ZIEL Institute for Food and Health (TUM, Weihenstephaner Berg 1, 85354 Freising). The
DNA was first quantified by PCR for the V1-3, 16S rRNA gene (primers 27F-YM and 534R).
Then 16S rRNA sequencing was done with the Illumina MiSeg® platform (Illumina Inc) and
MiSeq® Reagent Kit v3 600 cycles (Illumina Inc). Quality control and operational taxonomic
unit (OTU) clustering were done by CLC Genomics Workbench 11.0.1. All species were
annotated by the algorithm (AnnotIEM) of Bhattacharyya et al. (Bhattacharyya et al. 2019).

The above steps for ProRaD were done externally by other researchers involved in those
studies. For the CK-AD study, all steps except for AnnotlEM were done externally by other
researchers involved. The MicroblEM parameters set for ProRaD can be found in Table 2.7.
Afterward, Rhea was used for visualizing the rarefaction curves, and 20 sequences with a high
rarefaction curve slope were removed. Information regarding the data’s reads and OTUs before
and after MicroblEM filtering and a list of samples excluded after the rarefaction curve can be
found in Figure 2.4. After cleaning the data, all microbiome datasets were normalized by
dividing each sample by the sum of its total reads.
Table 2.7 MicroblEM parameters for ProRaD Study

MicroblEM parameters were set to eliminate contamination and exclude samples with low reads. NEG1 refers to the

technical negative controls and NEG2 refers to the biological negative controls.

Parameter Value
Minimum reads per sample 5000
Minimum reads per OTU 2
Minimum relative frequency per 0.01
oTuU

37



Chapter 2 -Sequencing and Microbiome Analysis

Frequency mean ratio 0.5
(NEG1/SAMPLE)
Span threshold (NEG1) 75%
Frequency mean ratio 0.5
(NEG2/SAMPLE)
Span threshold (NEG2) 50%
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Figure 2.4 Filtering and Cleaning of the ProRaD Data
(A) Number of OTUs lost through each step of the MicroblEM (Hdlptisch 2021) filtering process which is done to remove
contaminates commonly present in skin swab samples and to remove low read samples and OTUs. (B) Rarefaction plot
of number of reads by number of OTUs per sample after filtering, where the number of reads (x axis) do not strongly
correlate with the number of OTUs (y axis). (C) Rarefaction curve of number of reads by number of OTUs after
MicroblEM (red) top 20 under sampled cases. Under sampled cases are determined by the slope of the curve calculated

when plotting the number of reads to the number of OTUs (D) Table of rarefaction curve slope for the 20 samples with

The creation of the divisions for anaerobic, aerobic, and facultative anaerobic bacteria,
termed the “oxygen tolerance list,” was done based on cross-referencing the taxonomic data
provided by AnnotlEM to published literature. More specifically, a species’ oxygen tolerance
was determined based on the information provided by Bergey’s Manual. When the information
was unavailable in Bergey’s Manual, the gen. nov. literature for the species was consulted. If
the gen. nov. literature did not specify a species’ oxygen tolerance, more recently published
literature found through PubMed was consulted. Because of data inconsistencies and the lack

of information provided by BacDive, this resource was not used to create the oxygen tolerance
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list. This cross-referencing generated four categories: anaerobic, aerobic, facultatively
anaerobic, and other. Anaerobic refers to bacteria that cannot survive among atmospheric levels
of oxygen. Aerobic refers to bacteria that can survive with atmospheric oxygen. Facultative
anaerobic refers to the bacteria that can survive in the presence of atmospheric oxygen and
without atmospheric oxygen levels. Other refers to the species of bacteria that currently have
no information provided in the literature regarding their survival in relation to oxygen levels,
conflicting information provided in the literature, or OTUs that AnnotlEM could not
taxonomically identify. The generated list can be found in Supplement Table 7.1 Oxygen

Tolerance List.

2.6 gPCR

gPCR was performed on the Deep Layer study samples. The fluorescence-labeled primers
were used to measure total microbiome content, 16S rRNA,; Staphylococci species, TUF2; S.
aureus, NUC. Primers were designed by colleagues at IEM (De Tomassi et al. 2023). For
primer sequences, see Table 2.8. The concentrations for the primers and probes for the ten
times concentrated primer mix is described in Table 2.9. For the volumes of the master mix,
the primer mix is used to make the TagMan MultiProbe see Table 2.10. 5 uL of the TagMan
MultiProbe and 5 uL of extracted DNA were then used for the gPCR. In addition, standard
curves created by a serial dilution of the Human gDNA and our pUNIKA-T2 (containing 16S,
TUF2, and NUC sequences) were used to determine the number of copies or cells per reaction.
The gPCR protocol is to heat the samples for 2 min at 95 °C (activation/denaturation), then 45
cycles of 95 °C for 15 sec (denaturation) and 60 °C for 1 min (annealing and elongation) and
was performed on a CFX364 Real Time System Thermocycler (Biorad). The cycle thresholds
were calculated from the experimental triplicates using CFX Maestro Analysis Software
(Biorad). Experimental triplicates were afterwards averaged to determine the final copies/cells

per sample, and AVE buffer was used as a negative control.

Table 2.8 Primer Sequences for Target Genes

Target Primer Sequence written 5’ to 3’

16S rRNA Forward: TGGAGCATGTGGTTTAATTCGA

Reverse: TGCGGGACTTAACCCAACA

Probe: Cy5-CACGAGCTGACGACARCCATGCA-BHQ2
TUFR2 Forward: DCAAATGGACGGMGSTATCT
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NUC

Reverse: WGCTGGHACACCAACGTTACG

Probe: Hex-ATGCCACAAACTCGT-MGB

Forward: GTTGCTTAGTGTTAACTTTAGTTGTA

Reverse: AATGTCGCAGGTTCTTTATGTAATTT

Probe: FAM-AAGTCTAAGTAGCTCAGCAAATGCABHQ1

Table 2.9 10x Concentrated Primers Mix

Primer and Probes Concentration (uM)

hGAPDH

16S rDNA

TUF2

NUC

Forward: 2
Reverse: 2
Probe: 1
Forward: 2
Reverse: 2
Probe: 1
Forward: 8
Reverse: 4
Probe: 1
Forward: 1
Reverse: 1
Probe: 1
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Table 2.10 Components used to make TagMan MultiProbe for 1 sample, 5 uL total

Component uL
PerfeCTa Multiplex gPCR ToughMix 2
Primers mix, 10 times concentrated 1
H20 2

2.7 Bacterial Growth Curves

All bacterial strains were isolated from the ProRaD study and confirmed to be S. aureus by
Mannitol Salt Agar (MSA) appearance and Staphaurex Plus* (Remel). For MSA plate
identification, both growth on the plate and a yellow ring surrounding the colony (due to the
fermentation of mannitol, which leads to acid production and changes from phenol red, pH
indicator, to yellow) denotes S. aureus growth. In addition, Staphaurex Plus* - a latex
agglutination test determining whether the strain of interest contains a clumping factor, protein
A, and surface antigens characteristic of S. aureus strains - was used to confirm the species.

Bacterial strains, after isolation from participants in the ProRaD cohort, were stored in bead
cryotubes at -70 °C. These beads were then used to inoculate either Luria Broth (LB) (for
TSASA) or modified LB (for DAHSS); a more detailed description can be found in Table 2.11
and Table 2.12. The broth is modified by adding L-cysteine and Resazurin, two components
required for the growth and confirmation of growth in anaerobic conditions. The anaerobic and
aerobic growth mediums are the same to prevent potential confounding factors from different
mediums. The only difference between the two mediums is that the anaerobic medium was
degassed in an atmosphere of 5% H, 85% N, and 10% CO: following autoclaving and the
aerobic medium was not. For both TSASA and DAHSS, the bacterial strains were first
inoculated overnight at 37 °C. Afterward, their ODsoo Was measured, and dilutions required for
ODsoo = 0.01 were calculated. They were then diluted for the desired ODsoo (0.01) and pipetted
into a 96-well plate, and grown, shaking by continuous double orbital (amplitude 1 mm,
frequency 270 rpm) at 32 °C for 16 hrs with ODgoo measured every 10 min by a Sparkreader
(Tecan). The Sparkreader read the ODsoo With ten flashes and a settling time of 50 ms. Multiple

reads were taken per well in a circle filled with a 1500 um border 2x2 orientation.

Table 2.11 Ingredients used to make 1L of Luria Broth

After dissolving ingredients in water, the solution was pH adjusted according to the desired pH.
Component Amount (g)

Tryptone 10
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NaCl 10
Yeast Extract 5

Table 2.12 Ingredients used to make 1L of modified Luria Broth

After dissolving ingredients in water, the solution was pH adjusted according to the desired pH.

Component Amount (g)
Tryptone 10

NaCl 10

Yeast Extract 5
L-cysteine HCI x H20 0.5
Resazurin Solution (0.0436 Molar) 100 uL

When grown in anaerobic conditions, the method is slightly modified. The media used was
at pH 7.0. All strains were inoculated and diluted under anaerobic conditions (5% H, 85% N,
10% CO,). The color of the resazurin solution indicates confirmation of anaerobic conditions,
where yellow LB indicates anaerobic conditions maintained and pink LB indicates the presence
of oxygen. The anaerobicity of the chamber was also confirmed before inoculation by resazurin
strips (Schuett-biotec). After diluting into the 96-well plate and prior to removal from the
anaerobic chamber, the 96-well plate was sealed with a silicon paste (OBI) to retain the
anaerobic conditions within the plate while being grown and measured in the Tecan
Sparkreader. Based on prior literature, silicon was used as a sealant (Koutny and Zaoralkova
2005). The steps taken for anaerobic conditions were repeated for the anaerobic to aerobic, i.e.,
oxygen flux environmental condition, except that the 96-well plate was not sealed before it was
removed from the anaerobic chamber.

Following measurement, the ODgoo measurements are averaged across the experimental
triplicates (3 wells) or for anaerobic samples duplicates (2 wells) and subtracted from the blank
ODesoo measurement (LB-only wells). Growth curves were created with Microsoft (MS) Office,

and the area under the curves was calculated with GraphPad Prism version 6.00 for Windows.

2.8 Collection of Bacterial Supernatant

Bacterial supernatant was collected in the following studies (1) TSASA and (2) DAHSS.
For the first study, biological duplicates and experimental replicates of two strains of S. aureus
(1 HE, 1 AE) were grown at three different pHs (pH 6.0, pH 7.0, and pH 8.0) in LB media
(described in Figure 2.1). At 3 hrs, 6 hrs and 40 min, and 16 hrs, 150 uL of the bacteria were

43



Chapter 2 -Collection of WET PREP and Pre-wet Swabs

harvested and centrifuged at 1000 g for 10 min at 4 °C. 100 uL of supernatant was removed
and snap frozen by immersion in liquid nitrogen. Samples with less than 100 uL possible for
recovery were excluded from analysis (3 samples: S32_AD_0047_497 pH7_6 hr 40 min.,
S47_HE_9014 322 pH7_6 hr 40 min., and S71_HE_9014 322 pH7_16 hr). In parallel, 150
uL aliquots of uninoculated media were processed similarly. These samples were then stored
at -80 °C until processed and run on UPLC-MS? (see section 2.10).

For the second study, biological triplicates of 30 strains of S. aureus (15 HE, 15 AE) were
grown in three conditions (described in Figure 2.3) in modified LB media. After 16 hrs, 900
uL of the bacteria were harvested and centrifuged at 1000 g for 10 min at 4 °C. 700 uL of
supernatant was removed and snap-frozen by immersion in liquid nitrogen. In parallel, 900 uL
aliquots of uninoculated media were processed similarly. These samples were then stored at -
80 °C until processed and run on UPLC-MS? (see section 2.10).

2.9 Collection of WET PREP and Pre-wet Swabs

Skin metabolome samples were collected using WET PREP or a pre-wet swab at the
antecubital fossa. This protocol can be found in (Afghani et al. 2021). Briefly, WET PREP
consists of a 5 mL water lavage, where 1 mL increments were collected. After sampling, the
samples were centrifuged at 847 g for 10 min. Pre-wet swab sampling followed the protocol
described in (Bouslimani et al. 2015), where swabs were incubated in a 500 uL 50/50 solution
of water and ethanol for a week, with the solution being exchanged every 2" day. After
sampling, the swab was incubated for 2 hrs at 4 °C, vortexed, and filtered (0.22 um). All
metabolomic samples were snap frozen after processing and stored at -80 °C until run on
UPLC-MS?,

2.10 Mass Spectrometry

UPLC-MS? (Agilent) was performed in the WET PREP, TSASA, and DAHSS studies.
WET PREP followed a similar protocol described below with modifications on the volumes,
and the in-detail protocol can be found in (Afghani et al. 2021). All samples were thawed once
before processing to prevent the loss of metabolites by multiple freeze-thaw cycles.
Supernatants were first evaporated in a SpeedVac vacuum concentrator set to 35 °C and 1 mbar.
The pellets were then resolved in 100 uL of LC-MS grade water (Sigma-Aldrich). To
precipitate out proteins, 900 uL of cold LC-MS grade Acetonitrile (Sigma-Aldrich) was used
with centrifugation (15 minutes 4 °C, 21,000 g). The supernatant (950 uL for TSASA, 915 uL
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for DAHSS) was collected and then dehydrated in the same conditions described previously.
The TSASA samples were then resolved in 50 uL of an equal mix of acetonitrile and water.
Because of the focus on polar metabolites for the DAHSS study, a higher acetonitrile
concentration (90% acetonitrile, 10 % water; 50 uL per sample) was used to resolve the
samples. For both TSASA and DAHSS studies, 5 uL of the sample was pooled for quality
control (QC). Samples were randomized before injection to reduce the impact of variation due
to injection order. To measure consistency in column equilibration and stability across the run,
before the run, ten QC injections were run, and to ensure consistent stability, for every ten
samples, a QC was injected. The injection volume was set to 5 uL.. During the run, the samples
were kept at 4 °C. Electrospray ionization was used to ionize the samples. For both studies, an
iHILIC®-Fusion UHPLC column, SS, 100 x 2.1 mm, 1.8 um, 100 A column (HILICON AB)
was used with samples run in the negative electrospray mode. MS parameters were set
according to previously published literature (Sillner et al. 2019). Briefly, the column was kept
at 40 °C, and the run time was 12.5 min per sample with a flow rate set to 0.5 mL/min. Mobile
phase A consisted of 95% acetonitrile/5% water and 5 mM ammonium acetate, and mobile
phase B consisted of 30% acetonitrile/70% water with 25 mM ammonium acetate. The first 2
min mobile phase B was at 0.1%, then increased to 99.9% over 7.5 min. This percentage was
kept for 2.5 min and decreased to 0.1% within 0.1 min.

The raw data was processed in Refiner MS GeneData Expressionist 13.5 (Genedata AG)
with the assistance of Constanze Miller at Research Unit Analytical BioGeoChemistry (HMGU).
For TSASA, both the sampling and methodological blanks were subtracted with a two-fold and
five-fold threshold. Before statistical analysis, the samples were minimum value imputed and
normalized by the number of bacterial cells calculated from the ODsoo. Any further log
transformation, median normalization, and autoscaling(mean-centered and divided by the
standard deviation of each variable) were performed by Metaboanalyst v4.0 and 5.0 (Chong,
Wishart, and Xia 2019). For DAHSS, the methodological blanks were subtracted with a 5-fold
threshold, and all other steps were the same, except the data were mean-centered instead of
autoscaling as for TSASA. All clusters were putatively annotated, as defined by (Sumner et al.
2007; Viant et al. 2017), by MassTRIX (Suhre and Schmitt-Kopplin 2008).

2.11 Statistical Analysis
For statistical significance, the following tests were utilized and described in Table

2.13. Statistical significance is defined as two-tailed with at least p < 0.05, and the stars
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symbolism is described in Table 2.14. All p-values were corrected for multiple testing for the
mass spectrometry data according to the Benjamin and Hochberg false discovery rate. After
multiple testing (Kruskal-Wallis or Friedman) was performed, a post-hoc test for multiple
comparisons (Dunn’s or Wilcox matched pairs signed rank) was performed. Correlations were
done with the Spearman rank test. In addition, for the DAHSS study, ASCA is the combination
of ANOVA with PCA, where PCA is performed on an effects matrix designed according to
experimental design. Statistical analysis and the plots were created with R (R Core Team 2022),
GraphPad Prism version 6.00 for Windows, and Metaboanalyst 4.0 and 5.0 (Chong, Wishart,
and Xia 2019).

Table 2.13 Description of Statistical Tests Used

Test Parametric/ Continuous/ Paired/Non Post-hoc Test Number
Non- Categorical -Paired of
parametric Groups

Mann- Non-parametric  Continuous  Non-paired No <2

Whitney

Wilcox Non-parametric  Continuous  Paired Yes <2

matched

pairs signed

rank

Dunn’s Non-parametric  Continuous  Non-paired  Yes <2

Test

Kruskal- Non-parametric  Continuous  Non-paired No >2

Wallis

Friedman Non-parametric  Continuous  Paired No >2

Spearman  Non-parametric  Continuous  Non-paired No N.A.

rank
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Table 2.14 Symbols for Significance and Their Meanings

Symbol Meaning
ns P>0.05

* P<0.05
** P<0.01
fololel P <0.001
ok P <0.0001

Chapter 3 - Results
3.1 Observations of Skin Microbiome Across Depth

The skin is composed of multiple layers, with a differential oxygen concentration across
those layers. This difference in oxygen concentration can influence the presence and
composition of the microbiome because different species respond differently to oxygen levels.
In this section, a macroscopic look at the influence of oxygen on the microbiome is explored.

3.1.1 Absolute Quantification of Microbiome at the Different Skin Depths

Because skin depth should reflect the decreasing oxygen concentration in the skin
(surface to deep skin), this section aimed to observe the influence of skin depth on the absolute
abundance of the microbiome. The gPCR results shown here were generated from the Deep
Layer study, where TS were collected from the same location repetitively to capture the
different layers of the skin. The Deep Layer study included AE, psoriasis (P), CSU, and HE
participants, and the number of participants in each group can be found in Figure 3.1.

To begin with, the microbiome was not consistently detected in all samples. No copies
of 16S were detected at the surface (TS2) of the skin for 29% HE, 36% AE LS, and 36% AE
NL samples (Figure 3.1). In contrast, 16S copies were detected in all samples at TS2 for P LS,
P NL, and CSU (Figure 3.1). At TS20, more 16S copies were detected for HE, going from 71%
to 79% of samples, and the deeper the TS went, the more samples had 16S copies, except for
a drop at TS60, where only 86% of samples had 16S copies detected (Figure 3.1). For AE NL,
the trend of the deeper the TS went, the more samples had 16S copies was also seen, except
for a drop at TS80, where 83% of samples had detectable 16S (Figure 3.1). For AE LS at TS20,
there was a decrease in the percentage of samples that had detectable 16S from 64% to 50%
(Figure 3.1). This percentage then increased again as one went deeper down the layers (Figure

3.1). At TS20 for P NL, there was no decrease for samples with detectable bacteria, but for P
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LS, the number of samples with detectable 16S copies decreased to 80% (Figure 3.1). Finally,
for CSU at TS20, 88% of the samples had 16S copies (Figure 3.1). Although not all samples
had a detectable microbiome, most samples had detectable 16S copies by gPCR.

Of those that had detectable 16S copy numbers, the quantity of the bacteria decreases
with increasing skin depth regardless of disease status (Figure 3.1). The steepness of this
downward slope for bacteria quantity differs between HE and AE (Figure 3.1). For HE, there
appears to be one large drop in 16S copies at the TS20, while for AE LS, there are two drops
— the first at TS20 and then at TS60 (Figure 3.1). AE LS samples also have this two-drop
pattern (Figure 3.1).

Along with a decrease in bacterial abundance, between the disease statuses, the absolute
quantity of the skin’s bacterial load differs (Figure 3.1). In descending order, the amount of
16S copies at the skin’s surface (TS2) are AE LS and P LS, AE NL and P NL, HE, and CSU
(Supplement Figure 7.1). This order of bacterial quantity is the same within TS20 (Supplement
Figure 7.1). Significant differences exist in bacterial abundance between HE and AE and HE
and P LS samples. There is a non-significant difference in 16S copies between HE and CSU
for TS2 and TS20 (Supplement Figure 7.1). At TS20, the range of 16S copies for both AE NL
and P NL skin shrinks considerably (Supplement Figure 7.1). In addition to TS2 and TS20 for
a subset of the HE and AE individuals, gPCR was also performed on TS40, TS60, and TS80.
Although visually different at these skin depths, no significant difference was found between
HE and AE samples and AE LS and AE NL (Supplement Figure 7.1).
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Figure 3.1 Detection of Absolute Quantity of Microbiome

(A) Approximate location of tape strips within healthy skin according to literature (Jeroen van Smeden et al. 2014; Olesen

RS2

=1
NS<ed

o0
NSN<ed

et al. 2019; Salberg et al. 2018). (B) Total number of participant samples in the study per health status and tape strip (TS)
depth with number of samples that have 16S detected in black and undetected in grey. (C) Stacked bar chart of the
percentage of participants with 16S detected (black) and 16S undetected (grey) according to TS depth and health status.
(D) Boxplot with overlaid dot plot of the log(16S copies) according to health status and TS depth. Samples with undetected
16S copies were removed and 16S copies were subtracted from background copies (copies detected in an empty tape strip).
Each dot represents one sample. Color scheme and Abbreviations: Psoriasis lesional (P LS; dark pink), Psoriasis non-
lesional (P NL, light pink), Chronic Spontaneous Urticaria (CSU, coral), Atopic Eczema non-lesional (AE NL, yellow),
Atopic Eczema lesional (AE LS, dark yellow), healthy (HE, purple).

3.1.2 Absolute Quantification of Staphylococci and S. aureus at the Different Skin
Depths
Along with looking at the abundance of bacteria across the skin depths, a more
microscopic look at the influence of oxygen on the microbiome is explored within select
bacteria. Staphylococci are known skin colonizers and are made up of both commensal and
pathogenic species; one such skin pathogen is S. aureus which is known to be overgrown in
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AE skin. Currently, there is no knowledge as to whether the quantity of Staphylococci and S.
aureus differs across the skin depths. Here, we observed the abundance of Staphylococci and
S. aureus across the skin depths and in relation to disease severity.

Across all health statuses, Staphylococci cells are present, which decreases with
increasing depth, with two exceptions: from TS20 to TS40 in AE LS samples and after TS20
in AE NL samples (Figure 3.2). The number of Staphylococci cells increase in AE LS samples
from TS20 to TS40. In addition, for AE NL samples, the amount stabilizes after TS2 (Figure
3.2). The abundance of Staphylococci cells is comparable across both HE and CSU for TS2
and TS20 (Supplement Figure 7.2). Relative to healthy, there is a significant rise in cells for
AE LS and P LS (TS2 and TS20). For P NL, the cell increase is only significant at TS20
(Supplement Figure 7.2). S. aureus was only seen in AE samples where they were present as
far down as TS40 in AE LS. The infiltration of S. aureus down the layers of the skin for AE

NL only went as far as TS2, where there were minuscule levels at TS20 (Figure 3.2).
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Figure 3.2 Staphylococci Abundance across the Skin Depths
(A) Boxplot with overlapped dot plot of the log(Staphylococci cells) according to health status and tape strip (TS) depth.
Each dot represents one sample. Samples with undetected 16S reads, and Staphylococci cells were removed. Staphylococci
cells are calculated according to the TUF2 copy number, with one TUF2 copy per cell. (B) Boxplot with overlapped dot
plot of the log(S. aureus cells) according to health status and tape strip depth. S. aureus cells are calculated according to
NUC copy number, where there is one NUC copy per cell. Color scheme and Abbreviations: Psoriasis lesional (P LS; dark
pink), Psoriasis non-lesional (P NL, light pink), Chronic Spontaneous Urticaria (CSU, coral), Atopic Eczema non-lesional

(AE NL, yellow), Atopic Eczema lesional (AE LS, dark yellow), healthy (HE, purple).

Because there was a more prominent presence of Staphylococci in diseased skin relative
to HE, the correlation between Staphylococci cells and severity was measured. For AE, only

the local EASI was significantly negatively correlated to the number of Staphylococci cells at
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TS2 (R =-0.71) (Figure 3.3). For P NL, at TS20, there was a significant positive correlation

(R=1) (Supplement Figure 7.3). All other correlations were not significant.
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Figure 3.3 Correlation of Severity to Staphylococci in Atopic Eczema

All severity measures taken were correlated to the log of the Staphylococci cells, and each dot represented a sample. (A)

AE LS samples where the severity measure was SCORAD Index (B) AE NL, SCORAD Index (C) AE LS, local EASI.

Data was stratified according to tape strip number. All data was stratified by Tape Strip: TS2 (darkseagreen3), TS20

(darkolivegreen3), TS40 (darkolivegreen4), TS60 (darkolivegreen), TS80 (darkgreen).

3.2 The Anaerobic Microbiome’s Relationship to Skin Depth and Disease
3.2.1 Influence of Skin Layer on Anaerobic Microbiome
As there is a differential oxygen concentration across the skin layers, it was hypothesized

there would also be a subsequent variable anaerobic bacteria abundance. To test this, the CK-
AD study was performed. Microbiome samples were collected from seven healthy individuals,
with three individuals providing microbiome samples from the deeper layers of the skin. The
taxonomy of the CK-AD study was then categorized into aerobic, anaerobic and facultative
anaerobic and “Other”; for more details, see section 2.2.1 and 2.5. In general, the taxa were
evenly divided among the four categories (Figure 3.4). At the skin’s surface, the relative
frequency of anaerobic bacteria was strongly individually dependent, with one individual
having no anaerobic bacteria on the skin (Figure 3.4). When averaging across the individuals,
the aerobic microbiome has the most drastic change and is larger in the deep layer of skin when
compared to the surface (Figure 3.4). On the other hand, the average anaerobic microbiome
does not appear to change, but pairwise comparisons were subsequently performed because of
its highly individualistic nature (Figure 3.4). There is a general trend of higher relative
abundance of anaerobic bacteria in the deeper layers, but this is only valid for two of the three
individuals sampled (Figure 3.4).
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Figure 3.4 Oxygen Tolerance Within Surface and Deep Layer Skin

Figures from analysis of CK-AD data where surface and deeper layer skin samples were taken from healthy individuals.

(A) Percentage of OTUs (bacteria) labeled into each oxygen tolerance, independent of abundance of the OTUs within the

samples. (B) Relative abundance of anaerobic OTUs across all samples. Healthy surface samples are indicated by “ S”

and deep samples by “ D”. (C) Average relative abundance across paired samples according the skin sampling depth.

Color scheme for (B) and (C): other (grey), aerobic (bright blue), facultative anaerobic (dull blue), anaerobic (black). (D)

Relative abundance across paired samples comparing the frequency of bacteria according to skin sampling depth; healthy
participant 1 (HEO1, pink), HEO2 (green), HEO3 (blue).

3.2.2

Impact of Anaerobic Microbiome in Atopic Eczema

In addition to observing the anaerobic microbiome within healthy individuals, one must

observe and compare with imbalanced skin to better understand skin homeostasis. If anaerobic

bacteria are important for the skin’s homeostasis, then changes in this microbiome should be

observed in imbalanced, diseased skin. This section aimed to examine the relative abundance

of the anaerobic microbiome within healthy skin compared to AE. The ProRaD dataset was

used; more details are found in section 2.2.2. Although ProRaD data only collects microbiome

samples from the skin’s surface, it can further deepen the knowledge of the anaerobic

microbiome and its importance in the context of AE.
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As seen in the CK-AD study, the relative abundance of the anaerobic microbiome
appears to vary across individuals (Supplement Figure 7.4). For the AE samples, there is an
inverse relationship, where with decreasing anaerobic frequency, there is an increase in aerobic
frequency (Supplement Figure 7.4). This trend is not as clearly seen in the healthy samples
(Supplement Figure 7.4). Regarding average frequency, the average frequency of anaerobes is
decreased in AE, both NL and LS, with a subsequent increase in the facultative anaerobic
average frequency (Figure 3.5). Taken singularly, the anaerobic microbiome frequency is
significantly higher in HE samples when compared to AE LS (Figure 3.5), and the inverse is
true for the facultative anaerobic frequency (Supplement Figure 7.5). There is no significant
difference between the frequency of anaerobic bacteria between AE LS and NL samples
(Figure 3.5).

To determine confounding factors, two methods were used: (1) separately to view the
individual influence in relation to the frequency of anaerobic bacteria and (2) in concurrence
to view the combined influence in relation to distinguishing health status with step-wise
regression. For the first part, bathing and skin treatment within 12 hrs of sampling did not
influence the frequency of anaerobic bacteria (Supplement Figure 7.7). In addition, visit
number, patient’s age, and sex did not affect the frequency (Supplement Figure 7.6,
Supplement Figure 7.7). Microenvironment appears to influence anaerobic frequency, with dry
skin having slightly more anaerobic bacteria, but this is not significantly different to sebaceous
and moist skin (Supplement Figure 7.6).

Regarding the second part, the data was first divided into two groups (a) HE and AE
LS and (b) HE and AE NL. Afterward, the best-fit model based on forward and backward
regression was determined for each group. Only potential confounding factors that could
directly impact the skin’s microbiome were taken to prevent over-fitting. Those factors are
microenvironment, skin treatment, bathing, and health status. For LS skin, no confounding
factors impact the differentiation seen for anaerobic frequency between healthy and AE skin
(Supplement Figure 7.8). For NL skin, the moist microenvironment and use of skin treatment
are confounding factors that impact the anaerobic frequency observed in healthy versus AE
skin (Supplement Figure 7.8).

The SCORAD (Scoring Atopic Dermatitis) index, a severity scoring measurement
system for AE, has a significant (p = 0.026) albeit low correlation (R = -0.27) to the frequency
of anaerobic bacteria in NL samples (Figure 3.5) with an even lower correlation (R =-0.18, p

=0.04) within LS samples. To parse out if the frequency of anaerobic bacteria is distinct across
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the levels of severity, the samples were categorized according to grades of severity- mild,
moderate, and severe- based on cut-offs determined by (Pucci et al. 2000). The frequency of
anaerobic bacteria was found to be significantly different between mild and severe AE with a
general decrease in the median from mild to moderate to severe (Supplement Figure 7.6).
Although select species within the anaerobic microbiome could predominantly contribute to
the reduction in frequency between AE and HE and between the two severity grades of AE,
there is a 91% overlap between the OTUs found in HE, AE LS, and AE NL samples (Figure
3.5).
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Figure 3.5 Anaerobic Microbiome in ProRaD

(A) Average frequency of Anaerobic OTUs across all samples separated according to health status. Frequency was
calculated by dividing the relative abundance by the total counts of reads. Other (grey), aerobic (bright blue), facultative
anaerobic (dull blue), anaerobic (black). (B) Relative abundance of anaerobic OTUs across HE (n=35, purple), AE NL
(92, yellow), and AE LS (149, burnt yellow) samples. Significance determined by Kruskal-Wallis with Dunn’s Test as
post-hoc analysis. (C) Correlation of frequency of anaerobic OTUs to SCORAD severity. R and p-value calculated by
Spearman's rank correlation coefficient. (D) Relative abundance according to total SCORAD severity groups: mild (n=
76, white), moderate (77, light yellow), or severe (52, tan) groups. Significance determined by Kruskal-Wallis with Dunn’s
Test as post-hoc analysis. (E) Venn Diagram of anaerobic OTUs detected in HE, AE LS, and/or AE NL samples.
Abbreviations: Atopic Eczema non-lesional (AE NL), Atopic Eczema lesional (AE LS), healthy (HE).
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3.3 Environmental Influences on Staphylococcus aureus Behavior in Relation to
Atopic Eczema

Although oxygen has been interpreted as an important factor in skin homeostasis, it is

not the only environmental factor impacting it. The pH significantly correlates to the microbial

abundance at the skin's surface (TS2) and significantly and strongly correlates to the presence

of Staphylococci (Figure 3.6). In addition, as seen in the Deep Layer study, S. aureus is

specifically present within AE (Figure 3.2). Additionally, facultative anaerobes are capable of

growth in anaerobic and aerobic conditions, and the scratching of the skin could change the

oxygen gradient within the skin and subsequently modulate bacterial growth. Therefore, S.

aureus abundance, pH, and scratching play essential roles in skin and disease development and
must be observed in conjunction with oxygen to best reflect the skin environment in vitro.
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Figure 3.6 Relationship of pH to Absolute Bacterial Load
(A) Correlation of Skin pH to the log of 16S copies. (B) Correlation of Skin pH to the log of Staphylococci cells. R and
p-value calculated by Spearman's rank correlation coefficient. All data was stratified by Tape Strip: TS2 (darkseagreen3),

TS20 (darkolivegreen3). Data taken from Deep Layer study.

Because S. aureus can interact with the chemical environmental factors of the skin,
these interactions were simulated in vitro to gain a deeper understanding of how the abiotic
influences the biotic within AE. S. aureus strains isolated from healthy (HE) and AE
participants’ nose or skin. Their strains were grown in four representative environments:
aerobic pH 5.5 (healthy surface skin), aerobic pH 7.0 (AE skin), anaerobic pH 7.0 (healthy
deep skin), and anaerobic to aerobic flux pH 7.0 (scratching skin). The area under the curve
(AUC) was calculated to compare across the strains, with a higher AUC representing better
“fitness” to the growth environment. When observed individually, there is a range of AUCs

across the strains (Supplement Figure 7.9), especially in maximum potential growth condition
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(pH 7.0, aerobic). To better account for this variability and improve comparisons, pH 7.0,
aerobic, was set as a baseline, with all other AUCs subtracted from this environment’s AUC
within each strain, creating AAUC. For ease of interpretation, higher positive numbers would
mean a more drastic difference to the baseline, lower positive numbers denote less of a baseline
difference, and negative numbers would mean that the strains grew better than the baseline.
Individually, the oxygen difference (AO2) has the highest AAUC, followed by the pH
difference (ApH) and oxygen flux difference (AO: flux) (Figure 3.7). No significance was
found between the comparison of ApH and AO; flux; both result in minimal inhibition of
growth compared to baseline (Figure 3.7).

After stratifying according to participant health status, ApH had no significant change
between the groups (Figure 3.7). Both oxygen and oxygen flux differences had significant
differences between HE and AE strains, with higher AAUC (Figure 3.7). Within AE, nose and
skin isolates are not different according to AAUC (Figure 3.7). Healthy nose isolates have
significantly higher AAUC than AE skin isolates (Figure 3.7). For AO; flux, there is a
significantly higher AAUC for AE skin compared to AE nose, indicating location as a
confounding factor (Figure 3.7). Despite that, when compared within the same isolation
location (nose), HE isolates have significantly higher AAUC than AE isolates (Figure 3.7). The
general trend within AO flux is a decreasing AAUC from HE skin to HE nose and a further
decrease from AE skin and AE nose (Figure 3.7). Overall, the environment impacts the fitness
of S. aureus, with the level of impact differing due to environmental conditions, participant’s

skin health status, and isolation location.
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Figure 3.7 Comparison of Difference in Area Under the Curve (AAUC) across pH, Oxygen,
and Oxygen Flux Environments

AUC:s for aerobic, pH 5.5; anaerobic, pH 7; or oxygen flux were subtracted from Aerobic, pH 7 (for example Aerobic, pH
7 — Aerobic, pH 5.5) to generate the AAUC (A) AAUC for each S. aureus strain and colored according to environment
grown: ApH (blue), AOz (tan), AO2 Flux (red). Purple background indicates healthy (HE) strains (purple background),
atopic eczema (AE) strains (yellow background), skin isolates (darker background shade), nose isolates (lighter
background shades).(B) Comparison of across AAUC environments. (C) Stratification between healthy strains (darker
shades) and atopic eczema strains (lighter shades) within environments. Mann-Whitney test, not corrected for multiple
testing (D) Within AO2 environment, the AAUC separated by location of isolation. (E) Within AO2 Flux environment, the
AAUC separated by location of isolation. For (B), (D), and (E) a post-hoc Dunn’s test was performed, and for (D) and (E):
skin (darker shades) and nose (lighter shades).

3.4 Environmental Influences on Staphylococcus aureus Secretions in Relation to
Atopic Eczema

Although bacterial abundance is important to skin health, this merely reflects its role in

providing skin-influencing chemicals from its secretions. Therefore, to improve the

understanding of the role of S. aureus in the skin, one must naturally explore their secretions.

Because our disease of interest is AE, where the skin has altered oxygen and pH conditions,

these conditions were simulated in vitro. Overall, this section aims to determine the effects of

the abiotic factors (oxygen and pH) on S. aureus metabolite secretions.
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3.4.1 Impact of Microbial Stages of Growth on S. aureus Secretions

Before testing all the in vitro skin environments, a preliminary study, TSASA, was
performed. This study aimed to determine if metabolites were found in the secretions of S.
aureus, along with deciding at which growth stage the secretions should be collected. In
addition, to obtain an initial glimpse of whether the environment can impact S. aureus
secretions, the strains were grown in three different pH environments (pH 6, pH 7, and pH 8).
Timepoint 180 min was the beginning of the exponential phase, 400 min was the middle of the
exponential phase, and 960 min was the stationary phase.

The growth stages had a large impact on the metabolite secretions. The average number
of metabolites between the two S. aureus strains was highest at the stationary phase (Figure
3.8). Based on PCA, the stationary phase cluster is separated from the other two growth phases
and has a large distribution across the principal components (Figure 3.8). This distribution is
due to the pH of the growth medium, where pH 6, pH 7, and pH 8 form their distinct clusters
(Figure 3.8). This segregation based on pH is not as clearly seen in the secretions from the
beginning and middle of the exponential phase (Figure 3.8). In summary, the growth stage and

environment impact S. aureus metabolite secretions.
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Figure 3.8 Influence of Growth Stage on Metabolite Secretion
(A) Average number of metabolites present in the samples according to length of time the strains were grown from starting
0.01 ODsoo and within each pH environment (pH 6.0, 7.0, and 8.0). Error calculated by standard deviation. Color scheme:
180 minutes (green), 400 minutes (blue), 960 minutes (red). (B) Principal component analysis (PCA) of samples colored
according to time (C) PCA of samples colored according to their pH growth environment. For (B) and (C) three principal

components are shown with their percentage of explained variance.

3.4.2 Predominate Environmental Influence on S. aureus Secretions.

This chapter mirrors section 3.3 but excludes the oxygen flux conditions. Because of
the results from section 3.4.1, only the secretions at 960 min were measured to get the largest
number of metabolites and best view of the environmental impact. Both HE and AE strain
secretions are compared across and within the growth environments to deepen the
understanding of the influence of the environment on S. aureus secretions in the skin and to
gauge if HE and AE strains respond differently to different environments. The conditions S.
aureus grew in were selected to represent the different health statuses of the skin, and a
schematic of these conditions is provided in Figure 2.3.

To begin with, the secretions predominately separate according to growth conditions
(Figure 3.9). The two aerobic conditions cluster closest to each other (Figure 3.9), so oxygen
seems to be a predominate segregation factor, with pH being the second distinguishing factor
(Figure 3.9). Within each PCA cluster, there is no clear initial separation of HE and AE strains
(Figure 3.9).
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Figure 3.9 Overall Segregation of Secretome by Environment
(A) Principle component analysis (PCA) of S. aureus strains colored according to growth environment: pH 5.5, aerobic
(red); pH 7.0, aerobic (blue); pH 7.0, anaerobic (green). (B) PCA of strains colored according to strains’ health status:
AE (red), HE (blue). Each strain has three biological duplicates that were averaged across to create one data point per
strain. The principal components are shown with their percentage of explained variance.

To understand the trends between the interaction of health status and their environment
and select the relevant metabolites involved, ANOVA simultaneous component analysis
(ASCA) was performed. First, a scree-test was performed to determine which component
would be used to model the data, where the component that can describe the highest amount of
variation was chosen. Metabolomic variation induced by the interaction of the environment
and health status could not be well modeled by the data (Supplement Figure 7.10). The
variation could be accurately modeled only when the factors (growth environment and health
status) are separate (Supplement Figure 7.10).

Because of the ASCA interaction results between the environment and the strain’s
health status, the data was then separated into each health status to parse out the finer details
regarding the influence of the environment on the secretions of both healthy and AE strains.
As visible through the PCA, the environment highly influences the secretions for both HE and
AE strains (Figure 3.10). In addition to the environmental clustering, there is also a separation
within each environment that is not specific to select strains and cannot be explained by the
isolation location (Figure 3.10). In congruence with the environment score plot by ASCA,
according to the dendrogram, the secretions of AE and HE strains grown in pH 5.5, aerobic
and pH 7.0, anaerobic conditions are more similar to each other than pH 7.0, aerobic (Figure

3.10, Supplement Figure 7.10).
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Figure 3.10 Differences across the Environments Within Each Health Group
(A) Principal component analysis of strains stratified by health status, healthy (HE, left) and atopic eczema (AE, right),
and colored according to growth environment: pH 5.5, aerobic (red); pH 7.0, aerobic (green); pH 7.0, anaerobic (blue).
(B) Dendrogram with distance measurement Euclidian and cluster algorithm Ward of the same samples where they are
stratified by health status, HE (left) and AE (right) with coloring according to growth enviornment.

Looking deeper into the environmental differences within each group (HE, AE),
significantly different metabolites across the environments were determined according to a
volcano plot with limits p < 0.05 and a fold change higher than 5-fold. These significantly
different metabolites found through comparison of pH 5.5, aerobic versus pH 7.0, aerobic
(sApH) and pH 7.0, aerobic versus pH 7.0, anaerobic (sAO2) were then compared to each other
to determine if the bacteria’s response to the environment is the same regardless of what the
environmental perturbation is. From the Venn diagrams in HE, only 25% of the significantly
different metabolites change regardless if it is a pH or oxygen change (Figure 3.11). 36% of
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the significantly different metabolites are specific to the changes in the oxygen environment,
and 39% are specific to pH changes (Figure 3.11). For AE strain secretions, of the 27% of the
metabolites that differ regardless of the environment perturbation, 36% are specific to sAOz,

and 36% are specific to sApH (Figure 3.11).

A HE AE
sAO2 sApH ‘ SAO2 sApH

Figure 3.11 Overlap of the Significantly Different Metabolites across Environments for HE and
AE Strains

Most significant different features across the environments were determined by volcano plot with limits p < 0.05 and
folder change higher than 5-fold. (A) Venn diagram of the number of significantly different features between environments
pH 7.0, aerobic versus pH 7.0, anaerobic (sAO2) and pH 5.5, aerobic versus pH 7.0, aerobic (sApH) within healthy (HE)
and atopic eczema (AE) strains (B) Venn diagram showing the overlap of unique features, determined by the Venn
Diagram in (A), for environments sAO2 (right) and sApH (left) where features are compared between, HE and AE strains.
Numbers correspond to the number of features with percentage corresponding to the percentage of overlap and unique
features within the Venn diagram.

Along with the strains’ secretion response to the environment within HE or AE strains,
it is also interesting to understand whether the different metabolite secretion responses across
the environments are the same between HE and AE strains. The unique metabolites specific to
sApH or sAO; were compared between the HE and AE groups. For sAO2, 30% of the
metabolites overlap across HE and AE strains; for sApH, it is 35% (Figure 3.11). Most
metabolites that uniquely respond to sAO2 or sApH are specific to HE or AE strains (Figure

3.11).
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Besides focusing on the bacteria’s response to environmental changes, the difference
in the secretions between HE and AE strains within each growth environment is explored.
Among pH 5.5, aerobic no clearly defined clusters formed among HE and AE strains (Figure
3.12). Despite this, significantly different metabolites were found, with the majority of these
metabolites being secreted more by AE strains (Figure 3.12). In contrast, once the pH became
7.0, regardless of the oxygen environment, there was clear AE and HE strains clustering. Most
of the significantly different metabolites between HE and AE within each environment could
not be tentatively annotated after cross-reference to the KEGG/HMDI/LipidMaps databases by
MassTRIX (Figure 3.12). For those that could be tentatively identified, only acetic acid could
be found within the skin - as derivative amino acetic acid - after comparison to the data
collected in the WET-PREP study (Afghani et al. 2021)(Supplement Table 7.2, Supplement
Table 7.3, Supplement Table 7.4). The intensities for the significantly different metabolites,
across HE versus AE, are similar across the strains for the majority of the significantly different
metabolites (Figure 3.13). The secretion differences within each environment are also mainly
unique to each environment, as seen in the Venn diagram (Figure 3.13). Only three could be
tentatively annotated for the eight clusters that overlap between aerobic environments (pH 5.5
and pH 7.0) (Figure 3.13). These are Acetyl-blasticidin S, PD123177, and adonitoxin
(Supplement Table 7.2, Supplement Table 7.3). Although many of the metabolites could not
be identified, it is clear that the environment influences the secretions of S. aureus differently

between HE and AE strains.
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Figure 3.12 Secretion Differences within Each Growth Condition

(A) Principal Component analysis (PCA) where strain secretions are separated according to each environment: pH 5.5,
aerobic (left); pH 7.0, aerobic (middle); pH 7.0, anaerobic (right). The samples are colored according the health status -
healthy (HE) and atopic eczema (AE). (B) Volcano plot between health statuses (HE vs AE) and separated according to
each environment with limits p <0.05 and fold change higher than 5-fold. Color scheme: Metabolites found more in healthy
samples (blue), metabolites found more in atopic eczema samples (red), and nonsignificant clusters (grey). Black boxes
denote that this metabolite has been identified by MassTRIX with a 0.005 Da cut-off.
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Figure 3.13 Continuation of Figures on Separation of Healthy and Atopic Eczema Strains

(A-C) Heatmap of significant features, scaled by feature. Significant clusters determined according to the volcano plots

with limits p < 0.05 and folder change higher than 5-fold. Coloring according to intensity, high intensity (red), low intensity
(yellow). Top most bar indicates whether the strains are either AE strains (burnt yellow) or HE strains (purple). Samples
are seperated according to environment the strains were grown within with pH 5.5, aerobic (A); pH 7.0, aerobic (B); pH
7.0, anaerobic (C). (D) Venn diagram across the three environments for the significantly different clusters determined by
the prior volcano plots. Shading according the number of clusters with darker shades indicating higher cluster number.

3.5 Development of Method to Capture Skin Metabolome and Applications
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3.5.1 Development of Non-invasive Method (WET PREP) to Capture Stable Skin
Metabolome

To validate that our method, WET PREP, which involves less sample prep and is easier
to transition into clinical settings, the metabolome captured was compared to that of pre-wet
swabs. The author previously published all figures from this section in the manuscript
“Enhanced Access to the Health-Related Skin Metabolome by Fast, Reproducible and Non-
Invasive WET PREP Sampling” (Afghani et al. 2021). Over 2500 metabolites were found on
the skin, and the numbers of metabolites were comparable between the two sampling methods,
except for the lipid fraction being captured best by swab (Figure 3.14). There is a high overlap
in the metabolites captured by both methods and method-specific metabolite detection (Figure
3.14). According to PCA, the metabolome is highly influenced by the sampling method, and
there is denser clustering of the samples for WET PREP when using the reverse phase column
(Figure 3.14). When comparing the samples, a core metabolome was found across the samples
(Figure 3.14). When considering the majority of samples (>40, with the sample total being 44),
the core metabolome sampled is larger when sampled by WET PREP than by pre-wet swab
regardless of the column used (Figure 3.14). Overall, this indicates that the sampling method

can affect the metabolome detected from the skin.
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Figure 3.14 Comparison of Metabolome Detected from WET PREP and Pre-wet Swab

(A) Total number of annotated metabolites separated according to column used (RP or HILIC) and sampling method. (B)

Venn diagrams of the total number of compounds according to sampling method with percentage of lipids-compounds

that had to be present in at least 2 samples per sampling method to be considered. (C) Principal component analysis of the
RP (left) and HILIC (right) metabolomes found in WET PREP (blue) and swab samples (red). (D) Percentage of shared

metabolome across samples with HILIC (lighter colors) and RP (darker colors).

A dendrogram was made to determine if the city of residence and bilateral replicate

grouping exists. This is because the samples were taken from two groups of individuals residing

in two different cities, and current literature lacks information on whether bilateral replicates

are similar for the metabolome. City of residence highly impacts the skin metabolome, with

grouping according to the city of residence occurring after grouping based on the sampling

method (Figure 3.15). In addition, when looking at the individuals, bilateral replicates grouped
for all individuals sampled by WET PREP but not for pre-wet swab (Figure 3.15). The data
confirms that WET PREP is more reliable regarding clinical replicability and suggests that the

skin metabolome can change according to city of residence.
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Figure 3.15 Dendrograms of Pre-wet swab and WET PREP
(A) RP and (B) HILIC. WET PREP samples noted in blue lines and swabs in red lines. Sample annotation is according to
sampling method: WET PREP (W) and swab (S), individual (number following “W” or “S”), lateral side right (r) and left

(1), and city of residence, location a (green) and location b (black).
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Figure 3.16 Pathway Analysis Chart of Significantly Different Metabolites Between WET
PREP and Pre-wet swab
(A) RP and (B) HILIC. Metabolites that are significantly different between WET PREP and swab across each column type
and with KEGG ID’s, as determined by MassTRIX annotation, were run against the human KEGG database by
MetaboAnalyst. The top 20 pathways are shown according to p-value and impact factor for out of degree centrality.

In addition to looking at the metabolome in general, the annotated metabolites found to
be significantly different between the two sampling methods were cross-referenced to their
usage in known metabolomic pathways as determined by the human KEGG database. From
this, it is clear that there is differential detection of metabolic pathways depending on the
sampling method used, for example, pathways involved in amino acid biosynthesis and
catabolism (Figure 3.16). Also, select metabolite species previously published to be relevant
within the skin were compared between the two sampling groups. The sampling method highly
influences the detection of skin-relevant metabolites (Table 3.1). 63% of the amino acids and
derivatives detected were detected more in WET PREP. For sugars, aromatics, nucleo(t/s)ides,
and other acids: four out of eight metabolites were more highly detected by WET PREP (Table
3.1). This indicates that the sampling method does influence the detection of pathways and

skin-relevant metabolites.

Table 3.1 Abundance of Metabolites of Skin Relevance with Regards to Sampling Method
Compounds of interest were compared for their detection in swabs and WET PREP samples. Exact m/z values (0.005 Da)
and retention time were used for identification. All compound identification was verified with analytical standards. Log2
fold change WET PREP/swab shows the average intensities across all samples. (n.d.) denotes that the compound is not
detected. Metabolites are grouped according to chemical type with their references, as seen on the far right. (*) denotes a
reference from a serum study. Samples were tested for significance by Welch test: p <0.05 (+), p < 0.005 (++), p < 0.0005

(+++). Scattered detection indicates partial detection in only some of the samples.
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RP HILIC
Significant logz Fold Significant logz Fold
Different Change Different Change
Category Compound Focus Detection (Average Detection (Average Reference
between WET between WET
WET PREP/Av WET PREP/Av
PREPand erage PREPand erage
Swab Swab) Swab Swab)
. Kuehne et
Taurine Age n.d. + 0.04 al. 2017
. _ Kimetal.,
Serine  Psoriasis + 0.21 + 0.21 2009
. Kuehne et
Proline Age +++ 0.11 + 0.03 al. 2017
. Kuehne et
Threonine  Age n.d. ++ 0.10 al.. 2017
. Dock8
Aspartic L Jacob et al.,
acid deficien n.d. n.d. 2019 *
Amino 2
. : _ only WET Kimetal.,
Acid Glutamine Psoriasis +++ 1.19 +++ PREP 2009
Glutamic . Dutkiewics
acid Psoriasis + 0.61 - —0.14 etal. 2016
e Taylor et al.,
Histidine  Cancer +++ 0.32 n.d. 2020
Phenyl . B _ Dutkiewics
alanine Psoriasis + 0.09 +++ 0.11 etal. 2016
. Kuehne et
Tyrosine Age + 0.06 + —-0.07 al., 2017
Kuehne et
Tryptophan  Age + —-0.09 - —0.04 al. 2017
Dock8
. .. only WET Jacob et al.,
_ Hypotaurine deficien +++ PREP n.d. 2019 *
Amino cy
Acid  Pyroglutami . B Jooetal.,
Derivative ¢ acid Skin i 0.02 0.14 2012
I scattered Kuehne et
Omithine  Age A 0.72 detection al., 2017
Lactic acid Psoriasis - —-0.08 nd Dutkiewics
Acid ' e etal., 2016
Retinoic Kuehne et
acid Age +++ -0.22 n.d. al. 2017
Kuehne et
Sugar Fucose Age n.d. +++ -0.15 al. 2017

69



Chapter 3 -Development of Method to Capture Skin Metabolome and Applications
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3.5.2 Efficiency of WET PREP at Capturing Volatile Skin Metabolome

In addition to capturing the stable metabolites, we wanted to determine the applicability
of WET PREP towards capturing the VOCs present within the skin; therefore, we compared
our method to direct measurement of the skin with the SICRIT ionization source. There is a
high overlap in the metabolites detected in both methods, and the abundance of the metabolites
is not significantly different across the two methods, according to the volcano plot (Figure
3.17). In addition, to determine WET PREP’s applicability for diagnosing AE, VOCs were
collected by WET PREP. According to the PCA, there is distinct clustering between healthy
and AE samples, but according to the dendrogram, healthy and AE NL samples are more
similar (Figure 3.18). This preliminary study shows the potential of WET PREP as a tool to
measure skin VOCs and diagnose AE.
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Figure 3.17 High VOCs Overlap Between WET PREP and Direct Skin Sampling
(A) Venn diagram of volatile organic compounds (VOCs) detected by WET PREP (green) and bare skin (blue) sampling
when measured by the same ionization source. (B) Volcano plot across the two sampling methods with limits p <0.05 and

fold change higher than 5-fold.

A Scores Plot B
B " AE_LS
@ ) AE_LS = AE_NL
) AE_NL ® HE
) HE
o |
<
Q- (0} (0}
(0]
g 0
4 ®
a o
~ o}
g . %
o
S
= (0]
Q
8-
T T T T T T r T - - 1
-60 -40 -20 0 20 40 80 60 4 20 0
PC1(19.9%)

Figure 3.18 Discrimination of AE and HE Volatilome
(A) Principle Component Analysis of the volatile organic compounds (VOCs) detected by WET PREP on healthy (blue)
and AE skin (LS, red; NL, green). (B) Dendrogram of the VOCs. Abbreviations: Atopic eczema (AE), lesional (LS), non-
lesional (NL).
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Chapter 4 - Discussion

AE is increasing in prevalence (H. Williams et al. 1999; Odhiambo et al. 2009; Bantz,
Zhu, and Zheng 2014; T. Bieber et al. 2016) and is just a stepping stone on the route of atopic
march (Bantz, Zhu, and Zheng 2014; Hill and Spergel 2018). This thesis aimed to explore the
impacts of the micro-environment, specifically those suspected to play a role in AE
pathogenesis, on skin homeostasis and to create a more clinically feasible metabolomic
sampling method for skin health diagnosis. Because oxygen can be influential for many of the
topics covered and has yet to be thoroughly covered in the context of AE, a large portion of
this thesis focuses on examining the influence of oxygen. Bacterial load is higher within AE in
general and within the context of Staphylococci and S. aureus. The oxygen gradient within the
skin has the potential to support anaerobic bacteria within the skin, and two of the three
individuals sampled had higher levels of anaerobic bacteria within the skin. In addition, the
relative abundance of the anaerobic microbiome is lower in AE, with severe AE having the
lowest abundance. The environment (oxygen and pH) can influence S. aureus’s growth and
secretions. Within higher pH environments, there are unique secretion signatures for AE and
HE strains as opposed to lower pH environments. Lastly, WET PREP is a clinically feasible
metabolomic sampling method with coverage of metabolites highly overlapping with pre-wet
swab sampling and has the potential for usage towards AE diagnosis. Overall, the results found
in this thesis highlight the importance of the environment and sampling method in

understanding and diagnosing skin health.
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4.1 Bacterial Abundance in Relation to Skin Depth and Disease
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The bacterial load decreases with increasing skin depth and is higher in AE and psoriasis skin.

Figure 4.1 The Bacterial Load Decreases with Skin Depth and Increases with Skin Disease
Figure created with BioRender.com. Graphical summary of the section “Bacterial Abundance in Relation to Skin Depth
and Disease.”

Bacterial quantification is vital because it can help determine if a disease has a
microbial signature. Absolute bacterial abundance is useful because certain infections can be
bacterial dose-dependent (Wang et al. 2021), and cell density is critical for quorum sensing. To
measure bacterial absolute abundance, i.e., bacterial load, gPCR was done. Measuring bacterial
load by gPCR of the 16S ribosomal RNA gene is not completely new, with a similar study
performed by (Quan et al. 2020). The combination of bacterial load and relative abundance
data increases the power of the analysis. Quantifying bacterial load is helpful because it allows
for quick quantification of total bacterial numbers without needing various, different culture
plates because bacteria have different nutritional needs. According to relative abundance
studies, AE is a microbial-influenced disease, with microbial dysbiosis in conjunction with S.
aureus overgrowth (Hrestak et al. 2022). Still, as suggested by Reiger, Traidl-Hoffmann, and
Neumann, relative abundance might not be a good enough biomarker (Reiger, Traidl-

Hoffmann, and Neumann 2020). Recently, De Tomassi et al. found that the bacterial load was
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higher in AE than in healthy (De Tomassi et al. 2023), but it is not yet known if this is universal
across the skin depths.

The bacterial abundance was measured across the layers of the skin within AE (n = 14)
with healthy (28), psoriasis (5), and CSU (17) samples taken as control groups. With regards
to bacterial abundance, the results display that there is a differential abundance for both
differing skin depths and skin diseases (Figure 3.1). The bacterial load was determined to
decrease with increasing skin depth across all health statuses (Figure 3.1). Higher bacterial
loads were found within the skin for AE and psoriasis but not for CSU (Supplement Figure
7.1). Alongside the bacterial load decreasing with depth, the abundance of Staphylococci also
decreases with increasing depth (Figure 3.2). S. aureus was found predominantly among AE
participants, and its location goes across the skin layers (Figure 3.2). This study confirms that
the bacterial load is increased in AE and that this increase is not limited to the surface of the
skin.

First, the capability to detect 16S was determined for each participant. The percentage
of individuals with detectable 16S was not consistent across all skin types (AE, P, CSU, HE,
NL, and LS), and psoriasis NL skin was the only group to have 100% detectable 16S in both
the surface and within skin samples (Figure 3.1). This difference in detection could not be due
to locational differences or hygiene habits because all patients were sampled at the same
location and instructed not to bathe or use cremes. Despite the similarity in sampling location,
the inner elbow is known to have lower levels of bacteria than other sampling locations (Gao
et al. 2010). In addition, the sampling method does impact the bacterial biomass collected
(Kong et al. 2017), and the samples taken here were tape strips. Tape stripping has been
reported to provide larger amounts of biomass (Kong et al. 2017), but when directly compared
to dry swabs, the quantity was reduced from 107 to 10* 16S rRNA copies (Hillptsch 2021).
These results suggest that the presence of a skin microbiome is not universal for all individuals,
but further studies with swabs should be performed to eliminate the potential sampling bias
and validate the results in a larger cohort.

Of those that have detectable 16S copies, the number of copies decreases with
increasing depth (Figure 3.1). This occurs regardless of disease status. The presence of this
decrease is consistent with Zeeuwen et al., where in their study, bacteria reads were found to
decrease from the surface of the skin to TS15, but contrary to Zeeuwen et al., 16S reads were
found even deeper, past TS15, in the skin (P. L. Zeeuwen et al. 2012). This contradiction could

be due to differences in sampling location, where the microbial composition is known to differ
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according to the microenvironment (Costello et al. 2009; Grice et al. 2009), and the
microenvironment's influence could also be true for the bacterial load. Zeeuwen et al. sampled
the upper buttock (sebaceous), while this study was done on antecubital fossa (moist) (P. L.
Zeeuwen et al. 2012). The presence of a microbiome was previously found as far down as the
basal layer of the skin (Natsuga, Cipolat, and Watt 2016) and the dermis (Bay et al. 2020), and
the higher level of bacteria in the epidermis as compared to the dermis is also known (Nakatsuji
et al. 2013a). Also, based on the range of copies found within each tape strip level, there are
inter-individual differences (Figure 3.1) that align with the relative abundance of the
subcutaneous microbiome results of (Nakatsuji et al. 2013b) and the surface microbiome results
of (Grice et al. 2009; Costello et al. 2009).

Bacterial load also differs according to disease status; in AE, the 16S copies are higher
than in healthy (Supplement Figure 7.1). This bacterial load difference extends as far down as
TS40 (Figure 3.1), which is right after the point at which the tape strips, for healthy individuals,
have entirely removed the stratum corneum (Olesen et al. 2019; Sglberg et al. 2018) and for
AE individuals, the tapes are still within the epidermis but past the stratum granulosum (Kim
et al. 2019). After this point, the differences in bacterial load between healthy and AE are not
as definitive. This lack of difference may be due to the tape strips for AE now reaching the
dermis and being compared to epidermal levels of healthy bacterial load. The abundance of
bacteria is higher in the epidermis than in the dermis (Nakatsuji et al. 2013a), which could lead
to false comparisons.

For both AE and psoriasis, there is a higher bacterial load than healthy at TS2, which
is only significant when compared to LS skin (Supplement Figure 7.1). Only at TS20 did both
NL and LS skin become significantly different compared to healthy (Supplement Figure 7.1).
For both AE and psoriasis, the results from the surface of the skin are consistent with the
literature (Quan et al. 2020, 202; De Tomassi et al. 2023). Although psoriasis is a disease
known for epidermal thickening (de Rie, Goedkoop, and Bos 2004) and skin scaling (Nikam
et al. 2023), AE is not. Since this pattern occurs for both, it suggests this is not an epidermal
thickening effect, and a follow-up study measuring the epidermal thickness and bacterial load
across different depths is warranted for confirmation. Another possible reason could be that
bacterial load increases only when a certain level of defects in the skin barrier occurs. The skin
barrier is still intact in CSU, and the bacterial load is not increased in CSU (Supplement Figure
7.1). TEWL is one measure of skin barrier integrity, with lower TEWL corresponding to a

more intact barrier. There is no difference in TEWL between CSU and healthy individuals
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(Pham et al. 2017). Yet, in mice with a defective cornified layer, there is an increase in bacterial
load (Natsuga, Cipolat, and Watt 2016), and TEWL is positively associated with bacterial load
(Jinnestal et al. 2014). Therefore, the high bacterial load can only be seen at the skin's surface
when there is an extreme disruption to the physical barrier, like lesions. This does not explain
why at TS20, the bacterial load of LS and NL samples is significantly higher than healthy
samples (Supplement Figure 7.1). A possible explanation is that the surface of LS skin is simply
a reflection of the bacterial load from within the epidermis of NL skin. Zeeuwen et al. found
that after injury, the composition of the surface microbiome is more reflective of the deeper
layer microbiome, which could also be true for bacterial total abundance (P. L. Zeeuwen et al.
2012). In addition, the differences between LS and NL skin could be due to other extraneous
factors. Compositionally the skin microbiome community is temporally stable, but abiotic
factors can influence it, and one cannot simply control for every environmental factor (Pistone
et al. 2021). Lastly, the difference in quantities for LS and NL skin at TS2 could be because
sampling captures only a snapshot and perhaps because NL diseased skin starts to shift the
environment to improve transient bacteria colonization at the surface, but not enough for full
dysbiosis. With regard to microbial diversity, NL psoriasis has been suggested to be the
transition point to LS psoriasis (Quan et al. 2020, 202). Ultimately this warrants further study
where temporal gPCR measurements alongside compositional measurements can be compared
to determine if the higher bacterial load at the surface of NL and LS skin is due to transient
bacteria colonization and whether the levels of transient bacteria are higher in LS skin than NL.
Overall, there are many potential reasons for the higher bacterial load in AE skin and potential
explanations as to why the significance of this increase for both NL and LS skin is only seen
at TS20.

Since there is an increase in bacterial load for AE, the immune system might secrete
more antimicrobial peptides (AMP). Although AE and psoriasis have higher bacterial loads
(Supplement Figure 7.1), they differ in AMP levels. AMP are high in psoriasis but low in AE,
possibly due to Th2-derived cytokines found in AE that inhibit AMP expression (Godlewska
et al. 2020). AMP expression is not uniform in AE, which could be due to stratification in
cytokine expression. Within the acute disease, there is Th2/Th22-based inflammation, and
within the chronic disease, there is Th1/Th17 (Hrestak et al. 2022). As of yet, there has not
been a study correlating markers of inflammation with AE bacterial load, and such studies
could confirm if the bacterial load, in general, is a driver of AE inflammation. Previous studies

have been performed connecting inflammation markers with bacterial composition. Changes
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to the microbiome composition in AE are multifactorial, and one such factor is changing AMP
expression (Nakatsuji et al. 2023). In a mice study, Th2 inflammation reduces S. aureus
antagonistic CoN Staphylococci proliferation, providing a unique opportunity for S. aureus
proliferation. Then under Th17 conditions, AMP production rises, inhibiting growth for S.
aureus and CoN Staphylococci (Nakatsuji et al. 2023). The total abundance of Staphylococci
is particularly interesting for AE because AE is associated with Staphylococci (Aggarwal et al.
2022; Godlewska et al. 2020).

Species in the Staphylococci genus have been positively and negatively associated with
disease, and even within each species, it’s uncertain whether a species can be considered
entirely commensal or pathogenic. Within AE, S. epidermidis can induce inflammation
(Ochlich et al. 2023) and attenuates inflammation (M. M. Brown and Horswill 2020).
Nevertheless, the larger grouping can provide initial information on the broader changes within
the disease. Staphylococci and S. aureus were quantified by gPCR to determine depth-
associated and disease-associated effects. Although Staphylococci and S. aureus have been
previously found to be associated with AE, this is the first study looking at their total abundance
in relation to skin depth.

The quantity of Staphylococci cells generally decreases with increasing depth (Figure
3.2). Similar results were found in (C. J. Barnes et al. 2022) and align with the findings of
(Nakatsuji et al. 2013a), where the phylum firmicutes and the class bacilli were found within
each individual but inconsistently across the sections of the skin (epidermis and dermis).
Staphylococci are present on the surface of healthy individuals’ skin (Figure 3.2), and this
supports prior literature where Staphylococci are considered skin residents, especially at the
moist skin site of the antecubital fossa (Hrestak et al. 2022). The presence of Staphylococci
within healthy individuals is very low within the epidermis (Figure 3.2). Despite this, Matard
et al. could culture CoN Staphylococci from the sub-epidermis (Matard et al. 2020).
Staphylococci can survive intracellularly (Onyango and Alreshidi 2018), and one possible
reason for the low Staphylococci counts could be the intracellular penetration of keratinocytes
within the epidermis. This penetration could result in Staphylococci DNA not being released
during the bead-beating step of DNA extraction because both the keratocyte cell wall and the
bacterial membrane must be disrupted. Further tests with harsher bead-beating must be
performed to confirm. For healthy individuals, the quantity of Staphylococci cells at the skin’s
surface strongly correlates to skin pH, where more Staphylococci are found at a more acidic

pH (Figure 3.3). Select species of Staphylococci tend to prefer more acidic conditions (Lambers
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et al. 2006), and a follow-up compositional study would be necessary to determine which select
species are driving this pH correlation. Staphylococci can be found in healthy individuals, and
the cell number decreases with increasing depth across all health statuses.

At the surface and within the epidermis, there is a significantly higher quantity of
Staphylococci cells in AE LS skin relative to healthy (Supplement Figure 7.2). The pattern of
higher levels of Staphylococci cells within the LS samples is not only in AE but also in psoriasis
samples (Supplement Figure 7.2), and this suggests the biological reasoning extends beyond
the immune system since the immune response differs between these two diseases (Godlewska
et al. 2020). The differentiation in response still results in the same observation; Staphylococci
are overgrown in LS skin. In addition, CSU, which has a more intact barrier, does not have
differences in Staphylococci abundance as compared to healthy (Supplement Figure 7.2). The
genus of Staphylococci are facultative anaerobic, so they could live in the deeper regions of
the skin and then overgrow once the skin is scratched. Staphylococci can colonize deeper by
traveling down the hair follicle (Bay et al. 2020) and, as stated before, by swimming through
the keratinocytes like an intracellular pathogen (Al Kindi et al. 2019). Staphylococci are found
in the deeper layers of NL AE and psoriasis skin (Figure 3.2). Perhaps, Staphylococci are
hidden deep within the NL skin and adapted to overgrow with a flux of oxygen induced by
scratching. This concept will be discussed in a later section of the thesis.

The quantities of Staphylococci cells increase from healthy to AE NL to AE LS
(Supplement Figure 7.2). The observation of higher Staphylococci counts in AE NL skin aligns
with the previous literature, where at the surface and the TS5, there are higher relative levels
in AE NL skin relative to healthy (C. J. Barnes et al. 2022). AE NL skin has a more acidic pH
than its LS counterpart (Zainal et al. 2020), and more alkaline pH improves bacteria-host cell
adhesion (Miajlovic et al. 2010), so the rise in Staphylococci could be a result of pH change.
In addition, the skin hydration at the cubital fossa is lower for LS versus NL skin (Zainal et al.
2020), and skin hydration also improves Staphylococci adhesion (Feuillie et al. 2018). The
quantity of Staphylococci negatively correlates to severity within AE LS samples, but only for
local EASI and not for SCORAD (Figure 3.3). Both measurements take into account symptoms
of AE, redness, swelling, etc. (Byers et al. 2018; Hanifin et al. 2022), but local EASI does not
take into account the total surface area affected and therefore, might be a more accurate
measurement for localized change like the microbiome. The lack of correlation to SCORAD
contradicts Zeng et al., where the relative percentage of Staphylococci correlates to SCORAD

(Zeng et al. 2020), but this difference in result could be due to comparing different metrics
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absolute versus relative abundance to SCORAD. Overall, Staphylococci cells are increased in
AE LS skin, with correlations warranting further study to elaborate if this is a select species-
driven effect.

As stated before, by detecting the genus as a whole, both the pathogenic and immune
stimulatory S. aureus (K. Matsui and Nishikawa 2005) and the Staphylococci, which have been
shown to compete against the pathogenic S. aureus and alleviate inflammation, are measured
(Traisaeng et al. 2019; J.-J. Yang et al. 2018). Because S. aureus is overgrown, associated with
AE, and can predict AE severity (Hulpusch et al. 2020 a), the quantity of S. aureus was also
measured. S. aureus was only found in AE skin and is present down to TS40 for AE LS samples
(Figure 3.2). Interestingly, past TS40, where Staphylococci are detected, very few samples
have quantifiable levels of S. aureus, hinting that deeper in the skin, there is a shift in the
abundances between the Staphylococci species (Figure 3.2). In nasal studies, S. aureus is found
in the deeper layers of the epithelium (Hanssen et al. 2017), and according to Nakatsuji et al.,
S. aureus can penetrate the dermis (Nakatsuji et al. 2016). There is a higher S. aureus bacteria
load in LS skin than NL (Figure 3.2), which is supported by the literature (Nakatsuji et al. 2017;
van Mierlo et al. 2022; De Tomassi et al. 2023). The quantities of S. aureus among AE NL
samples do not account for all the Staphylococci detected (Figure 3.2). Further studies
quantifying other species of Staphylococci within these samples would be beneficial to confirm
the observation that the species ratios change across the layers of the skin. The observation that
S. aureus was detected in higher quantities at the skin's surface for LS samples is also the first
hint that perhaps the environment of the lesions positively encourages S. aureus growth, which
will be explored later in this thesis.

Overall, regarding absolute abundance, there are more bacteria, Staphylococci, and S.
aureus in AE, with several potential directions for future study. Despite these results, several
limitations in this study must be considered. As highlighted earlier, tape stripping collects lower
biomass levels (Hulpisch 2021), which could affect the bacterial kingdom, genus-specific, and
species-specific results. However, tape strips are beneficial because they allow for deeper layer
sampling; combining tape stripping and swabs would be more recommended for future studies.
Another limitation, specifically for the total bacteria abundance results, is that 16S rRNA
copies do not directly correspond to bacterial cell numbers. The 16S rRNA gene can have
several copies within one bacterial cell, and the number of copies depends on the taxa
(Vétrovsky and Baldrian 2013); this distorts the true bacterial load. Lastly, as a final point to
keep in mind, the measurement of DNA does not necessarily mean that the bacteria is viable
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(Emerson et al. 2017), and these studies should always be supported with in vivo or culturing
studies. Nevertheless, the results from this study show that skin depth and bacterial load are

important factors in the pathogenesis of AE.

4.2 The Anaerobic Microbiome is Present in the Skin and Reduced in AE
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Figure 4.2 The Anaerobic Microbiome is Reduced in AE Skin

Figure created with BioRender.com. Graphical summary of the section “The Anaerobic Microbiome is Present in the Skin
and Reduced in AE.”

In addition to grouping bacteria according to genus, as seen in our previous section, the
microbiome can also be grouped based on various inherent factors, and grouping the bacteria
according to oxygen tolerance is important to further understanding AE pathogenesis.
Anaerobic and facultative anaerobic bacteria can produce immune-modulating factors like
SCFAs, which have been shown to influence the skin's health (Schwarz, Bruhs, and Schwarz
2017; Traisaeng et al. 2019). In addition, anaerobic bacteria can influence keratinocyte AMP
production (van der Krieken et al. 2023). In FLG mutated AE skin, gram-positive anaerobic
cocci are in lower relative abundance (P. L. J. M. Zeeuwen et al. 2017). FLG is a skin protein
that connects keratinocytes, strengthening the physical barrier (Simpson, Patel, and Green
2011; Furue 2020). As a potential subsequent consequence, FLG may also help maintain the
oxygen tension within the skin. Naturally, a mutation in such a gene would disadvantage

anaerobic bacteria, which cannot survive in the presence of oxygen.
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Anaerobic bacteria, such as Fingoldia magna (van der Krieken et al. 2023; Murphy and
Frick 2013) and the Anaerococcus genus (Oh et al. 2013), have been commonly isolated or
detected on the skin. In addition, across the skin, the DNA of anaerobic bacteria is detected in
the epidermis and the dermis, with 65% of the species found only in the epidermis being
anaerobic (Bay et al. 2020). Reasons for anaerobic colonization are still under consideration.
Bay et al. suggest that the bacteria may live within the anoxic hair follicles (Bay et al. 2020),
but they could also take advantage of the oxygen gradient within the skin. Next-generation
sequencing was performed to confirm the detection of anaerobic bacteria within the epidermis
and look into its role in AE. Next-generation sequencing, i.e., 16S microbiome sequencing, can
be used to determine the microbial composition of a matrix, and the cross-reference of the
bacteria detected to the literature can also help with understanding the relative abundance of
anaerobic bacteria.

The anaerobic bacteria across skin depths (surface, n = 7 and deeper layers, 3) and in
AE (HE, 35; AE NL, 92; AE LS, 149) were explored. The size of the anaerobic microbiome is
highly individual-specific (Figure 3.4), but the relative abundance tends to increase within the
skin (Figure 3.4). The anaerobic microbiome is lost in AE, which occurs in both lesional and
non-lesional skin (Figure 3.5). In addition, with more severe AE, the relative abundance of
anaerobic bacteria decreases (Figure 3.5). No select species drives this decrease in AE,
highlighting that the anaerobic microbiome altogether is important (Figure 3.5). These studies
show that the anaerobic microbiome is present within the skin and showcases its importance in
AE.

Whether the samples came from the surface or within the epidermis, the relative number
of anaerobic bacteria was individual-specific (Figure 3.4). This supports the previously
reported inter-individual variability of skin microbiome research (Costello et al. 2009; Grice et
al. 2009). The inter-individual variability in anaerobic relative abundance at the skin's surface
was also confirmed in our larger ProRaD study (Supplement Figure 7.4). This study shows that
the relative abundance of anaerobic bacteria is independent of prior bathing, sex, and age
(Supplement Figure 7.6, Supplement Figure 7.7). Despite this, as more thoroughly described
in section 1.1.4, there are a variety of other factors (pollution, physical activity, etc.) that can
impact skin microbiome composition, and not all factors could be accounted for in these
studies. Within healthy individuals, there is a general trend of higher anaerobic bacteria
frequency in the deep layers of the skin (Figure 3.4). This study was preliminary and limited,

though, by the low participant numbers and the undefined skin section of the deeper skin
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samples. Because of this, a follow-up study with larger participant numbers and a more
clarified location on the epidermal layer must be performed to be certain of the increase in
relative abundance and where it’s located. In addition, from the taxonomic table, 23% of OTUs
detected could not be labeled due to contradictions in the literature or a general lack of
published information and testing regarding oxygen tolerance (Figure 3.4). This highlights the
need for further or re-testing of species to provide essential information for broader
stratification and testing within microbiome studies. Despite the various limitations of the
study, it does confirm that anaerobic bacteria can be found within the skin.

The anaerobic microbiome is changed in AE (Figure 3.5). AE has been defined as a
disease with observable microbiome dysbiosis (Rie Dybboe Bjerre et al. 2021; Demessant-
Flavigny et al. 2023), itchy skin (Roth and Kierland 1964; Bhattacharya, Strom, and Lio 2016),
and an impaired skin barrier (Sugiura et al. 2005; Palmer et al. 2006; K. C. Barnes 2010;
Agrawal and Woodfolk 2014; Moosbrugger-Martinz et al. 2022; Katsarou et al. 2023). This
leads to the idea that the anaerobic microbiome is reduced in AE. Fyhrquist et al. showed a
reduction in the anaerobic microbiome between healthy and AE skin. Unfortunately, their study
only included moderate-to-severe AE and did not explore further NL and LS differences and
the relationship to severity (Fyhrquist et al. 2019). Although they used a different sampling
method, phosphate-buffered saline wash, our results confirm this difference (Figure 3.5).

The relative frequency of anaerobic bacteria decreases from healthy to AE NL to AE
LS (Figure 3.5), which aligns with the concept that the skin is more perforated in the same
order. Confounding factors that can be involved in the abundance of anaerobic bacteria are
only seen for NL skin (Supplement Figure 7.8). Based on multiple regression, these
confounders are skin microenvironment and treatment, i.e., topical emollients. These
confounders can influence if the relative abundance of the anaerobic microbiome can
differentiate between HE and AE NL skin (Supplement Figure 7.8). The influence of treatment
may be because the cremes, depending on their ingredients, can influence tight junctions and
FLG expression. For example, Spirodela polyrhiza extract and Olea europaea leaf extract can
upregulate the expression of skin barrier proteins (Katsarou et al. 2023). Also, high glucose
application can upregulate FLG expression (Katsarou et al. 2023), leading to a stronger skin
barrier with lower oxygen penetration. Steroids can negatively impact tight junctions, so further
studies stratifying the treatment groups and anaerobic frequency would greatly broaden the

understanding of why it is a confounding factor (Katsarou et al. 2023). In addition, it could
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lead to more targeted treatments where the focus is improving anaerobic abundance within the
skin.

The frequency of the anaerobic microbiome plays a role in severity (Figure 3.5).
SCORAD has a weak yet significant negative correlation to the frequency of bacteria (Figure
3.5), indicating that the anaerobic microbiome is just a small part of the greater whole that
influences AE severity. In addition, those with severe AE have significantly lower anaerobic
frequency compared to mild severity cases (Figure 3.5), so the continual loss of the anaerobic
microbiome might reflect the disease's progression. Since next-generation sequencing is
performed and not gPCR, all measurements are relative to the bacteria content as a whole. In
other words, these measurements regard relative abundance. Differences between the relative
and actual abundance within the skin could occur, despite the findings of (Hulpisch 2021),
where S. aureus relative abundance highly correlated to qPCR cell number. Facultative
anaerobic bacteria seem to take the space where the anaerobic microbiome is lost in AE (Figure
3.5). Therefore, the anaerobic microbiome correlation and pattern may be due to a rise in S.
aureus relative abundance, and further stratification accounting for S. aureus abundance would
be recommended. Despite this, further longitudinal studies on whether anaerobic abundance
can predict disease severity is a future direction for this work. In addition, the observation of
the anaerobic microbiome being potentially replaced by facultative anaerobic bacteria brings
further questions to mind. Is this simply due to a flux in oxygen, because of deficiency in FLG
(Moosbrugger-Martinz et al. 2022) and tight junctions (Katsarou et al. 2023) within AE, or is
it more connected to scratching the itchy skin or both? It would be worth further study to
determine the levels of the structural proteins and an individual’s reported itchiness level in
combination with measurements of the facultative anaerobic bacterial abundance. Overall,
since the 16S rRNA gene is used to measure the relative frequencies of the bacteria, the
limitations that 16S rRNA copies don’t reflect the true abundance nor viability of bacteria put
forth in section 4.1 still hold.

Also, the differences between healthy and AE skin are not specific to select anaerobic
species and are an effect of the abundance of the anaerobic microbiome altogether (Figure 3.5).
Rauer et al. found that SCORAD severity was best explained by a reduction in evenness for
the AE microbiome and not richness, where select taxa are missing (Rauer et al. 2023). This
means that the imbalance of the microbiome contributes to severity, and this concept supports
the findings found here, where the anaerobic microbiome frequency is decreased in AE,

throwing off the balance of bacteria within the skin and potentially influencing the severity of
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the disease. Unfortunately, the ProRaD study was limited by only taking surface swab samples,
and further validation in the more hypoxic deeper skin should be performed to confirm.
Ultimately, whether the anaerobic microbiome drives AE pathogenesis or AE drives the
changes in this biome is still a question that should be answered in further studies.

4.3 The Environment Impacts the Growth of S. aureus
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Figure 4.3 Scratching Leads to Overgrowth of AE S. aureus strains

Figure created with BioRender.com. Graphical summary of the section “The Environment Impacts the Growth of S.
aureus.”

Although the microbiome can be grouped in various ways to help explain the
pathogenesis of AE from a microbial aspect, there is individual variability in the anaerobic
microbiome’s relative abundance and S. aureus’s presence (Supplement Figure 7.5, Figure
3.2). AE has various endotypes (Czarnowicki et al. 2019), described in Table 1.1. Skin
inflammation and itch is uniformly present in AE. However, the mechanisms behind the
development of inflammation and itch and the pathways involved in each varies according to

endotype. The skin barrier is weaker in diseased skin when compared to healthy skin; however,
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the pathways by which this weakness develops are likewise unique to each endotype
(Henderson et al. 2008; Kim and Leung 2018; Simpson et al. 2018; Czarnowicki et al. 2019;
Chovatiya and Silverberg 2022). From this, it can be surmised that AE is just a category of
diseases with different pathogeneses despite an outward similarity. The most prevalent factor
in AE is skin itchiness (Chovatiya and Silverberg 2022), and combined with the knowledge
that regions of the skin are anoxic and the effects of scratching change the skin’s oxygen
gradient, it is possible that this may play a role in the pathogenesis of one of AE’s endotypes,
S. aureus presence. In addition, oxygen is not the only factor that could influence the S. aureus
endotype. Oxygen and pH within the skin are interconnected. In wound healing, oxygen tension
and pH are correlated (Haller et al. 2021). This interconnection is also seen in irradiated skin,
where both the pH and oxygen saturation of the skin are higher in irradiated skin (Auerswald
et al. 2019). pH can influence the skin from S. aureus growth (Skowron et al. 2021; Proksch
2018b) to stratum corneum barrier formation (Proksch 2018b). pH also has a negative
correlation to surface bacterial load. This is supported by (Lambers et al. 2006), where more
acidic pH assists in the adhesion of bacterial flora to the skin. The skin pH is higher in AE skin
(Panther and Jacob 2015), and according to the Deep Layer study, the abundance of
Staphylococci was correlated to pH within healthy (Figure 3.6). Overall, this means that both
oxygen and pH should be considered when testing the effect of the environment on one of AE’s
endotypes, colonization with S. aureus.

This section tested the effect of pH and oxygen on healthy and AE strains' growth. The
anoxic environment has the largest impact on S. aureus’s growth regardless of health status
(Figure 3.7, Supplement Figure 7.9). Only among the oxygen flux environment, i.e., scratching
condition, could a significant difference be seen in the growth of healthy and AE strains (Figure
3.7). Within this condition, AE strains had a spike in growth (Figure 3.7). This could explain
the observation that S. aureus is overgrowth on the skin of patients with AE. Overall, this study
highlights the importance of treating itch and preventing scratching in AE.

The potential growth of each S. aureus strain was highly influenced by the growth
environment, where the largest impact was seen when the strains were grown in an anoxic
environment (Figure 3.7, Supplement Figure 7.9). This is consistent with (Ledala et al. 2014),
where oxygen limitation more greatly impacted S. aureus growth when compared to iron-
limited conditions. There is stratification across the strains when grown in anaerobic
environments, where skin strains grow better than nose strains (Supplement Figure 7.9). This

is the first hint towards strain-level stratification regarding environmental response. As
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reviewed in section 1.2.5 and recapitulated here, healthy and AE S. aureus strains trigger
different inflammation responses. In addition, AE S. aureus strains are better, as compared to
healthy nose strains, at adhering to the stratum corneum and this is independent of the clonal
type of the strain (Fleury et al. 2017) in addition the pathways for adherence differ between HE
and AE strains (lwamoto et al. 2019). This AE and healthy strain grouping also extends to
growth capabilities in response to environmental stimulation. Neither response to anoxic nor
pH-reduced conditions differed between healthy and AE strains after checking for isolation
location as a confounding factor (Figure 3.7). As stated before in sections 1.2.4, 4.1, pH
influences S. aureus, and this thesis’ research is limited because it was done in vitro and,
therefore, cannot perfectly mimic native environments. Contrary to native environments where
the skin is resistant to pH changes (Hulpusch et al. 2020a), the growth medium was not
buffered. It is not fully understood whether lower pH solely inhibits S. aureus growth or if this
is simply an effect of specific acids present within the medium (Zhou and Fey 2020; Rode et
al. 2010). According to (Rode et al. 2010), at pH 4.5, HCl is less effective at inhibiting growth
than lactic acid and acetic acid. Therefore, further studies should be done with buffered media
where different buffers are compared to determine if the pH effect on S. aureus growth is an
overall effect and not a buffer-specific effect.

As stated earlier, itchiness is a uniform symptom in AE. A reason why healthy
individuals can have S. aureus yet not develop AE is that there is a strain-specific S. aureus
response to scratching conditions, i.e., oxygen flux. There is a significant difference between
the growth of HE and AE strains in our simulated oxygen flux condition independent of
isolation location (Figure 3.7). Although the lack of healthy skin strains limits this study, there
is a linkage between nasal and skin carriage (Sakr et al. 2018), and there are identical clonal
complexes between the nose and skin for AE individuals (Clausen et al. 2017). Also, Zhao et
al. found aerobic growth between nose and skin isolates to be quite similar (Zhao et al. 2021).
AE strains grew better than the optimal condition (aerobic, pH 7.0) (Figure 3.7), suggesting
that S. aureus overgrowth is a consequence of scratching and S. aureus abundance is correlated
to skin itchiness (Leung et al. 2009). In addition, scratching of the skin could assist in the deeper
colonization of S. aureus, and the severity of AE is connected to the capability of S. aureus to
colonize the deeper skin layers (Niebuhr et al. 2011). Finally, S. aureus strains are adapted to
the environment they are isolated from (Zhao et al. 2021), so this enhancement of AE growth
in scratching conditions, could be due to all strains being isolated from LS skin where these

strains have already adapted to an oxygen change within the skin. The likelihood of S. aureus
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colonization within AE is higher in LS skin than NL skin (Totté et al. 2016), possibly due to

AE strains flourishing in oxygen flux conditions.

4.4 S. aureus’s Secretions Differ According to the Growth Environment
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Figure created with BioRender.com. Graphical summary of the section “S. aureus's Secretions Differ According to the
Growth Environment.”

In addition to the environment influencing S. aureus’s growth behavior, the
environment can affect the metabolism of S. aureus. The effect of the environment on S.
aureus’s metabolism is well-known. pH 5.5, as compared to pH 7.5, can change its extracellular
protein secretion profile (Weinrick et al. 2004). In response to lower pH, biofilm and virulence-
related genes were lower expressed (Zhou and Fey 2020; Rode et al. 2010; Anderson et al.
2010). In addition, oxygen levels impact virulence factor regulation, such as iron (Ledala et al.
2014) and agr-based quorum sensing (Wilde et al. 2015).

Regarding secreted metabolites, i.e., the secretome, time is a major factor in the
abundance of metabolites and the effect of environmental stress (Figure 3.8). Specifically, for
pH-influenced changes, the stratification is best seen once S. aureus is within its stationary
phase (Figure 3.8). With this in mind, the effects of the oxygen and pH environment on

stationary phase metabolite secretions from S. aureus strains (n = 30) isolated from healthy and
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AE individuals were measured. From this study, a greater understanding of the environmental
effects on S. aureus in relation to AE pathogenesis can be gained.

The environment is the predominant factor differentiating the strains' secretions (Figure
3.9). When further dividing the data into each environmental group, differences between
healthy and AE strains can be seen. These differences are most apparent in the pH 7.0
environment, aerobic and anaerobic (Figure 3.12). The annotated metabolites that differentiate
healthy and AE strain secretions have roles relating to antimicrobials, cell adhesion, and
virulence. In addition, the data was also stratified according to health status, and the
environments where S. aureus has the lowest growth have the most similar secretion profiles
according to the dendrogram (Figure 3.10). Despite this, there are unique environmental
responses to the change in pH and oxygen exposure (Figure 3.11). These results show the
environment's significant impact on S. aureus from a secretion standpoint, with many possible
avenues to further explore regarding translation into clinical settings.

The environment causes substantial secretion differences in S. aureus. When the whole
dataset is considered, the environmental differences overshadow distinctions between healthy
and AE-isolated strains (Figure 3.9). ASCA analysis indicates that the metabolites contributing
to the healthy versus AE secretion differences are inconsistent across all three environments
due to the inability to model the interaction (Supplement Figure 7.10). This occurs because
there are more subtle differences between healthy and AE strains, where only a few significant
features, i.e., variations, can be detected across the two groups within each environment, and it
occurs because these differences, the significant metabolites, are not consistent across all
environments. This subtle change would be overshadowed in ASCA, where the whole
metabolome and all conditions are considered (Camacho et al. 2023). Therefore, the data must
be split into groups to decipher best healthy and AE differences.

First, the data were stratified according to the environment to view how each health
status uniquely responds within the same environment. As mentioned previously in section
1.2.5, although S. aureus is commonly referred to as a pathogen, it can also be considered a
commensal (Sakr et al. 2018), and the environment is one possible reason why healthy
individuals can carry S. aureus and not develop AE. Within pH 7.0 environments, regardless
of oxygen levels, the secretions of AE strains cluster separately from the healthy ones (Figure
3.11). At pH 5.5, such clustering is not seen, suggesting that pH may be the main switch to turn
S. aureus from producing harmless secretions to pathogenic secretions. However, follow-up

studies on translational effects regarding immune stimulation are still needed. This concept
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ignores that strains could be inherently different between healthy and AE individuals from
colonization and is only possible if AE strains adapt to be inhospitable in an unhealthy skin
environment. Genetic and epigenetic changes can occur when a bacterium adapts to a new
niche (Somerville et al. 2003), making it difficult to validate this idea if only adult strains are
genetically sequenced. To validate this idea, a birth cohort closely tracing the monthly, weekly,
or daily pH, and scratching, where strains are whole genome sequenced, and the pH and
scratching are correlated to bacterial abundance, would need to be performed.

The metabolites with different abundances across healthy and AE strains appear to be
more of an additive niche adaptation. AE strains typically have higher abundances and numbers
of these metabolites that differ between the two groups (Figure 3.12). Only a portion of these
metabolites can be tentatively annotated (Figure 3.11), and several of these have interesting
implications for AE pathogenesis. Here we will go through those differential metabolites,
organized by growth environment, and what is currently known about them. 2'-Deoxycytidine
is a deoxyribonucleoside that is expressed more in healthy strains, as compared to AE, within
pH 5.5 growth conditions (Figure 3.12, Supplement Table 7.2). Nucleosides can be used as
antimicrobials (Serpi, Ferrari, and Pertusati 2016), and synthetic derivatives of 2'-
Deoxycytidine can inhibit growth in gram-positive organisms, including methicillin-resistant
S. aureus (MRSA) (Alexandrova et al. 2021). Among the metabolites expressed in pH 5.5,
there is overlap within pH 7.0 aerobic conditions, with Acetylblasticidin S being secreted more
by AE strains (Figure 3.12, Supplement Table 7.2). Acetylblasticidin S has not previously been
reported to be a secretion of S. aureus and is produced by another gram-positive bacteria within
Streptomyces (Yoshinari et al. 2013). It is an antifungal against Aspergillus niger (Yoshinari
et al. 2013). It could be potentially used by S. aureus against fungal colonization, like
Malassezia, a disputed skin fungal pathogen isolated from AE individuals (Faergemann 2002).

Only three health status differential metabolites secreted in anaerobic conditions could
be tentatively identified (Supplement Table 7.4). Dibenzo-p-dioxin is a part of the dioxin group
that can suppress the primary antibody response, and the version found in AE S. aureus
secretions is not the strongest of the class (Figure 3.12) (Birnbaum 1994). This class has been
associated with another skin disease, chloracne (Birnbaum 1994). Dibenzo-p-dioxin exposure
upregulates cell mobility, secretion transport, and signal transduction genes in Sphingomonas
wittichii (Chai et al. 2016). This could also be true for S. aureus but requires further study.
Among gram-negative bacteria, Dibenzo-p-dioxin can be used as a carbon source (Chai et al.

2016; Hong et al. 2004), and it would be interesting to determine if genetic knockouts
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preventing Dibenzo-p-dioxin production limits S. aureus’s propagation in anaerobic
conditions. 1'-Acetoxychavicol acetate is secreted by AE strains (Figure 3.12, Supplement
Table 7.4) and found to be an antibacterial effective against S. aureus by damaging the cell
membrane (Zhang et al. 2021). Treatment at non-lethal concentrations results in upregulation
of the genes responsible for S. aureus adhesion to epithelial cells and ATP synthesis (Zhang et
al. 2021). Three of the 15 AE strains did not have increased intensity for 1'-Acetoxychavicol
acetate (Figure 3.12), and those three grew worse in anoxic conditions than the other AE strains
(Figure 3.7). Because 1'-Acetoxychavicol acetate has been seen to upregulate ATP synthesis,
it could be a potential factor for the improved growth in anaerobic conditions for AE strains.
In addition, 1'-Acetoxychavicol acetate treatment can result in the clumping of S. aureus
(Weerakkody et al. 2012). To the author’s knowledge, no studies have been done to determine
if this compound at sublethal doses improves biofilm formation. From the immunological side,
1'-Acetoxychavicol acetate can inhibit proinflammatory cytokine expression and attenuate the
innate immune response (G. H. Ong et al. 2022). Further research should determine if this
metabolite is used by S. aureus to evade the host’s immune system. Finally, bilirubin has
varying abundance between the secretions of healthy and AE strains within anaerobic
conditions (Supplement Table 7.4). In patients infected with S. aureus, hyperbilirubinemia is
common (Watanakunakorn et al. 1987), but this could be only a result of a long-term infection
because, in rabbits infected with S. aureus, there was not a rise in serum bilirubin after 24 hrs
(Quale et al. 1988). For other gram-positive bacteria, bilirubin is suggested to be an inhibitor
of cellular metabolism and aerobic respiration (Nobles, Green, and Maresso 2013). As these
metabolites are secreted in the anaerobic condition and more highly in AE strains (Figure 3.12),
this could be a potential mechanism to explain why AE strains grow better in anaerobic
conditions since this could be a self-signaling switch. This should be cross-referenced with AE
nasal strains to ensure it’s not a location-based effect. Also, bilirubin can be cytotoxic and
disrupt the membrane of S. aureus (Nobles, Green, and Maresso 2013). Therefore, the proper
dosage must be considered when studying it as a signaling pathway in further research. These
three metabolites could explain part of the reasoning why S. aureus, although lower in growth
in anaerobic conditions, at first glance, has differential growth between healthy and AE strains
and how these strains could survive within the skin.

Finally, in the pH 7 aerobic condition, only one metabolite secreted more by healthy
strains could be tentatively annotated (Figure 3.12, Supplement Table 7.3). Chlorpromazine N-

oxide, unlike its parent chlorpromazine, is not a dopamine receptor blocker, but human cells
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can convert it to chlorpromazine (Jaworski et al. 1993). Chlorpromazine is used to treat
schizophrenia and other mental disorders (Dai et al. 2023; Thornley et al. 2003), but little is
known about its use for S. aureus. For a few of the AE strains, there are intensities of this
metabolite that are similar in level to healthy strains (Figure 3.12). Since AE is associated with
mental disorders like anxiety and depression (Schonmann et al. 2020), looking at the mental
states of those with these strains in a follow-up study would be interesting. Since
chlorpromazine n-oxide levels are higher in these strains, it would be hypothesized that these
individuals would be less likely to have a mental disorder. Several other skin resident bacteria
have been associated with brain disorders like Alzheimer’s, autism, and depression (Goswami
et al. 2021), so the skin-brain axis is not a new concept, but novel in the sense that S. aureus
has not yet been associated with mental disorders in AE. In a study of MRSA carriers, 33%
had poor mental health (Rump et al. 2017), so chlorpromazine n-oxide is an interesting direct
connection between S. aureus and mental health that should be explored in AE. Shikimate 3-
phosphate, an intermediate within the Shikimate pathway described in E. coli, was secreted
with higher intensity in AE strains (Figure 3.12, Supplement Table 7.3) (Herrmann and Weaver
1999; Arcuri et al. 2010). In the Shikimate pathway, shikimate is phosphorylated by shikimate
kinase to produce Shikimate 3-phosphate that then later is involved with the production of
chorismate, which is the precursor for aromatic amino acids (Herrmann and Weaver 1999;
Arcuri et al. 2010). Consistent with our results, shikimate kinase, aroS, has been discovered
within S. aureus (Charles 2003). The difference in Shikimate 3-phosphate intensity between
healthy and AE strains (Figure 3.12) suggests a higher expression of shikimate kinase and,
therefore, a subsequent buildup of Shikimate 3-phosphate. Virulence has been connected to a
functioning shikimate kinase due to reduced replication (Charles 2003), and although there is
no difference in growth between healthy and AE strains within the pH 7 aerobic condition
(Figure 3.7, Supplement Figure 7.9), this is a new pathway for further study in AE.
Chamuvaritin was also found to be secreted with higher intensities in AE strains (Figure 3.12,
Supplement Table 7.3). Chamuvaritin was first isolated from Uvaria chamae, a plant native to
Africa (Uwaifo, Okorie, and Bababunmi 1979). It was found to be mutagenic in Salmonella
typhimurium (Uwaifo, Okorie, and Bababunmi 1979), and perhaps S. aureus is trying to induce
self-mutagenesis for better survival in a niche they already grow well inside. Lastly, acetate
was found in higher intensity among the AE strains, but a few healthy strains also expressed it
in comparable levels (Figure 3.12, Supplement Table 7.3). If the secretions of S. aureus reflect

the internal expression, then the following may be true. For S. aureus, acetate typically follows
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increased accumulation through the exponential phase and catabolism in the post-exponential
phase (Somerville et al. 2002). The secretions measured from healthy and AE strains were from
cells in the post-exponential phase. Because of this, the data suggest that acetate catabolism is
lower among AE strains. Other S. aureus strains have been reported to be catabolic mutants
(Somerville et al. 2003), supporting the possibility that this could be true for AE strains. In
addition, S. aureus without the capacity to catabolize acetate in the stationary phase has lower
growth yields (Somerville et al. 2002; 2003), and for our strains, less growth is expected, but
there is no difference between HE and AE strains (Supplement Figure 7.9). Therefore, another
pathway in the post-exponential phase must maintain the growth efficiency without acetate
catabolism, such as amino acid catabolism. Amino acids are found in higher abundance among
AE skin (llves et al. 2021), although the abundance has not yet been correlated to S. aureus
colonization. It may be that the AE isolates cannot catabolize acetate and take advantage of the
amino acid abundance within AE skin to overgrow. Further research on correlating amino acid
abundance with S. aureus’ total abundance and confirming mutated genes related to the
catabolism of acetate in AE strains is necessary to confirm this theory. Overall, the environment
can influence S. aureus’ secretions, and the metabolites highlighted above would be of interest
when looking further at how S. aureus affects the pathogenesis of AE development.
Alongside the health status differences in secretions within an environment, it is also
interesting to look across the environments within each health status. To parse out the
differences across the environments in each group, the data was also stratified by health status.
Like before, there is clustering among each environment and unique clustering within each
environmental class (Figure 3.10). This secondary clustering was not due to nasal versus skin
strain differences and must be due to extenuating factors that are yet to be determined within
the strains (Figure 3.10). Based on PFGE fingerprint analysis, nasal and skin isolates are
genetically very similar in the context of AE carriers (Masiuk, Wcistek, and Jursa-Kulesza
2021). For healthy individuals, this is not fully elucidated. According to Multi-locus sequence
typing (MLST), what is known is that the strains from the nose and skin are from different
origins within a healthy individual (Zhao et al. 2021). Despite this, their biofilm and hemolytic
activity are similar among healthy individuals, and biofilm formation was inconsistent within
each MLST type (Zhao et al. 2021). This suggests that perhaps healthy nasal and skin strains
are metabolically similar despite the MLST typing differences, but this can be best determined
by whole genome sequencing. The secondary clustering among the secretions does not appear

uniform for select strains across the three environments (Figure 3.10), which suggests unique
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environmental reactions. Further study on whether these secondary clustering groups cause a
different immune response within the skin would be interesting. Perhaps there are two different
secretion types that strains can be further classified by, but this requires further study into how
metabolites play a role in S. aureus’s survival or adaptability.

The primary clustering is based on environment, and although the metabolites were
normalized by cell number, both environments where S. aureus thrives the least in terms of
growth capacity have the most similar secretions (Figure 3.10, Supplement Figure 7.9). When
exposed to either alkalized or acidified extremes, S. aureus displayed a typical transcriptional
response where cellular metabolism is decreased (Anderson et al. 2010), suggesting it’s a
survival mode response. The results in this thesis extend this thought to a survival mode for S.
aureus secretions. At least 25% of the secretion responses to the environmental changes for
healthy and AE strains are not environmentally specific (Figure 3.11). The environmental-
specific secretion response (pH, O2) is not universal across healthy and AE strains (Figure
3.11). Still, there is a 30% overlap for changing Oz conditions and a 35% overlap in metabolites
for changing pH conditions (Figure 3.11). The larger percentage of AE-specific,
environmental-dependent secretions agrees with one of the hypothesized pathophysiological
mechanisms for AE development, where the environment uniquely perturbates AE S. aureus
strains, and its secretions perturb the skin and the immune system. These AE strains have a
unique reaction by being more metabolically active relative to their healthy counterparts, and
it would explain why some people can carry S. aureus but not develop AE. Virulence factors
from S. aureus can induce AE-like inflammation in mice (Chung et al. 2022), and dysbiosis
partially due to S. aureus drives skin inflammation (Kobayashi et al. 2015). The immune
system response depends on the strain of S. aureus, where isolates from AE result in a more
aggressive immune system response (Byrd et al. 2017). Despite the unique secretion response
to different environments, these differences could be an effect of the location of isolation since
the majority of the healthy strains were isolated from the nose while all of the AE strains were
skin isolates. Despite this possibility, when strains were whole genome sequenced, nose and
skin isolates were nearly genetically identical within an individual (personal communication
on unpublished data from Dr. Reiger). In addition, although there are known environmental
impacts on S. aureus metabolism, as described at the beginning of this section, there are
limitations to using in vitro environments to test stress responses. The effect of pH stress on
the metabolism appears to depend on whether the acid that reduces the medium is either strong

or weak, regardless of whether the pH is equivalent (Rode et al. 2010). According to Rode et
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al., at pH 4.5, the headspace of S. aureus can differ according to which acid is used to stress
the cells (Rode et al. 2010). This shows that when analyzing metabolomics data, the in vitro
environments cannot perfectly mimic the native environment because the nutritional and
environmental stimuli may differ from the native environment. Furthermore, the metabolism
of bacteria is different when grown on a surface or in a liquid, and since the strains normally
reside on a surface, i.e. the skin, this is another limitation that must be taken into account
(Dharanishanthi et al. 2021). Although there are limitations to these in vitro studies, the
response to the environment appears to differ in healthy and AE strains, with exciting
implications for future studies on how this translates to the immune response, virulence, and

development of AE.

4.5 Translation of Metabolomics to Skin Measurements
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WET PREP is comparable but preferable to pre-wet swab sampling and shows promise in its use for diagnosing AE.

Figure 4.5 WET PREP is a Feasible Method for Skin Metabolomic Sampling

Figure created with BioRender.com. Graphical summary of the section “Translation of Metabolomics to Skin
Measurements.”

Alongside the observational microbiome and in vitro studies, a simpler method for
clinicians and laboratory staff to capture and measure the skin metabolome was created. This
is particularly important for AE because AE urgently needs objective measurement criteria
(Breiteneder et al. 2020). By developing a simpler method for metabolomic sampling,

metabolomics can then be applied to create a diagnostic for AE. From these pilot studies, the
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developed sampling method WET PREP was found to be a feasible sampling method for skin
metabolomics according to measurements from 22 individuals. This is due to its good coverage
and capture of the skin metabolome (Figure 3.14). The results from this study also brought
attention to the fact that the sampling method can impact skin metabolome measurements,
which wasn’t known nor tested previously (Figure 3.14, Table 3.1). In addition, WET PREP
successfully captured not only stable metabolites but also VOCs with high overlap in coverage
as compared to direct skin measurements (Figure 3.17). The VOCs, by WET PREP, can also,
based on preliminary tests, distinguish AE samples from healthy (Figure 3.18). From these
studies, it appears that WET PREP could help with the advancement of creating skin
metabolome diagnostics, pending confirmation with a larger cohort that contains AE
individuals.

As covered previously in section 1.3.1, there are various methods for capturing the skin
metabolome. The non-invasive standard, pre-wet swab, requires too much time pre- and post-
processing to be a clinically feasible method. Because of this, WET PREP was created with
results published in (Afghani et al. 2021). Briefly, this study found that except for lipids, the
metabolite detection in WET PREP does compare to the universal standard (Figure 3.14). It
was also determined that the method for collecting skin metabolome highly influences the
metabolome collected, and depending on the metabolites of interest, different methods should
be used (Table 3.1). WET PREP is reliable for comparing bilateral replicates (Figure 3.15),
often done in skin studies, and can collect an extensive range of metabolites (Figure 3.14, Table
3.1). This is beneficial because WET PREP is non-invasive, requires no pre-preparation, and
is comparable, except lipid detection, to the conventional non-invasive sampling method, pre-
wet swabs.

Following this study, a pilot study was performed to see if WET PREP could detect
VOCs (Figure 3.17) where five healthy and three AE individuals were sampled. VOCs are only
one part of the small molecules within the skin, with the metabolome representing the lipids,
amino acids, VOCs, and other small molecules. VOCs can be smelt, and this odor can be used
to train dogs to successfully and specifically detect cancer (Yoel et al. 2015). There is a scent
of AE, and MRSA has been suggested as the cause for the smell of AE (Ellis et al. 2008).
Although MRSA could be the leading cause of the scent, the microbiome is highly correlated
with the VOCs of the skin (Dormont, Bessiére, and Cohuet 2013). VOCs have been shown to
affect the risk of AE development (Kwon et al. 2015), but no studies have tested using VOCs
secreted from AE skin as a diagnostic tool. Therefore, the feasibility of WET PREP in detecting
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the VOCs of the skin was tested, and the compounds detected had a high overlap with those
detected directly from the skin (Figure 3.17). In addition, VOCs measured from the skin of AE
individuals by WET PREP do separate according to PCA (Figure 3.18), leading to the concept
that VOCs could be used to develop a diagnosis for AE. This study is limited, though, to the
low participant numbers. A study with a larger n would need to be performed to validate these
results. Afterward, the metabolites detected should be cross-referenced to online databases for
tentative annotation following confirmation with standards, especially standards of known skin
VOCs. Nonetheless, these results provide a positive outlook for using WET PREP in the
context of measuring skin metabolome and the diagnosis of AE, and larger follow-up studies

should be performed.

Chapter 5 - Conclusion
5.1 Summary

The thesis aimed to provide new information regarding factors involved with skin
homeostasis and, in turn, its impact on AE, along with developing new methods to measure
skin health, i.e., diagnose skin disease. From this investigation, the following points were
discovered. Bacteria can be detected throughout the layers of the skin and a higher bacterial
load is present in AE. In addition, although Staphylococci species are diverse in pathogenicity,
Staphylococci load does correlate to local EASI. In addition, S. aureus was only found present
in AE, with its DNA found across the layers of AE LS skin. In addition, to researching the
presence of bacteria across the layers of the skin, selected biomes were also explored.
According to next-generation sequencing, the anaerobic microbiome is present in the skin and
has decreased relative abundance in AE. More specifically, the relative abundance of the
anaerobic microbiome decreases with increasing AE severity. These studies showed how the
quantities of the microbiome change within AE.

Alongside exploring the microbiome, S. aureus, which is overgrown in AE, was of
particular focus. Both oxygen and pH were found to be influential to S. aureus. Scratching
conditions, i.e., oxygen flux, can cause S. aureus to “bloom” in growth. The environmental
impacts are also not limited to growth changes. The environment impacts the secretions of S.
aureus, and both the response to the environment and secretions within the environment are
different between healthy and AE strains. This work highlights the importance of the

environment in the pathogenesis of AE, specifically for those colonized with S. aureus.

96



Chapter 5 -Implications and Future Avenues for Investigation or Perspectives

Along with bacterial and environmental influences, developing a better sampling
method for future AE diagnostic creation was important. The comparison of WET PREP to
pre-wet swab sampling showed that the sampling method influences the detection of
metabolites on the skin. Besides lipid detection, WET PREP is comparable to pre-wet swab
sampling but preferable because of its simpler processing steps. In addition, through its
application of capturing VOCs, WET PREP shows promise in its use for skin metabolomics.
Overall, the studies within this work highlight how the environment is an important factor in
AE pathogenesis and provide an outlook for future metabolome sampling.

5.2 Implications and Future Avenues for Investigation or Perspectives

This work explored the impacts of the environment (microbial and chemical) on skin
homeostasis and its relation to AE. Throughout Chapter 4, many potential avenues for future
research have been suggested. Broadly, the impact of this work highlights the importance of
considering the skin as a whole and not only on the surface. This study is the first, where several
different depths are sampled across three known skin diseases. The depth bacteria can reach
causes different immunological responses (Ogonowska et al. 2021), and with regards to future
studies on the immunological impact of bacteria in skin disease, epi-cutaneous versus
intradermal challenges must accurately reflect the actual location of the bacteria within the
skin. The research done here begins to answer this, but further studies on larger cohorts and
targeting more bacteria of interest in the skin would be needed. In addition, this work shows
that when the skin has known barrier impairments, it is overburdened in terms of bacterial load.
This shows a commonality between AE and psoriasis, despite the typically higher AMP
response among psoriasis. Restoring the barrier is a good first step for these patients before
pro- or pre-biotic therapy. Otherwise, the treatment encouraging microbial growth could further
overburden the skin. Studies on the upregulation of immune factors like AMP or a specific
cytokine signature in correlation to bacterial abundance should be performed to confirm this
overburden within the skin. The importance of the anaerobic microbiome in AE development
has long been considered, and this work is the first to demonstrate that the anaerobic
microbiome is decreased in AE in both lesional and non-lesional skin. Combined with the
knowledge that S. aureus can take advantage of the changing oxygen niche; this signals even
more that restoring the skin barrier is a critical point for therapy. Restoring the oxygen
differential could follow a similar procedure to hyperbaric pressure therapy, but care must also

be taken to remove S. aureus from the skin prior. After the removal of S. aureus, the affected
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area could be placed under an anaerobic jar, much like the portable ones used for culturing
anaerobes. This work also confirms and elaborates on how the environment can play a role in
the pathogenesis of the S. aureus endotype of AE. It brings several metabolites into the
limelight for further targeted studies on their roles and potential as therapeutics. Finally, this
work has generated a new method for sampling in skin metabolomics and shown its potential
for application for diagnosis of AE with the application of this method in the ProRaD cohort

underway.
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Chapter 7 - Appendix

7.1

Supplementary Figures
7.1.1 Section 2.5 Supplement

Supplement Table 7.1 Oxygen Tolerance List

Genus and species were collected from the AnnotIEM-annotated taxonomy tables from the CK-AD and ProRaD studies.

Details regarding how the list was created can be found in section 2.5. Abbreviations: species (SPP).

Genus Species Oxygen Tolerance
[Agitococcus] lubricus group SPP Other
[Aquaspirillum] arcticum group SPP Other
[Eubacterium] coprostanoligenes SPP Other
group
[Eubacterium] coprostanoligenes group Other
[Eubacterium] eligens group SPP Other
[Eubacterium] hallii group SPP Other
[Eubacterium] nodatum group Eubacterium infirmum Other
F0142
[Eubacterium] nodatum group SPP Other
[Eubacterium] oxidoreducens group SPP Other
[Eubacterium] ventriosum group human gut SPP Other
[Eubacterium] xylanophilum group  SPP Other
[Polyangium] brachysporum group  [Polyangium] Other
brachysporum
[Ruminococcus] gauvreauii group ~ SPP Other
[Ruminococcus] torques group SPP Other
[Ruminococcus] torques group Dorea longicatena Other
1174-901-12 SPP Other
1174-901-12 SPP soil bacterium Other
1174-901-12 SPP Rhizobiales bacterium  Other
966-1 SPP Other
Abies homolepis Other
Abiotrophia SPP Facultative Anaerobic
Abiotrophia defectiva Facultative Anaerobic
Acetoanaerobium SPP Anaerobic
Acetobacter SPP Aerobic
Acetobacter pasteurianus Other
Acetobacteroides SPP Anaerobic
Achromobacter SPP Aerobic
Achromobacter xylosoxidans Aerobic
Acidibacter SPP Aerobic
Acidiphilium SPP Aerobic
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Acidipropionibacterium acidipropionici Facultative Anaerobic

Acidipropionibacterium jensenii Facultative Anaerobic
Acidisoma SPP Aerobic
Acidisphaera SPP Aerobic

Acidovorax SPP Aerobic

Acidovorax wohlfahrtii Aerobic

Acidovorax defluvii Aerobic

Acidovorax delafieldii Aerobic

Acidovorax temperans Aerobic

Acidovorax soli Other

Acidovorax caeni Facultative Anaerobic
Acidovorax oryzae Other

Acinetobacter Iwoffii Aerobic
Acinetobacter oryzae Aerobic
Acinetobacter ursingii Aerobic
Acinetobacter SPP Aerobic
Acinetobacter pittii Aerobic
Acinetobacter calcoaceticus Aerobic
Acinetobacter parvus Aerobic
Acinetobacter baumannii Aerobic
Acinetobacter junii Aerobic
Acinetobacter radioresistens Aerobic
Acinetobacter guillouiae Aerobic
Acinetobacter schindleri Aerobic
Acinetobacter soli Aerobic
Acinetobacter towneri Aerobic
Acinetobacter vivianii Aerobic
Acinetobacter tjernbergiae Anaerobic
Acinetobacter johnsonii Facultative Anaerobic
Acinetobacter Clostridium sp. Culture-47  Other

Actinidia chinensis Other

Actinobacillus SPP Aerobic
Actinobacillus pleuropneumoniae Facultative Anaerobic
Actinobaculum massiliense Facultative Anaerobic
Actinomyces turicensis Anaerobic
Actinomyces dentalis Anaerobic
Actinomyces gerencseriae Anaerobic
Actinomyces lingnae Anaerobic
Actinomyces meyeri Anaerobic
Actinomyces naeslundii Anaerobic
Actinomyces odontolyticus Anaerobic
Actinomyces radicidentis Anaerobic
Actinomyces SPP Facultative Anaerobic
Actinomyces neuii Facultative Anaerobic
Actinomyces ithumii Facultative Anaerobic
Actinomyces graevenitzii Facultative Anaerobic
Actinomyces massiliensis Facultative Anaerobic
Actinomyces johnsonii Facultative Anaerobic
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Actinomyces
Actinomycetospora
Actinomycetospora
Actinotignum
Actinotignum
Adhaeribacter
Adlercreutzia
Adlercreutzia
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Aeribacillus
Aerococcus
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Aeromicrobium
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Agathobacter
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viscosus
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SPP
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equolifaciens

monachus (black vulture)

SPP

SPP
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urinae
urinaeequi
sanguinicola
viridans
SPP
fastidiosum
alkaliterrae
panaciterrae
caviae

SPP
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veronii
hydrophila
salmonicida
taiwanensis
SPP
aphrophilus
SPP

segnis
Azospirillum sp. 51 20
SPP
bicolorata
radiobacter
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SPP

citreus
aureus

SPP
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rhizospherae
SPP
muciniphila
faecalis
hongdengensis
venustensis
denitrificans
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Aliicoccus
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Alishewanella
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Pararhizobium-Rhizobium
Allorhizobium-Neorhizobium-
Pararhizobium-Rhizobium
Alloscardovia
Altererythrobacter
Altererythrobacter
Altererythrobacter
Altererythrobacter

Alysiella

Amaricoccus
Amaricoccus
Aminobacter
Ammoniphilus
Amnibacterium
Amnibacterium
Amycolatopsis
Anaerobiospirillum
Anaerobiospirillum
Anaerococcus
Anaerococcus
Anaerococcus

SPP

SPP

agri

SPP

obesi
onderdonkii
shahii
putredinis
SPP

gilvum
subtropicum
SPP
illinoisensis
cepa (onion)
SPP

otitis

SPP

rava
tannerae
vitis

SPP

Agrobacterium radiobacter
Bacillus thuringiensis
Agrobacterium sp. Bmb16

SPP

SPP

sediminis

aestuarii

Starria zimbabweensis SAG
74.90

Kingella sp. oral clone
ID059

SPP

tamworthensis

SPP

SPP
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kyonggiense

SPP

SPP
succiniciproducens
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prevotii
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Anaerococcus hydrogenalis Anaerobic
Anaerococcus SPP Anaerobic
Anaerococcus lactolyticus Anaerobic
Anaerococcus provenciensis Anaerobic
Anaerococcus vaginalis Anaerobic
Anaerococcus asaccharolyticus Anaerobic
Anaerococcus tetradius Anaerobic
Anaerococcus degeneri Anaerobic
Anaerococcus murdochii Anaerobic
Anaerococcus provencensis Anaerobic
Anaerococcus senegalensis Anaerobic
Anaerococcus obesiensis Other
Anaeroglobus SPP Anaerobic
Anaerolinea SPP Anaerobic
Anaeromyxobacter SPP Facultative Anaerobic
Anaeromyxobacter dehalogenans Facultative Anaerobic
Anaerosporobacter SPP Anaerobic
Anaerostipes SPP Anaerobic
Anaerostipes hadrus Anaerobic
Anaerotruncus SPP Anaerobic
Anaerovorax SPP Anaerobic
Ancylobacter SPP Aerobic
Aneura mirabilis Aneura mirabilis Other
Angustibacter aerolatus Aerobic
Anoxybacillus SPP Aerobic
Anoxybacillus flavithermus Aerobic
Antricoccus SPP Aerobic
Aquabacterium fontiphilum Aerobic
Aquabacterium commune Aerobic
Aquabacterium olei Aerobic
Aquabacterium parvum Aerobic
Aquabacterium SPP Facultative Anaerobic
Aquamicrobium segne Aerobic
Aquamicrobium SPP Aerobic
Aquicella SPP Aerobic
Aquihabitans daechungensis Aerobic
Aquincola tertiaricarbonis Aerobic
Aquipuribacter hungaricus Aerobic
Arcanobacterium urinimassiliense Facultative Anaerobic
Arcanobacterium SPP Other
Arcobacter SPP Anaerobic
Arcobacter butzleri Anaerobic
Arcticibacter svalbardensis Aerobic
Arcticibacter SPP Aerobic
Arcticibacter SPP Pedobacter sp. Other
Arenimonas SPP Aerobic
Aridibacter SPP Aerobic
Aridibacter famidurans Aerobic
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Azotobacter
B48

Babela
Bacillus
Bacillus
Bacillus
Bacillus
Bacillus
Bacillus
Bacillus
Bacillus
Bacillus
Bacillus
Bacillus
Bacillus
Bacillus
Bacillus
Bacillus
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g
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minutum
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Bacillus niacini Facultative Anaerobic
Bacillus patagoniensis Facultative Anaerobic
Bacillus carboniphilus Facultative Anaerobic
Bacillus halodurans Facultative Anaerobic
Bacillus oceanisediminis Facultative Anaerobic
Bacillus flexus Facultative Anaerobic
Bacillus thuringiensis Facultative Anaerobic
Bacillus huizhouensis Facultative Anaerobic
Bacillus humi Facultative Anaerobic
Bacillus mobilis Facultative Anaerobic
Bacillus paranthracis Facultative Anaerobic
Bacillus wiedmannii Facultative Anaerobic
Bacillus Mycobacterium abscessus Other

bacterium enrichment culture clone
SRC _DSC20
Bacteroides
Bacteroides
Bacteroides
Bacteroides
Bacteroides
Bacteroides
Bacteroides
Bacteroides
Bacteroides
Bacteroides
Bacteroides
Bacteroides
Bacteroides
Bacteroides
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Bartonella
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Bifidobacterium
Bifidobacterium
Bifidobacterium
Bifidobacterium
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Bifidobacterium
Bifidobacterium

subsp. abscessus
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coagulans
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bacteriovorus
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longum
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breve

animalis
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adolescentis
pseudocatenulatum

Other

Anaerobic
Anaerobic
Anaerobic
Anaerobic
Anaerobic
Anaerobic
Anaerobic
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Anaerobic
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Anaerobic
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Anaerobic
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Other

Aerobic
Aerobic
Aerobic
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Anaerobic
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Bifidobacterium
Bifidobacterium
Bifidobacterium
Blastocatella
Blastococcus
Blastococcus
Blastococcus
Blastopirellula
Blautia

Blautia

Blautia

Blautia

Blautia

Blautia

Blautia

Blautia
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Bordetella

Bosea

Bosea

Bouteloua dactyloides
Brachybacterium
Brachybacterium
Brachybacterium
Brachybacterium
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Brachybacterium
Brachybacterium
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Brachybacterium
Brachybacterium
Brachymonas
Bradyrhizobium
Bradyrhizobium
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Brevibacillus
Brevibacillus
Brevibacillus
Brevibacillus
Brevibacterium
Brevibacterium
Brevibacterium
Brevibacterium
Brevibacterium
Brevibacterium

asteroides
angulatum
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SPP
endophyticus
saxobsidens
SPP

SPP

SPP

Marseille
glucerasea
obeum

wexlerae

faecis

luti
Ruminococcus sp.
Marseille-P328

SPP Ruminococcus sp.

SPP

SPP

vestrisii

Bouteloua dactyloides
squillarum
fresconis
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muris
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SPP

Xerosis

arcticum

horti
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viridifuturi

SPP

napus (rape)

nigra (black mustard)
agri

parabrevis
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ravenspurgense
celere

epidermidis
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Brevibacterium
Brevibacterium
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Wolbachia pipientis Other
Xanthobacter autotrophicus Aerobic
Xanthobacter SPP Aerobic
Xanthomonas arboricola Aerobic
Xanthomonas campestris Aerobic
Xanthomonas axonopodis Aerobic
Xanthomonas vesicatoria Aerobic
Xanthomonas SPP Aerobic
Xylochloris irregularis Xylochloris irregularis Other
Xylophilus ampelinus Aerobic
Yaniella halotolerans Aerobic
Yersinia enterocolitica Facultative Anaerobic
Yimella Dermacoccus sp. BSi20643  Other
Yokenella regensburgei Anaerobic
Yonghaparkia SPP Aerobic
Yonghaparkia Root332 Aerobic
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Zimmermannella alba Aerobic
Ziziphus jujuba Ziziphus jujuba Other
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7.1.2 Section 3.1.1 Supplement
Tape Strip 2 Tape Strip 20
Kruskal-Wallis, ** Kruskal-Wallis, ****
. . e
[P
82 — " * g o ? =5
w 2 Eﬁs $
T s T N
¢ Tape Strip 40 D Tape Strip 60 E Tape Strip 80

Kruskal-Wallis, ns

20 {

~
@

g
°

log(16S copies)

()

-

~

log(16S copies)

Kruskal-Wallis, ns

~
°

L.
- |

log(16S copies)

N

Kruskal-Wallis, ns

HE AELS
Health Status

AE NL

HE AE LS AE NL

Health Status
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Boxplot with overlapped dot plot of the log(16S copies) according to health status and separated by tape strip (A) Tape
strip 2. (B) Tape strip 20. (C) Tape strip 40. (D) Tape strip 60. (E) Tape strip 80. Samples with undetected 16S reads were
removed and background 16S copies was subtracted. Post-hoc test was Dunn’s test. Color scheme and Abbreviations:
Psoriasis lesional (P LS; dark pink), Psoriasis non-lesional (P NL, light pink), Chronic Spontaneous Urticaria (CSU, coral),
Atopic Eczema non-lesional (AE NL, yellow), Atopic Eczema lesional (AE LS, dark yellow), healthy (HE, purple).

7.1.3 Section 3.1.2 Supplement
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Supplement Figure 7.2 Abundance of Staphylococci at Tape Strip 2 and 20
Boxplot with overlapped dot plot of the log(Staphylococci Cells) according to health status separated by tape strip depth
(A) Tape strip 2. (B) Tape strip 20. Samples with undetected 16S reads and staphylococci cells were removed.
Staphylococci cells are calculated according to TUF2 copy number, where there is one TUF2 copy per cell. Significance
was determined by Kruskal-Wallis with post-hoc Dunn’s test. Color scheme and Abbreviations: Psoriasis lesional (P LS;
dark pink), Psoriasis non-lesional (P NL, light pink), Chronic Spontaneous Urticaria (CSU, coral), Atopic Eczema non-
lesional (AE NL, yellow), Atopic Eczema lesional (AE LS, dark yellow), healthy (HE, purple).
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Supplement Figure 7.3 Correlation of Severity to Staphylococci in Psoriasis and CSU
(A) P LS, PASI (B) P NL, PASI (C) P LS, local PASI (D) CSU, Urticaria Activity Score. All data was stratified by Tape
Strip: TS2 (darkseagreen3), TS20 (darkolivegreen3), TS40 (darkolivegreen4), TS60 (darkolivegreen), TS80 (darkgreen).

Abbreviations: Psoriasis lesional (P LS), Psoriasis non-lesional (P NL), Chronic Spontaneous Urticaria (CSU).

7.1.4 Section 3.2.2 Supplement

173



Chapter 7 -Supplementary Figures

A B C
All Samples AE HE

1.00 1.00 1 1.00 1
“‘”" 0.75 1 0.75
P o o
s - -
S 2 2
- ® 4 Oxygen Tolerance
o o m
ke % - Other
3.0.’10 al).‘al)* a”-"“‘ Aerobic
5 c c Facultative Anaerobic
5 H ] Anaerobic
o o o
e v e
w w w

0.25 0.25 0.25

0.00 0.00 0.00

Sample Sample gample

Supplement Figure 7.4 Frequency of OTUs per Sample Grouped by Oxygen Tolerance

(A) all samples (B) Atopic eczema (AE) samples (C) Healthy (HE) samples. Color scheme: other (grey), aerobic (bright
blue), facultative anaerobic (dull blue), anaerobic (black).
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Supplement Figure 7.5 Frequency of each Oxygen Tolerance’s Microbiome in ProRaD
Frequency of (A) Facultative anaerobic microbiome and (B) Aerobic microbiome according to health status. Significance
determined by Kruskal-Wallis with Dunn’s Test as post hoc analysis. Abbreviations and colors: healthy (HE, purple),

atopic eczema lesional (AE LS, yellow), and atopic eczema non-lesional (AE NL, burnt yellow) skin.
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Supplement Figure 7.6 Frequency of Anaerobic OTU’s in ProRaD Relative to Potential
Intrinsic Confounding Factors
Dunn’s test for multiple comparisons, Mann-Whitney for two group comparisons. (A) Correlation of age to anaerobic
microbiome, stratified by health status. Color scheme: HE (purple), AE NL (yellow), AE LS (burnt yellow). (B) Influence
of sex on the anaerobic microbiome; female (171, red), male (105, light yellow). (C) Influence of skin microenvironment;
dry (68, red), sebaceous (20, light yellow), moist (153, light blue), missing location information (20, white), undetermined

microenvironment based on location information (15, teal).
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Supplement Figure 7.7 Frequency of Anaerobic OTU’s in Relation to Potential Extrinsic
Confounding Factors
Dunn’s test for multiple comparisons, Mann-Whitney for two group comparisons. (A) Influence of bathing within 12 hours
of sampling; no (n = 246, red), yes (30, light yellow). (B) Influence of skin treatment (an emollient) applied within 12
hours of sampling; no (253, red), yes (23, light yellow). (C) Influence of visit; first (225, red), second (49, light yellow),
third (2, light blue).

A Non-lesional B

Factor Estimate (p-value) Factor Estimate (p-
Health Status -0.05365 (0.04198) value)
Microenvironment Health Status -0.05039 (0.026)
Moist -0.06699 (0.00461)
Sebaceous -0.01808 (0.62399)
Undetermined -0.02860 (0.46679)
Treatment 0.09100 (0.02799)
Combined Model 0.08247 R2 (0.01464)

Supplement Figure 7.8 Multiple Regression for Determination of Confounding Factors in Co-
occurrence
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The best fitted model, determined by backwards and forwards regression is listed here for (A) non-lesional (B)

lesional atopic eczema. Data without microenvironment information was excluded.

AUC
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Supplement Figure 7.9 AUC for Growth Curves of Staphylococcus aureus Strains
All strains were grown in pH 7.0, Aerobic (black); pH 5.5, Aerobic (pink); pH 7.0, Anaerobic (blue); or pH 7.0, Oxygen

Flux (green) conditions. (A) Area under the curve (AUC) of each strain. The purple background indicates healthy (HE)

strains and the yellow background indicates atopic eczema (AE) strains. The darker background shades are skin isolates

and the lighter shades are nose isolates. (B) Boxplot of AUC in each environment, with post-hoc Dunn’s test (C) Boxplot

of AUC stratified by HE (darker shades) and AE strains (lighter shades); Mann-Whitney test, not corrected for multiple

testing (D) Scatter plot of HE and AE strains according to the location of isolation — skin (darker shades) and nose (lighter

shades) grown in pH 7.0, Anaerobic conditions. A line denotes the median, and the significance is calculated by post-hoc

Dunn’s test.
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Supplement Figure 7.10 ASCA Analysis

The (A, B) interaction between environment and health status, (C, D) environment, and (E, F) health status alone was
modeled according to ASCA. (A, C, E) Squared Prediction Error (SPE)/Leverage plots where the metabolites’ contribution
to the model (leverage) and how well the metabolite fits into the model (SPE). (B, D, F) The score plots are based on
principle component one where the behavior of the groups within each factor is described. To ensure that the model is

accurate, permutation tests were performed where each model had the following p-values: interaction (p = 0.25),

environment (p < 0.05), and health status (p = 0.05).

Supplement Table 7.2 Significantly Different Metabolites within pH 5.5, Aerobic Between

HE and AE Strains

Significantly different metabolites calculated by volcano plot of the pH 5.5, Aerobic subgroup of the full data set.
Significantly different was determined if the metabolite had both p < 0.05 and a fold change higher than 5-fold.
Metabolites, also called cluster, were putatively annotated by MassTRIX. All possible annotations are listed, and clusters
with no annotation were left blank. The putative annotation was then compared to the data published in Afghani et al. 2021
to determine if it was found in skin.

Cluster ID

Putative Compound ID

Found in Skin

Cluster_0366
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2'-Deoxycytidine No

4-amino-1-[4-hydroxy-5-

(hydroxymethyl)oxolan-2-yl]-

pyrimidin-2-one[primary alcohol]

N-Acetoxy-4-aminobiphenyl

N-Hydroxy-4 acetylaminobiphenyl
Cluster_0451 Flindersine

Cluster_1094 -
Cluster_1298 -
Cluster_1489 -
Cluster_1766 Acetylblasticidin S No
Cluster_1814 -
Cluster_1857 PD 123177 No
Cluster_2012 -

Adonitoxin No
Aspecioside

Cluster 2248 Convallatoxin

Cluster_2498 -
Cluster_3006 -
Cluster_3711 -
Cluster_4354 -

Cluster_4522 -

Supplement Table 7.3 Significantly Different Metabolites within pH 7.0, Aerobic between
HE and AE Strains
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Significantly different metabolites calculated by volcano plot of the pH 7.0, Aerobic subgroup of the full data set.
Significantly different was determined if the metabolite had both p < 0.05 and a fold change higher than 5-fold.
Metabolites, also called cluster, were putatively annotated by MassTRIX. All possible annotations are listed, and clusters
with no annotation were left blank. The putative annotation was then compared to the data published in Afghani et al. 2021

to determine if it was found in skin.

Cluster ID Putative Compound ID Found in Skin

Cluster_0008

Acetate Only derivatives found:
Glycolaldehyde Aminoacetic acid

R replaced by H in Aldose Dimethylsulfonioacetate
Acetyl ester Imidazole-4-acetate

R replaced by H in Fatty acid methyl ester Benzoyl acetate

R replaced by H in 2-Hydroxycarbonyl 4,4-Bis(4-
compound ([M-H]-) hydroxyphenyl)-3-
R replaced by H in Monoterpenol acetate hexanone diacetate
ester

Cluster_0115 R replaced by H in Hydroxyaldehyde

Shikimate 3-phosphate No
Cluster_0586 Shikimate 5-phosphate

Cluster_0641 -
Cluster_0978 Thymidine 5'-phosphate No
Cluster_0983 -
Cluster 1037 -

Chlorpromazine N-oxide No
Cluster_1064 Penicillin G

Cluster_1094 -
Cluster_1144 -
Cluster 1199 -

Cluster_1235 -
180



Chapter 7 -Supplementary Figures

Cluster_1298 -
Cluster_1489 -
Cluster_1572 -
Cluster_1605 -
Cluster_1675 -
Cluster_1684 -
Cluster 1698 Chamuvaritin No
Cluster 1757 -
Cluster_1766 Acetylblasticidin S No
Cluster_1775 -
Cluster 1845 -
Cluster_1857 PD 123177 No
Cluster_1924 -
Cluster_2012 -
Cluster 2239 -

Adonitoxin No
Aspecioside

Cluster_2248 Convallatoxin

Cluster 2498 -
Cluster 2658 -
Cluster_2950 N-Acetyl-leu-leu-leu-leu-tyr-amide No
Cluster_3027 -

PA(14:1(92)/22:6(42,72,102,132,16Z,19Z)) No
PA(18:3(6Z,92,122)/18:4(62,9Z,127,15Z
Cluster_3049 PA(18:3(9Z,127,157)/18:4(62,9Z,12Z,15Z
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PA(18:4(62,92,127,152)/18:3(6Z,9Z,127))
PA(18:4(6Z,92,127,157)/18:3(9Z,12Z,157))
PA(22:6(4Z,72,10Z,13Z,16Z,192)/14:1(9Z))

Cluster_3522 -
Cluster_4207 -
Cluster_4524 -
Cluster_4611 -
Cluster_4705 -

Cluster_4706 -

Supplement Table 7.4 Significantly Different Metabolites within pH 7.0, Anaerobic between
HE and AE Strains

Significantly different metabolites calculated by volcano plot of the pH 7.0, Anaerobic subgroup of the full data set.
Significantly different was determined if the metabolite had both p < 0.05 and a fold change higher than 5-fold.
Metabolites, also called cluster, were putatively annotated by MassTRIX. All possible annotations are listed, and clusters
with no annotation were left blank. The putative annotation was then compared to the data published in Afghani et al. 2021

to determine if it was found in skin.

Cluster ID Putative Compound ID Found in Skin

Dibenzo-p-dioxin No
2-Hydroxydibenzofuran
Cluster_0297 Dibenzofuran-2-ol

R replaced by H in N2-Acylated Arg-CH2ClI No
Cluster_0497 1'-Acetoxychavicol acetate

Cluster 1385

Cluster_1457

Cluster_1910

Cluster_2018
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Cluster_2453

Cluster_2461

Cluster_3061

Cluster_3080

Cluster_3655

Cluster_3862

Cluster_3895

Cluster 3973
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Pubescenol

Bilirubin
(32)-Phytochromobilin
15,16-Dihydrobiliverdin
4E,15Z-Bilirubin 1Xa

PS(18:2(9Z,127)/22:6(4Z,7Z,10Z,13Z,16Z,19Z

PS(20:4(52,82,11Z,147)/20:4(5Z,8Z,11Z,14Z))

PS(22:6(42,72,10Z,13Z,16Z,19Z)/18:2(9Z,12Z))
PS(18:4(6Z,9Z,12Z,157)/22:4(7Z,10Z,13Z,16Z))
PS(20:3(8Z,11Z,142)/20:5(5Z,8Z,11Z,14Z,17Z))
PS(20:5(52,82,11Z,14Z,172)/20:3(8Z,11Z,14Z))
PS(22:4(72,10Z,13Z,16Z)/18:4(6Z,9Z,12Z,15Z))

PE(20:5(5Z,8Z,11Z,14Z,17Z)/24:1(152))
PE(22:0/22:6(42,7Z,10Z,13Z,16Z,192))
PE(22:1(132)/22:5(4Z,72,10Z,13Z,16Z))
PE(22:1(132)/22:5(7Z,10Z,13Z,16Z,19Z))
PE(22:2(13Z,162)/22:4(7Z,10Z,13Z,162))
PE(22:4(72,10Z,13Z,162)/22:2(13Z,162))
PE(22:5(4Z,7Z,10Z,13Z,16Z)/22:1(132))
PE(22:5(72,10Z,13Z,16Z,192)/22:1(132))
PE(22:6(4Z,72,10Z,13Z,16Z,19Z)/22:0)
PE(24:1(152)/20:5(52,82,11Z,14Z,17Z))
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PC(19:0/22:6(42,7Z,10Z,13Z,16Z,19Z))
PC(22:6(4Z,7Z,10Z,13Z,16Z,19Z)/19:0)

Cluster_4173

Cluster_4302

Cluster_4354

Cluster_4650

7.2 List of Talks and Posters

7.2.1 Oral Presentations

Supplement Table 7.5 List of Oral Presentations

Title Conference Year
Environmental impact on S. aureus: 49th Arbeitsgemeinschaft 2023
Secretome differences between Healthy  Dermatologische Forschung
and Atopic Eczema Isolates
New Developments in Eczema European Academy of Allergy 2022
Research: Skin Metabolome Sampling  and Clinical Immunology
and SKkin Bacterial Secretions; Oxygen  Summer Symposium on
Exposure and pH Stability Epithelial Barriers and

Microbiome
Easy Non-invasive Clinical Sampling 34th Mainzer Allergie 2022
for the Diagnosis of Skin Disease Workshop
Breaking Down Barriers: ZIELkolaus — Nutrition and 2019

Understanding Anaerobic Bacteria in
the Skin

Microbiome

7.2.2 Poster Presentations

Supplement Table 7.6 List of Poster Presentations
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Title Conference Year
Microbiome and its Metabolome: New  Wissenschaftstag Symposium 2022
methods to See Function in Atopic
Eczema
Accurate Representation of Bare Skin 16th World Immune Regulation 2022
Metabolome by Non-Invasive WET- Meeting
PREP Sampling
Influence of Microbial Secretion and Helmholtz Microbiome Day 2022
Clinical Skin Metabolome Sampling in 2022
Atopic Eczema
Enhanced Access to the Health-related  16th Annual Conference — 2021
Skin Metabolome by Fast, Metabolomics Society
Reproducible and Non-invasive WET
PREP Sampling
Oxygen as a Factor in Atopic Eczema 47th Arbeitsgemeinschaft 2021
Dermatologische Forschung
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